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SYNOPSIS 

SYNOPSIS 

Elucidating the functional significance of protein interaction network mediated by 

19S regulatory particle of proteasome. 

Introduction 

Mammalian 26S proteasome consists of two 19S regulatory particles (RP) and 

one 20S core particle (CP). 19S-RP plays a major role in recognition and unfolding of 

the substrate-proteins and 20S-CP degrades the substrates by its three protease activity 

functions. Mammalian 19S-RP consists of 19 subunits comprising 6 ATPases and 13 

non-ATPases. Among the non-ATPases, PSMD9 and PSMD10 primarily act as 

chaperons during the assembly of the 26S proteasome complex [1, 2]. Apart from the 

classical functions, these subunits exhibit some non-classical functions in mammalian 

cells. 

PSMD9: PSMD9 contains an 88 amino acid long (aa108–aa195) PDZ–like domain [3]. 

Many PDZ domain containing proteins act as scaffolds to form supra molecular 

assemblies which allows them to function in signaling [4, 5]. Bridge1, the PSMD9 

homolog in rats has been shown to act as a coactivator of insulin gene through 

interaction of its PDZ-like domain with transcription factors E12 and p300 [3, 6]. Since 

the structure and function of human PSMD9 has not yet well studied, we started 

investigating its function by searching novel interacting partners. 

Using a novel structural bioinformatics method and peptide based screening we 

recently reported that hnRNPA1 is one among the novel interacting partners of PSMD9 

[7]. We were intrigued by the report which demonstrated that, hnRNPA1 is responsible 

for IκBα degradation leading to NF-κB transcriptional activation in mouse cells [8]. 

Since the bigger and fundamental question of how IκBα is recruited to the proteasome 

for degradation remains largely unaddressed, it would be interesting to investigate 
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whether hnRNPA1 by interacting with PSMD9, involved in proteasomal degradation 

pathway in human cells. Furthermore, the mechanism by which ubiquitinated proteins 

are recruited to proteasome remains an active area of research throughout. Based on 

these background studies, we hypothesized that PSMD9 may have a role in NF-κB 

signaling pathway in mammalian cells.  

PSMD10: PSMD10, a non-ATPase subunit of 19S RP and also called as Gankyrin, a 

seven ankyrin repeats containing protein of about 25 kDa. PSMD10 act as a chaperon 

and during assembly of 26S proteasome it interacts with two ATPase subunits PSMC4 

and PSMC5. Gankyrin is now known as an oncoprotein found to be associated with 

many cancers. Gankyrin as an oncoprotein modulate several critical signal cascades by 

various mechanisms. Overexpression of gankyrin triggers the degradation of Rb and 

p53 by MDM2 and resulting cellular transformation [9, 10]. Gankyrin plays essential 

roles in Ras-induced Akt-RhoA/ROCK [11], PI3K/Akt in HCC progression [12], Rac1 

activity [13] and IL-6/STAT3 signaling in cholangiocarcinoma [14]. Recently we have 

reported eight novel interacting partners of PSMD10 and established one of these 

interacting partners, CLIC1 in rewiring the network in cancer [15]. 

However, despite its oncogenic role, gankyrin also exhibits some normal 

functions in the cells. It binds to RelA and retains NF-κB in the cytoplasm hence 

decrease NF-κB activity [16]. Our initial microarray data indicated that PSMD10 

overexpression in HEK293 cells, results in upregulation of neuron specific genes, 

Artemins, Neuregulin-1 (NRG1) and Neurogenin-1 (NGN1). Earlier studies suggested 

NGN1 promotes neuronal differentiation and prevents glial differentiation in rat 

cortical progenitor cells [17]. Based on these observations, we hypothesized that 

PSMD10 may be involved in neural stem cells differentiation process. 
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RESULTS 

1. PSMD9: 

PSMD9 interacts with C-terminus of hnRNPA1 

Recently we have reported hnRNPA1 as a novel interacting partner of PSMD9 [7]. 

Further we proved that this interaction is mediated by the C-terminal residues of 

hnRNPA1. To test the ex vivo interaction we performed immunoprecipitation from 

HEK293 cell lysate and results indicated that C-terminus of hnRNPA1 is indeed 

essential for interaction with PSMD9 ex vivo. 

PSMD9 protein levels influence basal and TNF-α mediated NF-κB activity 

Since we found that PSMD9 interacts with hnRNPA1 ex vivo and hnRNPA1 reportedly 

influences NF-κB activity [8], we asked if PSMD9 was involved in this pathway. When 

PSMD9 was overexpressed in HEK293 cells basal and TNF-α mediated NF-κB activity 

was increased. This increase in NF-κB activity was further validated by demonstrating 

nuclear translocation of NF-κB (p65) and DNA binding activity assay (EMSA). 

Concomitantly upon PSMD9 knockdown a decrease in NF-κB DNA binding activity 

was observed. In addition, five of NF-κB target genes viz. ICAM1, IL6, IκBα, A20 and 

COX2 were several fold upregulated in PSMD9 overexpression cells and 

downregulated in PSMD9 knockdown cells. These results suggest that PSMD9 is 

involved in both basal and signal mediated NF-κB pathway. 

 

PSMD9 overexpression increases NF-κB activity by enhancing IκBα proteasomal 

degradation  

Since NF-κB activity increased upon increase in the levels of PSMD9 in HEK293 cells, 

we hypothesized that PSMD9 may accelerate the degradation of IκBα. Accordingly 

when PSMD9 was overexpressed, there was a visible decrease in half-life of IκBα 
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protein i.e. from 18h to 4h. Upon knockdown of PSMD9, IκBα levels were found to be 

stable even after 24 hours of cycloheximide treatment. MG132 or Velcade treatment 

could significantly inhibit both basal and TNF-α mediated poly-ub-IκBα degradation in 

cells overexpressing PSMD9, which confirms the involvement of 26S proteasome in 

this degradation process. IκBα super-repressor (S32A-S36A) expression studies 

indicated that, phosphorylation of IκBα is not influenced by PSMD9 levels but it is 

indispensable for PSMD9 mediated IκBα degradation.  

PSMD9 does not affect the IκBα ubiquitination and Proteasomal activity 

Given its role as an assembly chaperone, PSMD9 expression may influence 

proteasomal activity which in turn may dictate the overall IκBα levels. We tested the 

activity of proteasome upon overexpression and silencing of PSMD9. Proteasomal 

activity was unaltered in these cells and remained uninfluenced by TNF-α treatment. 

Due to the importance of ubiquitination in IκBα degradation by the proteasome, we 

checked the influence of PSMD9 in this process. We performed experiment where we 

treated both control and PSMD9 knock-down cells with MG132 followed by CHX 

treatment. The results indicated that PSMD9 does not affect ubiquitination of IκBα but 

failed to degrade ubiquitinated IκBα efficiently not because of impaired proteasomal 

activity but due to the absence of PSMD9. 

The PDZ domain of PSMD9 interacts with hnRNPA1  

Point mutations in PDZ domain of PSMD9 affected in vitro binding to hnRNPA1 [7]. 

We checked if this domain-motif recognition is also a key determinant of interaction 

inside the cells. We showed by series of immunoprecipitation studies that Q181G and 

the β2 L124G/Q126G/E128G triple mutant abolished interaction with PSMD9 ex vivo. 

IκBα was detected only in the wild type PSMD9-hnRNPA1 complex suggesting that 

PSMD9 is probably linked to IκBα only through hnRNPA1. Unlike cells 
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overexpressing wild type PSMD9, in cells overexpressing PDZ mutants (Q181G and 

the β2 Triple mutant), IκBα was not efficiently degraded even after TNF-α treatment 

nor was there a significant change in NF-κB activity.  

PSMD9 is linked to IκBα via hnRNPA1.  

hnRNPA1 was previously shown to interact with IκBα through its RNA binding 

domain [8]. We demonstrated that PSMD9 interacts with hnRNPA1 through its C-

terminus. And the PDZ mutation analysis indicates that interaction between PSMD9 

and IκBα is likely through hnRNPA1. To determine the structural hierarchy of this 

tripartite interaction between PSMD9, hnRNPA1 and IκBα, we performed a series of ex 

vivo immunoprecipitation and in vitro Far western blot analysis. The results confirmed 

that there is no direct interaction between PSMD9 and IκBα, they can only interact 

through hnRNPA1, which uses different structural regions for these interactions that are 

not mutually exclusive. 

Interaction between C-terminus of hnRNPA1 and PSMD9 is required for 

degradation of IκBα as well as NF-κB activity 

We have demonstrated here a novel role of PSMD9 and its specific interaction with 

hnRNPA1. Now we asked if hnRNPA1 had any role to play in IκBα degradation and 

NF-κB activation in the absence of PSMD9 or when its interaction with PSMD9 is lost. 

When HA-WT-hnRNPA1 was overexpressed in HEK293 cells, degradation of IκBα 

and NF-κB activity were considerably enhanced which were not seen in HA-7∆C-

hnRNPA1 mutant case. Furthermore, when we silenced PSMD9 and overexpressed 

wild type HA-hnRNPA1, IκBα degradation and NF-κB activity was significantly 

reduced. These results suggest that PSMD9-hnRNPA1interaction is essential for the 

IκBα degradation as well as NF-κB activation and both PSMD9 and hnRNPA1 are in 

the same casecade of this signaling pathway. 
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PSMD9 anchors hnRNPA1-IκBα complex on 26S proteasome that facilitates 

proteasomal degradation of IκBα  

We hypothesized that PSMD9 by virtue of its interaction with the proteasome on one 

hand and its interaction with hnRNPA1 on the other, would recruit IκBα to the 

proteasome for degradation. We first pulled down the whole 26S proteasomal and 

found both endogenous and transexpressed PSMD9 associated with proteasome. TNF-α 

treatment did not alter the levels of PSMD9, but increased the levels of proteasome-

bound hnRNPA1 and further enhanced upon PSMD9 overexpression. In contrast when 

PSMD9 was silenced, no hnRNPA1 was found in the proteasome pull down complex 

even after TNF-α treatment. 

Based on current evidence PSMD9 seems to harbour only the PDZ domain for 

protein- interaction, we tested whether the PDZ mutations affect association of PSMD9 

with the proteasome. Affinity pull down of the 26S proteasome in cells over expressing 

PDZ mutant Q181G, indicated that this association was unimpaired so as the 

proteasomal activity. Since we found increased IκBα degradation upon hnRNPA1 

overexpression with TNF-α treatment, we wanted to check the recruitment of 

overexpressed hnRNPA1 on 26S proteasome. Both endogenous and trans-expressed 

hnRNPA1 levels on proteasome were found to be increased upon TNF-α treatment, 

which correlates with the IκBα degradation. Furthermore total protein levels of 

hnRNPA1 remain unaltered upon PSMD9 overexpression or downregulation or after 

TNF-α treatment. A significant increase in association of polyubiquitinated-phospho-

IκBα with 26S proteasome was observed, in proteasome pull down assay followed by 

MG132 treatment in PSMD9 overexpressing HEK293 cells confirming the PSMD9 

role in this process.  
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Summary 

We establish that PSMD9 through its PDZ domain interacts with the C-terminus of 

hnRNPA1, a novel interacting partner. This interaction is essential for degradation of 

IκBα by proteasome and therefore regulating the NF-κB activity in HEK293 cells. 

PSMD9 level neither affect phosphorylation or ubiquitination of IκBα nor the basal 

proteasome activity. However, the levels PSMD9 determine the rate of 

polyubiquitinated-phospho-IκBα recruitment on 26S proteasome and hence the rate of 

degradation. In this degradation process hnRNPA1 acts as a shuttle receptor while 

PSMD9 acts as the docking site on the 19S regulatory particle of Proteasome.  

Based on our findings about the molecular details of interaction between the 

PDZ-domain of PSMD9 and hnRNPA1, we speculate a general role for PSMD9 in 

substrate recognition by the proteasome. IκBα may be one of the many examples of 

how ubquitinated substrates may be recruited on the proteasome through the PDZ 

domain of PSMD9. Since in the absence of any external stimuli, PSMD9 

overexpression results in an increased basal activity of NF-κB, it remains to be seen 

whether PSMD9 acts as an internal signal for NF-κB activation. 

Our study opens up new areas of investigation on the role of PSMD9 in cellular 

homeostasis. However, the generality of this interaction between hnRNPA1 and 

PSMD9 may propose the interface as a potential therapeutic drug target in tumor cells 

relying on high NF-κB activity for their survival. 

2. PSMD10 (Gankyrin) 

Characterization of the human Neural progenitor cells and differentiated cells 

Human neural progenitor cells (hNPC) were grown on laminin coated plate in 

Neural stem cells maintenance media with EGF and FGF supplements. Expression of 

stem cell markers viz. Sox2, Nestin and Musashi were detected by immunofluorescence 
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and western blot analysis. When NPC cells were grown in Neural stem cells 

maintenance media without any growth factors for 12-15 days they differentiated into 

astrocytes, neurons and oligodendrocytes. Differentiated cell were characterized with 

Nuronal marker – β-III tubulin, astrocyte marker – GFAP (Glial fibrilliary acidic 

protein) and oligodendrocyte marker – O1 by immunofluorescence and western blot 

analysis. 

Differential expression of Proteasomal subunits in human Neural progenitor cells 

 Transcript and protein levels of proteasomal subunits were analysed in 

undifferentiated and differentiated cells. The protein levels of proteasomal subunits α4, 

β7 and Rpt6 were found to be decreased. While PSMD9 levels remained unchanged, 

PSMD10 levels increased in differentiated cells. Similarly the mRNA levels of β1, β5, 

PSMD9 and PSMD4 were found to be decreased, β2 levels remained unchanged but 

PSMD10 transcript levels were found to be increased in differentiated cells. 

 Apart from the proteasomal subunits protein levels of β-catenin and mRNA levels 

of Neurogenin-1 (NGN1) was found to be increased in differentiated cells. When 

differentiated cell populations were analyzed by immunofluorescence, ~90% of cell 

population were found to be astrocytes. The day-wise studies of hNPCs differentiation 

indicated that, the levels of STAT3 and p-STAT3 seem to be increased during the early 

phase of differentiation process and decreased during the late phase. Whereas the levels 

β-catenin increased from the very early phase of the process and remained constant 

throughout the process. Most importantly the levels of PSMD10 kept on increasing 

during the process and remained stable at very late phase. 

Effect of overexpression of Flag-PSMD10 in hNPCs 

 Third generation lentiviral particle of pTRIPZ-FLAG-PSMD10 was prepared and 

transduced in Neural progenitor cells. Immunofluorescence experiments indicated that, 
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~60% of FLAG-PSMD10 overexpressing hNPC cells were differentiated into 

astrocytes and rest of the cells (~40%) differentiated into neurons. Neuron counts of the 

total differentiated population increased to 2-2.5 fold upon PSMD10 overexpression 

validated by increase in βIII-tubulin levels in western blot analysis. 

Summary 

We could establish some preliminary results which suggest the possible role of 

PSMD10 in human neural progenitor cell differentiation process. PSMD10 might be 

promoting astrocyte differentiation by regulating STAT3 activity in the early days of 

differentiation process. However, the Co-expression of PSMD10, β-catenin and NGN1 

in the latter part of differentiation process and increase in neuron counts suggest the 

possible involvement of PSMD10 in neuronal differentiation. Hence PSMD10 may be 

involved both in astrocyte as well as neuronal differentiation process of hNPC in a 

spatio-temporal manner. Nevertheless, further validation and detail mechanism of 

PSMD10 involvement in hNPC differentiation need to be deciphered. Gankyrin 

although established as an oncoprotein, our data suggests its normal function in neural 

differentiation process. 

  



 

11 
 

SYNOPSIS 

REFERENCES 

 

1. Kaneko T, Hamazaki J, Iemura S, Sasaki K, Furuyama K, Natsume T, Tanaka K, 

Murata S: Assembly pathway of the Mammalian proteasome base subcomplex is 

mediated by multiple specific chaperones. Cell 2009, 137(5):914-925. 

2. da Fonseca PC, He J, Morris EP: Molecular model of the human 26S proteasome. 

Mol Cell 2012, 46(1):54-66. 

3. Thomas MK, Yao KM, Tenser MS, Wong GG, Habener JF: Bridge-1, a novel PDZ-

domain coactivator of E2A-mediated regulation of insulin gene transcription. 

Mol Cell Biol 1999, 19(12):8492-8504. 

4. Jelen F, Oleksy A, Smietana K, Otlewski J: PDZ domains - common players in the 

cell signaling. Acta Biochim Pol 2003, 50(4):985-1017. 

5. Banz C, Munchow B, Diedrich K: Bridge-1 is expressed in human granulosa cells 

and is involved in the activin A signaling cascade. Fertil Steril 2010, 93(4):1349-

1352. 

6. Lee JH, Volinic JL, Banz C, Yao KM, Thomas MK: Interactions with p300 

enhance transcriptional activation by the PDZ-domain coactivator Bridge-1. J 

Endocrinol 2005, 187(2):283-292. 

7. Sangith N, Srinivasaraghavan K, Sahu I, Desai A, Medipally S, Somavarappu AK, 

Verma C, Venkatraman P: Discovery of novel interacting partners of PSMD9, a 

proteasomal chaperone: Role of an Atypical and versatile PDZ-domain motif 

interaction and identification of putative functional modules. FEBS Open Bio 

2014, 4:571-583. 

8. Hay DC, Kemp GD, Dargemont C, Hay RT: Interaction between hnRNPA1 and 

IkappaBalpha is required for maximal activation of NF-kappaB-dependent 

transcription. Mol Cell Biol 2001, 21(10):3482-3490. 

9. Higashitsuji H, Itoh K, Nagao T, Dawson S, Nonoguchi K, Kido T, Mayer RJ, Arii 

S, Fujita J: Reduced stability of retinoblastoma protein by gankyrin, an 

oncogenic ankyrin-repeat protein overexpressed in hepatomas. Nat Med 2000, 

6(1):96-99. 

10. Higashitsuji H, Itoh K, Sakurai T, Nagao T, Sumitomo Y, Masuda T, Dawson S, 

Shimada Y, Mayer RJ, Fujita J: The oncoprotein gankyrin binds to 



 

12 
 

SYNOPSIS 

MDM2/HDM2, enhancing ubiquitylation and degradation of p53. Cancer Cell 

2005, 8(1):75-87. 

11. Man JH, Liang B, Gu YX, Zhou T, Li AL, Li T, Jin BF, Bai B, Zhang HY, Zhang 

WN et al: Gankyrin plays an essential role in Ras-induced tumorigenesis 

through regulation of the RhoA/ROCK pathway in mammalian cells. J Clin 

Invest 2010, 120(8):2829-2841. 

12. Fu J, Chen Y, Cao J, Luo T, Qian YW, Yang W, Ren YB, Su B, Cao GW, Yang Y et 

al: p28GANK overexpression accelerates hepatocellular carcinoma invasiveness 

and metastasis via phosphoinositol 3-kinase/AKT/hypoxia-inducible factor-

1alpha pathways. Hepatology 2011, 53(1):181-192. 

13. Zhen C, Chen L, Zhao Q, Liang B, Gu YX, Bai ZF, Wang K, Xu X, Han QY, Fang 

DF et al: Gankyrin promotes breast cancer cell metastasis by regulating Rac1 

activity. Oncogene 2013, 32(29):3452-3460. 

14. Zheng T, Hong X, Wang J, Pei T, Liang Y, Yin D, Song R, Song X, Lu Z, Qi S et 

al: Gankyrin promotes tumor growth and metastasis through activation of IL-

6/STAT3 signaling in human cholangiocarcinoma. Hepatology 2014, 59(3):935-

946. 

15. Nanaware PP, Ramteke MP, Somavarapu AK, Venkatraman P: Discovery of 

multiple interacting partners of gankyrin, a proteasomal chaperone and an 

oncoprotein--evidence for a common hot spot site at the interface and its 

functional relevance. Proteins 2014, 82(7):1283-1300. 

16. Chen Y, Li HH, Fu J, Wang XF, Ren YB, Dong LW, Tang SH, Liu SQ, Wu MC, 

Wang HY: Oncoprotein p28 GANK binds to RelA and retains NF-kappaB in 

the cytoplasm through nuclear export. Cell Res 2007, 17(12):1020-1029. 

17. Sun Y, Nadal-Vicens M, Misono S, Lin MZ, Zubiaga A, Hua X, Fan G, Greenberg 

ME: Neurogenin promotes neurogenesis and inhibits glial differentiation by 

independent mechanisms. Cell 2001, 104(3):365-376. 

 

 

  



 

13 
 

SYNOPSIS 

 



 

15 
 

List of Figures 

Serial 
no. 

Figure no. Figure Title Page no. 

1 Figure-1.1 Electron micrograph of 26S proteasome 25 

2 Figure-1.2 Cartoon representation of 26Sproteasome. 26 

3 Figure-1.3 Subnanometre holoenzyme reconstruction of 

19S-20S proteasome 

28 

4 Figure-1.4 Three-dimensional reconstructions of the 

recombinant 19S subcomplex and the yeast 

26S proteasome. 

30 

5 Figure-1.5 Ubiquitin Structure. 37 

6 Figure-1.6 The protein ubiquitination pathway. 39 

7 Figure-1.7 Schematic representation of the degradation 

cycle of the ubiquitin proteasome system 

44 

8 Figure-1.8 Binding of the substrate to 19S-RP 47 

9 Figure-1.9 The proteasome recognizes substrates in three 

different modes 

52 

10 Figure-2.1 PSMD9 shRNA in Mir-30 cassette sequence 

Map 

85 

11 Figure-2.2 Amplification procedure of PSMD9 shRNA by 

PCR 

85 

12 Figure-2.3 Phase contrast images and Immunostaining of 

human Neural progenitor cells (hNPCs) and 

differentiated cells. 

95 

13 Figure-2.4 Detection of percentage of labelled κB oligos 

in the 3’end label reaction 

113 

14 Figure-2.5 Syncytia formation after virus production. 120 

15 Figure-2.6 Virus titer calculation. 121 

16 Figure-2.7 Recombinant protein Induction 125 

17 Figure-2.8 Recombinant His-PSMD9 protein Purification 126 

18 Figure-2.9 Approximate MW detection for His-PSMD9 

protein 

127 



16 
 

19 Figure-3.1 Crystal Structures of the Nas2 N-Domain 

Alone and Its Complex with the Rpt5 C-

Domain. 

134 

20 Figure-3.2 Crystal Structure of the Nas2 PDZ domain 135 

21 Figure-3.3 Examples of PDZ domain-containing proteins 137 

22 Figure-3.4 Structures of PDZ, PDZ-like, PDZ-PDZ dimer, 

and tandem PDZ domains 

138 

23 Figure-3.5 NF-κB and IκBα family proteins 142 

24 Figure-3.6 Two pathways leading to NF-κB activation 144 

25 Figure-3.7 Different functions of NF-κB can have either 

tumor-promoting or tumor suppressing effects 

151 

26 Figure 3.8 Expression levels of PSMD9 in the stable 

clones in HEK293 cells 

155 

27 Figure-3.9 PSMD9 interacts with wild type hnRNPA1 but 

not with 7∆C mutant of hnRNPA1 ex vivo. 

156 

28 Figure-3.10 PSMD9 enhances basal and TNF-α mediated 

NF-κB transcriptional activity 

158 

29 Figure-3.11 PSMD9 enhances p65 nuclear translocation 160 

30 Figure-3.12 PSMD9 enhances p65-NF-κB DNA binding 

activity and transcriptional activity 

161 

31 Figure-3.13 Overexpression of PSMD9 enhances IκBα 

degradation 

163 

32 Figure-3.14 Knockdown of PSMD9 decreases IκBα 

degradation and NF-κB activation 

164 

33 Figure-3.15 PSMD9 mediated IκBα degradation occurs via 

ubiquitin-proteasomal system 

165 

34 Figure-3.16 PSMD9 does not influence phosphorylation of 

IκBα 

167 

35 Figure-3.17 PSMD9 does not influence ubiquitination of 

IκBα 

169 

36 Figure-3.18 PSMD9 does not affect basal proteasomal 

activity in HEK293 cells 

170 



 

17 
 

37 Figure-3.19 PSMD9 interact with hnRNPA1 via its PDZ-

domain 

171 

38 Figure-3.20 PDZ domain mediated interaction is crucial for 

IκBα degradation and NF-κB activity 

172 

39 Figure-3.21 PDZ domain mediated interaction is crucial for 

IκBα degradation and NF-κB activity 

174 

40 Figure-3.22 In vitro interaction of PSMD9, hnRNPA1 and 

IκBα 

176 

41 Figure-3.23 Interaction between hnRNPA1 and PSMD9 is 

essential for degradation of IκBα as well as 

NF-κB activity 

178 

42 Figure-3.24 PSMD9 is crucial for the recruitment of 

hnRNPA1-IĸBα complex on 26S proteasome 

180 

43 Figure-3.25 PDZ-domain of PSMD9 is not involved in 

proteasome and PSMD9 interaction 

182 

44 Figure-3.26 Model for the mechanism of IĸBα presentation 

and degradation by 26S proteasome 

186 

45 Figure-4.1 Crystal Structures of the Nas6 197 

46 Figure-4.2 Crystal Structures of the PSMD10 (Gankyrin). 199 

47 Figure-4.3 Structure of the Nas6/Rpt3 and Gankyrin/S6-C 

Complex 

200 

48 Figure-4.4 Comparison between Nas6 and PSMD10 

(Gankyrin) structures 

202 

49 Figure-4.5 Current understanding of the activities of 

gankyrin in cell cycle regulation and apoptosis 

205 

50 Figure-4.6 Prediction of gankyrin interaction with Rb and 

CDK4/6 based on the tertiary structure of 

Nas6p and biochemical and mutational studies 

207 

51 Figure-4.7 Model of neural stem cell differentiation 

process 

218 

52 Figure-4.8 Signaling pathways biasness for particular 

lineage in neural stem cell differentiation 

219 



18 
 

process 

53 Figure-4.9 The involvement of Notch and Wnt signaling 

pathways and their relevant transcription 

factors in neurogenesis 

220 

54 Figure-4.10 Regulation of adult neurogenesis in the dentate 

gyrus of the hippocampus of the lateral 

ventricle 

221 

55 Figure-4.11 PSMD10 influence STAT3 signaling pathway 

in HEK293 cells 

232 

56 Figure-4.12 Hypothesis: PSMD10 might be playing role in 

Neural stem cell differentiation 

234 

57 Figure-4.13 Phase Contrast image of human Neural 

progenitor cell 

235 

58 Figure-4.14 Expression of neural stem cells markers in 

human Neural progenitor cells (hNPCs). 

236 

59 Figure-4.15 Differentiation of human Neural progenitor 

cells (hNPCs). 

238 

60 Figure-4.16 Characterization of Differentiated human 

Neural progenitor cells (hNPCs). 

239 

61 Figure-4.17 Differential protein levels in human Neural 

progenitor cells (hNPCs) and differentiated 

cells 

241 

62 Figure-4.18 Differential protein expression during 

differentiation process in human Neural 

progenitor cells (hNPCs). 

242 

63 Figure-4.19 Trans-expression of FLAG-PSMD10 by 

transduction in human Neural progenitor cells  

244 

64 Figure-4.20 FLAG-PSMD10 trans-expression enhances 

neuronal differentiation 

245 

65 Figure-4.21 Overexpression of PSMD10 increases overall 

neuronal population 

247 

  



 

19 
 

List of Tables 

Serial 

no. 

Table no. Table Title Page no. 

1 Table-1.1 Substrates of the nuclear ubiquitin-proteasome 

system (nUPS) 

60-61 

2 Table-2.1 List of Cloning primers 74-75 

3 Table-2.2 List of Real time primers 75-76 

4 Table-2.3 List of SDM primers 82-83 

5 Table-2.4 Composition of AC-Buffer 128 

6 Table-3.1 Classification of NF-κB inhibitors 149 

7 Table-4.1 Overview of signaling in adult neural stem 

cells 

224 

8 Table.4.2 Up-regulated gene list from the microarray 

data 

233 

 

  



20 
 

List of Abbreviations 

ATP : Adenosine triphosphate 

AAA-ATPase : ATPases Associated with various cellular Activities 

BME : ß- Mercaptoethanol 

bFGF : basic Fibroblast Growth Factor 

BSA : Bovine Serum Albumin 

cDNA : complimentary Deoxyribonucleic acid 

Dlg2 : Disc Large Homolog 2 

DTT : Dithiothreitol 

EGF : Epidermal Growth Factor 

EMSA : Electrophoretic Mobility Shift Assay 

hNPCs : human Neural Progenitor cells 

KDa : Kilodalton 

mM : Millimolar 

Ni-NTA : Nickel-nitriloacetic acid 

MBP : Maltose Binding Protein 

GST : Glutathione S-Transferase 

hnRNPA1 : Heterogenous Ribonucleoprotein A1 

PAGE : Polyacrylamide Gel Electrophoresis 

PCV : Pack Cell Volume 

PCR : Polymerase Chain Reaction 

PDZ : PSD95, Dlg2 and ZO1 

PSD95 : Post Synaptic Density 95 

PSMD9 : Proteasome Macropain non-ATPase subunit 9 

PSMD10 : Proteasome Macropain non-ATPase subunit 10 

SDS : Sodium Dodecyl Sulphate 

TBST : Tris Buffered Saline with 0.1% Tween-20 

TEMED : N,N,N’,N’ Tetramethyl Ethylene Diamine 

ZO1 : Zonula Occludens1 

 

  



21

Introduction and Review of Literature

CHAPTER-I

Introduction & Review of Literatures



22

Introduction and Review of Literature



23

Introduction and Review of Literature

1.1. THE PROTEASOME: Cellular degradation machine:

The proteasome, called as 26S-proteasome, the key player of Ubiquitin

Proteasomal System (UPS), is responsible for the controlled degradation of proteins in

eukaryotic cells. It is a very large energy dependent protease complex present both in

cytoplasm and nucleus of the cell. The proteasome degrade unfolded, missfolded and

ubiquitinated proteins in a well-regulated manner. 26S proteasome consists of two 19S

and one 20S sub-complexes. The 19S regulatory particle is responsible for binding of

polyubiquitylated proteins, releasing of ubiquitin chain, unfolding of the substrate-

proteins and the regulated entry of the substrate into 20S complex. The 20S core

particle is the catalytic chamber that degrades the substrates into amino acids and short

peptides by the help of three catalytic subunits in it [1].

1.2. DISCOVERY OF UBIQUITIN PROTEASOME SYSTEM (UPS):

Eukaryotic cell maintain a protein homeostasis by balancing the equilibration

between protein synthesis and protein degradation. For cell growth and maintenance,

controlled protein degradation is equally important and necessary as protein synthesis.

The first revolutionary finding in the field of protein degradation came in 1942, when

Rudolph Schönheimer proposed that “proteins are being constantly build up and broken

down”, in his book ‘The Dynamic State of Body Constituents’. The 20S proteasome

was first observed in 1968 in electron micrographs of human erythrocyte lysates and, in

view of its cylinder-shaped structure, was called “cylindrin” [2], but its function was

unknown. Before the discovery of proteasome role, people believed that “Lysosomal

degradation” is the major pathway of protein degradation in the cells. But during 1977

Joseph D. Etlinger and Alfred L. Goldberg, while working on reticulocyte that lack

lysosomes on maturation, for the first time reported that there was also another

pathway of protein degradation exists. They developed a cell-free extracts from rabbit
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reticulocytes that rapidly hydrolyze abnormal globular protein in an ATP-dependent

manner [3]. Along a different line, a particle called the “prosome” or the 19S

ribonucleoprotein (RNP) was found ubiquitously in eukaryotes [4]. In 1988 however, it

was established that the prosome particles are identical with a multicatalytic protease

complex, latter on called as proteasome [5, 6]. The unifying name “Proteasome” more

precisely the 20S proteasome was coined to highlight its proteolytic activity and

complex structure [5].

After this break-through discovery people began exploring the role of this

pathway in great details. Ciechanover and Hershko from Technion, Israel in 1987

fractionated the crude reticulocyte cell extract on an anion-exchange resin (DEAE-

cellulose) as (APF)-I and II and found that combination of both the fractions

reconstructed the energy-dependent proteolytic activity [7, 8]. Later, APF-II was

further sub-fractionated into APF-IIa and APF-IIb. APF-IIb contained the E1-E3

ubiquitin conjugating enzymes and APF-IIa was shown to contain proteasomes [9].

APF-I was identified as ubiquitin [10]. Eventually, in 2004 Avram Hershko, Aaron

Ciechanover and Irwin rose were awarded for Nobel Prize in Chemistry for the

discovery of ‘Ub dependent degradation of protein’. After decades of research now it is

known that this pathway is the major protein degradation pathway in eukaryotes and

26S proteasome is the main player in the process.

1.3 STRUCTURE OF 26S PROTEASOME:

26S proteasome is a multisubunit, multicatalytic protease complex. Structurally it is

more or less a symmetrical and hollow cylindrical complex of molecular weight ~2600

KDa. It consists of 19S-20S-19S sub-complexes comprising total 64 no. of subunits.

Purified proteasomes are always found as a mixture of free 20S, singly capped (19S-

20S), and doubly capped (19S-20S-19S) forms (Figure-1.1) [11], while in vivo it seems



25

Introduction and Review of Literature

that in S. cerevisiae the majority of proteasomes are present as doubly capped forms

[12]. In mammalian cells, the ratio of 19S to 20S is lower probably leading the

presence of free 20S and to proteasomes with a single 19S [13].

Figure-1.1: Electron micrograph of 26S proteasome: Electron micrograph of of a negatively
stained 26S purified human proteasome sample. Examples of side views of double-capped and
single-capped 26S proteasome images are identified with black and white circles, respectively.
End views of 26S proteasome complexes are identified by black dashed circles. and B, class
averages with 2-fold rotational symmetry characteristic of a projection along a C2 axis (Left).
Computerized magnified image of the electron micrograph of the left image (Middle).
Converted cartoon image of the 26S proteasome; blue colour corresponds to 19S and the
yellow colour corresponds to 20S (Right). [Adopted from: Paula C. A. da Fonseca et. al., 2008]

1.3.1 The 20S Core Particle (CP): The central 20S sub-complex of the 26S-

proteasome, called as core particle (CP) of ~700 kDa is sandwiched between two 19S

regulatory particles (RP) [14]. The 20S-CP can be found either isolated or associated

with the 19S-RP in the eukaryotic cells. But the most abundant form of proteasome

found in the eukaryotic cell is the 26S proteasome.  20S-CP is a hollow barrel-shaped

structure which consists of total 28 subunits, arranged into four hetero-heptameric rings

of ∼150 Å X∼120 Å dimension [15]. This complex is assembled from 14 no. of

subunits into four stacked rings - two inner β rings and two outer α rings and exhibits

twofold (C2) symmetry resulting an overall stoichiometry of α1-7–β1-7–β1-7–α1-7

(Figure-1.2). The inner surface of 20S CP forms a central channel divided into three
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large cavities of of ∼40 Å x ∼50 Å dimension separated by narrow constrictions. The

two cavities between the both α and β-subunit rings apparently store the substrate in

unfolded conformation and the central catalytic cavity (of ∼40 Å x ∼55 Å in

dimension) harbors the protease active sites [16, 17]. In eukaryotes only three of the

seven β- type subunits harbour proteolytic activity making six active sites per 20S

molecule. Each active site can cleave a broad range of peptide sequences, β1 cleaves

after acidic residues (caspase like), β2 after basic residues (trypsin like), and β5 after

hydrophobic residues (chymotrypsin like) [18]. 20S CP can also associate with other

regulatory complexes like 11S and PA200 [14].

1.3.2 The 19S Regulatory Particle (RP): (ATP dependent modulator of

proteasome)

The 19S sub-complex of the proteasome is called as the regulatory particle (RP) since

it regulates degradation of the substrates by guiding them into the 20S core particle.

The 19S RP performs multiple roles in regulating proteasomal activity e.g.: (a)

Figure-1.2: Cartoon representation
of 26Sproteasome. Relative position
of all the subunits of proteasome.
Rpn10/13 are ubiquitin receptor,
Rpn11 having deubiqutinating
enzymatic activity, β1/2/5 (Red)
contain the protease catalytic
activity. [Adopted from: Keiji
Tanaka, 2009]
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substrates recognition, (b) substrate unfolding (c) substrate deubiquitination and (d)

translocation to the 20S catalytic particle [14]. Although, different subunits of the 19S

RP have been identified and assigned with specific functions, the organization of the

19S complex is still imprecise. However, recent cryo-EM map by single particle

analysis has provided glimpse of the architecture of 26S holo-complex (9Å to 7.4Å)

[19-21]. With the help of these EM maps, the position of ATPases and Ub binding

domain containing subunits could be assigned in 26S proteasome.

Glickman, et al. biochemically characterized the 19S regulatory particle (RP),

earlier termed as PA700 (due to its molecular weight speculated to be 700kDa) and

found it to be composed of 18 subunits [22]. This 19S-RP may assemble at one or both

ends of the 20S-CP [14]. The subunits of the 19S-RP can be divided into the `base' and

the `lid' [11]. The base of the 19S, positioned proximal to the 20S core particle,

comprises a ring of six AAA (ATPase associated with a variety of cellular activities)-

ATPases, named Rpt1 to 6 (Regulatory particle triple A) in yeast [23-25]. The base

consists of all the ATPases which form the ring like structure along with a few non-

ATPases. The lid comprises of non-ATPases only, named Rpn.

1.3.2.1 The Base of the 19S:

The base of the 19S-RP is composed of four non-ATPase subunits (Rpn1, Rpn2, Rpn10

and Rpn13) and six ATPase subunits (Rpt1–6) that are members of the diverse AAA-

ATPase family (Figure-1.2, 1.3 and 1.4). The Rpt1–6 ATPases form a hexameric ring

in which the N-terminal domains project upward to contact other 19S RP subunits, and

the ATPase cassettes lie close to the 20S CP α subunits. The C termini of Rpt2, Rpt3,

and Rpt5, which are the ATPase subunits that display C-terminal HbYX motifs, dock at

the α3/α4, α1/α2, and α5/α6 pockets, respectively [26, 27]
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Known interactions between Rpt subunits indicate that such a hexameric ring

should be orientated as Rpt1–2–6–3–4–5 in a clockwise manner in relation to the CP

[28-32]. Due to the symmetry mismatch (seven α vs. 6 Rpt subunits), it is not expected

that each Rpt will form a stable interaction with a single subunit. Reported CP-RP

contacts include α1-Rpt6, α2-Rpt6, α4-Rpt2, α6-Rpt4, α2-Rpt4, α2-Rpt5, α4-Rpt4, and

α7-Rpt4 [28, 29, 31, 33-37]. That the N-terminal tails of all seven subunits point

directly into the centre of seven fold symmetry could explain how a single Rpt subunit

can interact with more than one -subunit. Recently it has been solved and assigned that,

the pore region of the ATPase subunits assemble into a spiral staircase-like

arrangement, with the lowest and highest subunits, Rpt2 and Rpt3, respectively,

separated by Rpt6 in an intermediate position [19, 20].

Figure-1.3: Subnanometre holoenzyme reconstruction of 19S-20S proteasome. The
structure in cyan corresponds to the Base of 19S-RP. The structure in yellow corresponds to
the lid of 19S-RP. [Adopted from: Lander et al. 2012]

The overall conservation of the RP subunits in eukaryotes is extraordinary. The

Rpt subunits are the most conserved subunits of the RP, each of which is 66–76%

identical between yeast and humans, pointing to their central and enzymatic role in
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proteasome function. The six ATPases are roughly 40% identical to each other over the

length of the protein, with the AAA domain at the centre showing a greater degree of

identity [24]. These ATPases are distinct, as similar mutations in each result in unique

phenotypes [11, 24]. This raises the idea that gene duplication plays a role in the

composition of the contemporary proteasome.

The ATPases facilitate unfolding of the target proteins and have therefore been

termed ‘reverse chaperones’ or ‘unfoldases’ [38]. Besides unfolding, these ATPases are

presumably involved in the insertion of the target proteins into the gate of the core

particle [39, 40]. Some of these ATPase subunits are responsible for regulating

transcriptional activities [39]. Sug1 or PSMC5 acts as helicase and regulates

transcription along with RNA polymerase II. S6a ATPase or PSMC3 acts as a

coactivator of Class II MHC gene [41, 42]. Recently, it has been reported that Sug1,

S7, and S6a form transcriptional activation complex along with RNA polymerase II,

for the expression of the inflammatory gene CIITApIV [43].

The non ATPases of base subcomplex include four subunits viz., two

scaffolding proteins Rpn1 and Rpn2 and two ubiquitin receptors Rpn10 and Rpn13

(Figure-3 and 4) [11]. Rpn1 and 2 are the largest proteasomal subunits (100kDa and

106kDa) containing proteasome cyclosome (PC) repeats [44]. In recent EM structure,

the PC-domain of Rpn2 has been shown to interact with N-terminal end of the coiled-

coil pair of Rpt6/Rpt3 while Rpn1 interact with Rpt1/Rpt2 [19]. The Ub binding

subunits Rpn 10 and 13 have been assigned a position above the coiled coil of the

Rpt4/5 and Rpt1/2 dimers, respectively. Rpn10 is tightly associated with the base,

although it can also bind to the lid, or be found separate from the proteasome [22, 45-

48]. Rpn10 has a role in stabilizing the interactions between the lid and the base

subcomplexes of the RP. Based on the recent studies both Rpn13 and the UIM of
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Rpn10 are located 70–80 Å, from the predicted position of the Rpn11 MPN domain,

which could be bridged by a tetra Ub moiety [20]. This relative assignment of Ub

receptors offers an explanation as to why polyubiquitin chains needs to be comprised of

at least four Ub to function efficiently as a degradation signal. Similarly several Ub

adaptor proteins (shuttle receptors) Rad23, Ddi1 and Dsk2 are expected to reside 80–

120Å away from Rpn11, depending on where they bind Rpn1 because for receptor

interaction, at least part of the ubiquitin chain has to be in an extended conformation

with the hydrophobic patches exposed. Rad23, Dsk2, and Ddi1 share a common

domain at their respective N-termini, known as ubiquitin-like domain (Ubl), and

Figure-1.4: Three-dimensional reconstructions of the recombinant 19S subcomplex and
the yeast 26S proteasome. (A) Negative-stain reconstruction of the isolated lid subcomplex at
15-Å resolution, coloured by subunit and shown from the exterior (left), the side (middle) and
the interior, base-facing side (right). A dotted line (middle) indicates the highly variable electron
density for the flexible N-terminal domains of Rpn5 and Rpn11. (B) Subnanometre cryoelectron
microscopy reconstruction of the holoenzyme, shown in three views corresponding to the
isolated lid and coloured as above, with the core particle in grey. (C) Side views of the
regulatory particle, showing the locations of the ubiquitin receptors Rpn10 and Rpn13, and the
DUB Rpn11 relative to the central pore. Crystal structures for Rpn10 (PDB ID: 2X5N), Rpn13
(PDB ID: 2R2Y), and an MPN domain homologous to Rpn11 (AMSH-LP, PDB ID: 2ZNR) are
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shown docked into the electron microscopy density. The predicted active site of Rpn11 is
indicated (red dot). [Adopted from: Lander et. al.,2012]

this domain mediates recognition by Rpn1 [49]. Moreover, both Rpn10 and Rpn13

bind between two consecutive ubiquitin moieties [50, 51] such that at least a tetra-

ubiquitin chain would be required on a substrate to allow interaction with a receptor

and simultaneous deubiquitination by Rpn11. In contrast, the function of Rpn2 is still

not clear but it was found to interact with Hul5, a HECT-domain containing ubiquitin

ligase [52].

1.3.2.2 The lid of the 19S:

The lid subcomplex is composed of only the non-ATPases; at least 9 non ATPase

subunits (Figure-1.4). The subunits show a lower yet significant amount of sequence

identity, typically in the range of 33–47% [14]. Based on amino acid sequence

similarity, these subunits can be divided into two categories: (a) the MPN (Mpr1 and

Pad1 in the N terminus) domain containing subunits Rpn8 and Rpn11 [25], (b) The PCI

(Proteasome-COP9-eIf3) domain containing subunits Rpn3/5/6/7/9/12 [53]. Amongst

all the nine lid subunits, the only subunit with a known catalytic activity is Rpn11. It

has a metalloprotease-like deubiquitinating (DUb) activity which removes proximal

ubiquitin from substrates [25]. Although the MPN domain of Rpn8 is very similar to

that of Rpn11, it lacks crucial catalytic residues. In 26S holocomplex, Rpn8 interacts

with Rpt3/6 pair while Rpn11 interacts with Rpn1 of base subcomplex. Some of the lid

subunit have been shown to directly interact with AAA+, e.g. Rpn7 interact with

AAA+ domain Rpt2 and Rpt6 while Rpn6 and Rpn5 with Rpt3 [19]. Lid subunits form

hand-like structure where five PCI subunits (Rpn3, Rpn7, Rpn6, Rpn5 and Rpn9) form

the fingers and Rnp11 palm [20] (Figure-1.4). Rpn8 not only connects Rpn3 and Rpn9

but also the palm of the hand Rpn11 [20]. The six PCI subunits form horseshoe-like

structure covering a large part of the ATPase (Rpt3, Rpt6, and Rpt4) in form of a roof
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[21]. The subunit order in the horseshoe heterohexamer is Rpn9/Rpn5/

Rpn6/Rpn7/Rpn3/Rpn12 [21]. The scaffold formed by PCI subunits positions the

Rpn8/Rpn11 heterodimer in close vicinity to the mouth of ATPase ring, so that the

engaged substrate can be deubiquitinated before entering translocation channel. The

Rpn2 from base is thought to help in stabilization of lid conformation with the help of

Rpn3, Rpn8 and the Rpn11 which extend towards the base. Unlike conventional model

recent EM Map also showed that lid subunits interact directly with 20S CP [20]. It

seems that the function of PCI subunit is to bring the essential machinery in 3D space,

necessary for efficient degradation.

1.3.3 ATP independent modulator of 20S proteasome

1.3.3.1 PA28 or the 11S regulator:

PA28 or the 11S regulator (REG) was identified as another protein activator of the

latent 20S proteasome [54]. Electron microscopic examination revealed that PA28

forms conical caps by associating with both ends of the central 20S CP [39]. PA28

complexes are composed of three structurally- related members designated α, β and γ;

their primary structures display approximately 50% homology [55]. Whereas the

PA28α and PA28β assemble into hetero-oligomeric complexes with alternating α and β

subunits, the PA28γ appears to form homopolymeric complexes. Immunofluorescence

analysis revealed that both PA28α and PA28β are located mainly in the cytoplasm,

whereas PA28γ is located predominantly in the nucleus outside of the nucleolus [56].

X-ray crystallographic analysis of recombinant REGα (PA28α) revealed a heptameric

complex [57], but the composition of PA28α and PA28β in the heteroheptameric (i.e.,

α3/β4 or α4/β3) complexes in cells, however, requires further investigation.

The PA28α/β containing proteasome functions as a processing enzyme

responsible for the generation of major histocompatibility complex (MHC) class I
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ligands, which are essential for the initiation of cell-mediated immunity in vertebrates

[58-60]. The PA28γ containing proteasome functions as a regulator of cell proliferation

and body growth in mice and demonstrated that neither PA28α nor PA28β compensates

for the PA28γ deficiency in mice [61, 62]. A third type proteasome was discovered by

immunoprecipitation analysis, which revealed that the PA28 and PA700 (19S)

activators simultaneously bind to the 20S proteasome. PA28 and PA700 rings bind at

opposite ends of the 20S particle, forming the PA700–20S–PA28 complex. This

complex has been named the ‘‘hybrid proteasome’’ [63]. The hybrid proteasome seems

to contribute to efficient proteolysis; intact substrate proteins may be first recognized

by PA700 (19S-RP) and then fed into the cavity of the 20S proteasome, which shows

markedly enhanced cleavage activity in the presence of the PA28α/β complex.

1.3.3.2 PA200 or Blm10:

Mammalian PA200 or the Yeast Blm10 (formally Blm3) are reported to regulate

proteasome assembly and/or proteolytic activity, although there are discrepant reports

about its precise roles [64, 65]. In the other hand Blm10 promotes proteasome

maturation, presumably by stabilizing nascent 20S proteasomes [66]. The discrepancy

in the two contradictory roles of Blm10 has not yet been explained. Interestingly, the

Blm10-CP-RP complex (i.e., PA200-20S-PA700) is found predominantly in yeast

cells. Electron microscopy (EM) studies have shown that Blm10 has a highly

elongated, curved structure, and adapts to the end of the CP cylinder, where it is

properly positioned to activate the autoinhibited closed-gate conformation of 20S

proteasome by opening the axial channel into its proteolytic chamber [65]. In case of

mammalian cells PA200 makes contact with all subunits except α7, and this interaction

induces the opening of the axial channel through the α-ring, indicating that the

activation mechanism of PA200 is expressed via its allosteric effects on the 20S-CP,
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perhaps facilitating release of digestion products or the entrance of substrates. Recent

reports suggested that the single-capped Blm10-CP shows peptide hydrolysis activity,

whereas the peptide hydrolysis activity is repressed in double-capped Blm10-CP-

Blm10, suggesting that that Blm10 distinguishes between gate conformations and

regulates the activation of CP [67].

1.3.3.3 P131

PI31, known as an inhibitor of 20S proteasomes, prevents the activation of the

proteasome by each of two proteasome regulatory proteins, PA700 and PA28,

suggesting that it plays an important role in controlling proteasome function [68]. PI31

is a proline-rich protein, 26% of the amino acids are proline, particularly within its

carboxyl-terminal half where it appears to have an extended secondary structure. This

proline-rich domain of PI31 confirms the proteasome inhibition in the cells. However,

it also is reported that PI31 represents a cellular regulator of proteasome formation and

of proteasome mediated antigen processing, based on the observation that PI31

selectively interferes with the maturation of immunoproteasome precursor complexes

[69].

1.3.3.4 Tissue specific proteasomes:

Although 26S proteasome ubiquitously expressed in all tissues, there are variants of

proteasomal type exist in vertebrates in tissue specific manner. Vertebrates encode four

additional catalytic β-subunits: three interferon-γ (IFN) inducible β1i, β2i, β5i

immunosubunits and one thymus-specific β5t subunit, which are incorporated in the

place of their most closely related β-subunits, thus forming distinct subtypes of

proteasomes with altered catalytic activities. These are called immunoproteasomes and

thymoproteasomes [58, 70, 71]. These alternative proteasomes play key roles in

acquired immunity by altering antigen processing. The immunoproteasome has
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increased chymotrypsin-like and trypsin-like activities, which are favourable for the

production of antigenic peptides that bind to the groove of MHC class I molecules [58,

72]. The thymoproteasome has reduced chymotrypsin-like activity, which is thought to

be important for the production of a unique peptide repertoire in the thymus [71, 73,

74]. By comparison, the 20S proteasome, including constitutively expressed catalytic

subunits β1, β2 and β5, is often called the standard or constitutive proteasome. In

Drosophila melanogaster, approximately one-third of the proteasome subunits are

found to have testes specific isoforms [75]. One of these, proteasome subunit α6 testis-

specific (PROSα6T), is required for spermatogenesis. However, whether there are

specific mechanisms for the assembly of such testes-specific subtypes has not been

explored. In mouse Rpn10 mRNA occurs in at least five distinct forms, Rpn10a–e, due

to developmentally regulated alternative splicing [76]. These isoforms, with the

exception of the universally expressed Rpn10a, are expressed in tissue-specific and/or

developmental stage-specific manners. For example, Rpn10e is specifically expressed

in the embryonic brain in mice, implying the existence of ‘the brain-specific

proteasome’. Knocking out the mouse Rpn10 gene was found to be embryonically

lethal [77], although the specific reason was unknown.

1.4 PROTEASOMAL DEGRADATION PATHWAY:

The majority of cytosolic protein degradation in eukaryotes occurs via the UPS. In this

process, cellular proteins targeted for degradation are tagged by multimers of an

evolutionarily conserved protein known as ubiquitin and are degraded by the 26S

proteasome. The crucial role that proteasome plays in the eukaryotic cells is to degrade

proteins in a very regulated manner. The degradation process can be divided into two

broader categories; (a) Ubiquitin dependent protein degradation and (b) ubiquitin

independent protein degradation.
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1.4.1 Ubiquitin dependent protein degradation:

“Ubiquitin” originally known as “ubiquitous immunopoietic polypeptide”, was first

identified in 1975 by Goldstein, as an 8.5 kDa protein of unknown function expressed

in all eukaryotic cells [78]. The basic functions of ubiquitin and other components of

the ubiquitination process were explicated in the early 1980s at the Technion by Aaron

Ciechanover, Avram Hershko, and Irwin Rose for which they were awarded Nobel

Prize in Chemistry in 2004 [7]. Ubiquitin is a small protein (76 amino acids and has a

molecular mass of about 8.5 KDa) that exists in all eukaryotic cells (Figure-1.5). It

performs its innumerable functions through conjugation to a large range of target

proteins. The feature for the ubiquitination process includes its C-terminal tail

(Glycine) and the 7 lysine residues (K6, K11, K27, K29, K33, K48, and K63). It is

highly conserved among eukaryotic species: Human and yeast ubiquitin share 96%

sequence identity.

Ubiquitination is an enzymatic, post-translational modification (PTM) process

in which an ubiquitin protein is attached to a substrate protein. This process most

commonly binds the last (C-terminal) amino acid of ubiquitin (glycine 76) to a lysine

residue on the substrate. An isopeptide bond is formed between the carboxylic acid

group of the ubiquitin's glycine and the ε-amino group of the substrate's lysine [79].

Trypsin cleavage of an ubiquitin-conjugated substrate leaves a di-glycine "remnant"

that is used to identify the site of ubiquitination [80, 81]. In a few rare cases nonlysine

residues like cysteine, threonine and serine, have been identified as ubiquitination

targets [82, 83]. The end result of this process is the addition of one ubiquitin molecule

(monoubiquitination) or a chain of ubiquitin molecules (polyubiquitination) to the

substrate protein [84].
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Figure-1.5: Ubiquitin Structure. (A), Molecular surface representation of the protein
ubiquitin, based on PDB 1UBQ (Author: Thomas Splettstoesser, 2004). (B) Cartoon
representation of ubiquitin protein, highlighting the secondary structure. α-helices are coloured
in blue and β-strands in green. The sidechains of the 7 lysine residues are indicated by orange
sticks. The two best-characterised attachment points for further ubiquitin molecules in
polyubiquitin chain formation (lysines 48 & 63) are labelled. Image was created using PyMOL
from PDB id 1ubi. (Author: Rogerdodd, 2008). (C) A cartoon representation of a lysine 48-
linked diubiquitin molecule. The two ubiquitin chains are shown as green cartoons with each
chain labelled. The components of the linkage are indicated and shown as orange sticks.
Image was created using PyMOL from PDB id 1aar. (Author: Rogerdodd, 2008). (D) A cartoon
representation of a lysine 63-linked diubiquitin molecule. The two ubiquitin chains are shown as
green cartoons with each chain labelled. The components of the linkage are indicated and
shown as orange sticks. Image was created using PyMOL from PDB id 2jf5. (Author:
Rogerdodd, 2008).

Ubiquitination requires three types of enzyme: ubiquitin-activating enzymes

(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3). The process

consists of three main steps (a) activation, (b) conjugation and (c) ligation.

1.4.1.1 Activation: Ubiquitin is activated in a two-step reaction by an E1 ubiquitin-

activating enzyme, which is dependent on ATP. The initial step involves production of

an ubiquitin-adenylate intermediate. The E1 binds with ATP as well as ubiquitin and

catalyses the acyl adenylation of the C-terminal glycine residue of the ubiqutin

molecule. The second step transfers ubiquitin to an active site cysteine residue, with
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release of AMP. This step results in a thioester linkage between the C-terminal

carboxyl group of ubiquitin and the E1 cysteine sulfhydryl group (Figure-1.6) [79, 85].

The human genome contains two genes that produce enzymes capable of activating

ubiquitin: UBA1 and UBA6 [86].

1.4.1.2 Conjugation: E2 ubiquitin-conjugating enzymes catalyse the transfer of

ubiquitin from E1 to the active site cysteine of the E2 via a trans-(thio)-esterification

reaction (Figure-1.6). In this reaction, the E2 binds to both activated ubiquitin and the

E1 enzyme. Humans possess 35 different E2 enzymes, whereas other eukaryotic

organisms have between 16 and 35. They are characterised by their highly conserved

structure, known as the ubiquitin-conjugating catalytic (UBC) fold [87]. Glycine and

lysine linked by an isopeptide bond.

1.4.1.3 Ligation: E3 ubiquitin ligases catalyse the final step of the ubiquitination

process. Most commonly, they create an isopeptide bond between a lysine of the target

protein and the C-terminal glycine of ubiquitin. In general, this step requires the

activity of one of the hundreds of E3-ligases. E3 enzymes function as the substrate

recognition modules of the system and are capable of interaction with both E2 and

substrate. Some E3 enzymes also activate the E2 enzymes. E3 enzymes possess one of

two domains: the homologous to the E6-AP carboxyl terminus (HECT) domain and the

really interesting new gene (RING) domain (or the closely related U-box domain).

HECT domain E3-ligases transiently bind ubiquitin in this process an obligate thioester

intermediate is formed with the active-site cysteine of the E3, whereas RING domain

E3-ligases catalyse the direct transfer from the E2 enzyme to the substrate (Figure-1.6)

[88].
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Figure-1.6: The protein ubiquitination pathway. Ubiquitin (Ub) is activated by E1 and
transferred to the E2 enzyme and is, finally, conjugated to substrate proteins with a specific E3
ligase. Polyubiquitination occur in successive steps. [Adopted from; Dipankar Nandi, 2006]
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In the ubiquitination cascade, E1 can bind with many E2, which can bind with

hundreds of E3 in a hierarchical way. In this casecade of reactions monoubiquitination

is the addition of one ubiquitin molecule to one substrate protein residue. Multi-

monoubiquitination is the addition of one ubiquitin molecule to multiple substrate

residues. The monoubiquitination of a protein can have different effects to the

polyubiquitination of the same protein. The addition of a single ubiquitin molecule is

thought to be required prior to the formation of polyubiquitin chains [89].

Monoubiquitination affects cellular processes such as membrane trafficking,

endocytosis and viral budding [90, 91]. Polyubiquitination is the formation of an

ubiquitin chain on a single lysine residue on the substrate protein. Following addition of

a single ubiquitin moiety to a protein substrate, further ubiquitin molecules can be added

to the first, yielding a polyubiquitin chain [89]. These chains are made by linking the

glycine residue of an ubiquitin molecule to a lysine of ubiquitin bound to a substrate

(Figure-1.5). Among the seven lysine residues Lysine 48-linked chains were the first

identified and are the best-characterised type of ubiquitin chain. Lysine 48-linked

polyubiquitin chains target proteins for destruction, by proteasomal degradation. At

least four ubiquitin molecules must be attached to a lysine residue on the condemned

protein in order for it to be recognised by the 26S proteasome. Lysine 63-linked chains

are not associated with proteasomal degradation of the substrate protein. Instead, they

allow the coordination of other processes such as endocytic trafficking, inflammation,

translation, and DNA repair [90]. In cells, lysine 63-linked chains are bound by the

ESCRT-0 complex, which prevents their binding to the proteasome. This complex

contains two proteins, Hrs and STAM1 that contain a UIM, which allows it to bind to

lysine 63-linked chains [92, 93].
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1.4.2 Delivery of ubiquitynated substrates to the proteasome

After ubiquitination of the substrate protein, its delivery to the proteasome can occur in

different ways. The ubiquitinated substrates can directly bind to the receptors on

proteasome or some carrier protein may carry the substrates to proteasomal for

degradation. Five ubiquitin receptors on the proteasome have been identified so far,

including the intrinsic subunits Rpn10, Rpn13 and the shuttling factors Rad23, Dsk2,

and Ddi1 [53]. The proteasome subunits Rpn10 was the first ubiquitin receptor

identified and it has been shown that it can bind certain substrates directly in the free

form as well as proteasome bound form [94]. The other intrinsic ubiquitin binding

subunit is Rpn13 found on the proteasome RP [95]. In addition to the bona fide

proteasome subunits Rpn10 and Rpn13, the UbL/UBA family of proteins has been

suggested to recruit polyubiquitylated proteins to the proteasome. As outlined above,

the UbL/UBA proteins Rad23, Dsk2, and Ddi1 are referred to as ‘shuttle factors’ that

bind polyubiquitylated substrates to deliver them to the proteasome for their

degradation, adding an additional layer of substrate selectivity to the

ubiquitin/proteasome system [96-100], whereas the N-terminal UbL domain transiently

interacts with the proteasome [101]. Consistent with this hypothesis was the finding that

deletion of Dsk2 in yeast reduced ubiquitin-dependent proteasomal degradation

(Funakoshi et al., 2002) and that Rad23 can promote binding of ubiquitynated proteins

to the proteasome [96]. Interestingly, a large portion of Rpn10 in yeast is not associated

with the proteasome. Similar to the function of Rad23, Dsk2, or Ddi1, it is intriguing to

elucidate whether Rpn10 also act as a shuttles proteins to the proteasome, in addition to

its function as an intrinsic ubiquitin receptor. However, free Rpn10 has been

demonstrated to bind the ubiquitinated substrates as well as Dsk2’s UbL domain via its
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UIM motif. These findings suggest that the free pool of Rpn10 may act as a shuttle

receptor and also regulate the binding of Dsk2 to the proteasome [102].

Paradoxically, initial studies on the function of UbL/UBA proteins had

suggested an inhibitory role in proteasomal degradation. For instance in vitro and in

vivo experiments showed Rad23 inhibition in the formation of K48-linked polyubiquitin

chains and stabilized proteasome substrates hence act as a negative regulator of

proteasomal degradation. However, the function of shuttling factors is likely to strongly

depend on their concentration since excessive amounts of Rad23 will decrease the

probability that Rad23 loaded with ubiquitynated cargo will bind to the proteasome. In

this respect it is noteworthy that each of these experiments was performed with either

the addition of excess Rad23 to in vitro systems or by overexpression of Rad23 in vivo

[103-105]. A subsequent study addressed this issue and indeed revealed that Rad23 can

recruit polyubiquitylated proteins to the proteasome and facilitate their degradation [99].

Recently the chaperone Cdc48 has been emerged for its remarkable role in the

delivery of substrates to the proteasome. In this pathway the polyubiquitylated substrate

proteins, are escorted to the proteasome via a handover mechanism. Cdc48 as the

central player in this pathway serves as a scaffolding platform that binds via its

ubiquitin-binding co-factors polyubiquitynated proteins. It recruits multiple enzymes

including E3 and E4 and DUBs, before the substates are delivered to the proteasome by

the shuttle factors Rad23 or Dsk2 [106]. As discussed above, a possible role for the

unfoldase activity of Cdc48 has been proposed in the context of substrate delivery. As

such, initial unfolding of substrates before they encounter the proteasome has been

found as a likely scenario and would combine Cdc48’s functions in recruiting proteins

and its unfoldase activity in targeting for proteasomal degradation [53, 107].
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Although there exist numerous mechanisms for delivery of the substrate protein

to proteasome for degradation, still the precise mechanism has not been fully

understood yet. However, the role of some shuttle proteins like Rad23, Dsk2, Did1 and

Cdc48 in delivering some ubiquitinated proteins contributes to the understanding of the

phenomena to some extent. But cell must have a vast pool of substrate proteins in a

given time point and it must be essential for the cell to degrade the committed protein in

times. So to execute spatio temporal regulation of degradation, there may exist many

more shuttle receptors or even alternate mechanisms of substrate delivery.

1.4.3. MECHANISM OF ACTION: Degradation of Ubiquitinated Substrates:

1.4.3.1 Ubiquitin recognition

Thousands of proteins are ubiquitinated in eukaryotic cells, but almost half of the

ubiquitinated proteins are not targeted to the proteasome for degradation and it is not

clear how the cell differentiates between the different ubiquitin signals [108]. Although

the precise explanation is unavailable, recent studies have been highlighted some

stoichiometry based descriptions. A polyubiquitin chain is synthesized on the majority

of substrate proteins by a series of enzymes in the polyubiquitination process (as

described in section 1.4.1, Figure-1.6 & 1.7) recognized by the proteasome.

Monoubiquitination may serve as a cellular targeting or localization signal, but it does

not seem to target proteins to the proteasome. But in case of polyubiqutination chains

containing at least four molecules of G76-K48 isopeptide-linked ubiquitin are necessary

for efficient binding to the proteasome [109] or its component S5a/ Rpn10 [110].

Evidently, the surface provided by the four-subunit structure of a polyubiquitin chain

that is recognized by the proteasome, rather than a single ubiquitin molecule. It

establishes some hydrophobic interactions that target the polyubiquitin signal and the
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receptor site in the proteasome. For example, a hydrophobic cluster formed by a number

of residues in the proximity of Ile-44 of ubiquitin is necessary for efficient proteasome-

dependent degradation. Likewise, a hydrophobic patch at the C-terminal region of

Rpn10 and its orthologs (within its UIM motif) binds to ubiquitin chains [111, 112].

The quaternary structure of ubiquitin polymers and the exact spatial relationship

between each ubiquitin molecule is also critical for their ability to target substrates for

degradation by the proteasome.

Figure-1.7: Schematic representation of the degradation cycle of the ubiquitin
proteasome system. Proteins are targeted to the proteasome by a two-part degradation signal
or degron. It consists of a disordered region within the substrate and reversibly attached
polyubiquitin tag (Ubn). Polyubiquitin tag is attached by a E1–E2–E3 ubiquitination cascade and
this process can be reversed by DUBs (top left). The proteasome recognizes its substrates at
the ubiquitin tag through ubiquitin receptors (Rpn10 and Rpn13; green) (top) and initiates
degradation at the unstructured region (right). Once the proteasome has engaged its substrate,
it unravels the protein by translocating it into a central cavity in the core particle, where the
protein is proteolysed (bottom). The polyubiquitin tag is cleaved off by the intrinsic DUB Rpn11
(skyblue) as unfolding and degradation begins. [Adopted from: Tomonao Inobe et.al., Current
Opinion in Structural Biology 2014, 24:156–164]
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It is important to note, that multiubiquitin chains linked via Lys-6, Lys-11, or Lys-

48, also bind to the proteasomal subunit Rpn10/S5a with similar affinities [110].

Furthermore, linear ubiquitin fusions are competitive inhibitors of Lys-48-linked

multiubiquiti- nated substrates for proteasomal binding, indicating they probably bind to

the same site on the proteasome [109]. Purified proteasome binds the Lys63-linked

polyubiquitin chain with almost the same affinity as the Lys48-linked polyubiquitin

chain [92] and so specificity may come from accessory proteins. For example the

ESCRT complex involved in membrane trafficking binds Lys63-linked polyubiquitin

chains better than Lys48-linked chains whereas the UbLUBA proteins that can serve as

non-stoichiometric ubiquitin receptors for the proteasome have the opposite preference

[92]. Therefore, a Lys48-linked polyubiquitin chain has a greater chance to be delivered

to the proteasome than the Lys63-linked polyubiquitin chain. These observations

indicate that there is a separation between binding to the proteasome and correctly

preparing a substrate for degradation.

To date only Rpn10 and 13 subunits are known for ubiquitin affinity recognition

on proteasome. But reports suggested that Rpn10 functions in the proteasome

independently of its ability to bind ubiquitin chains [14, 112]. In addition, as RPN10 or

its orthologs are nonessential in S. cerevisiae, S. pombe, and moss, it was suggested that

it does not function as the sole ubiquitin recognition site in the proteasome [48, 113,

114]. More than one proteasomal subunit might be necessary for recognition and

binding of ubiquitin chains. Indeed, Rpn10 in combination with a comprised version of

Rpn1 is essential, although it is unclear whether they share functions or merely interact

with one another in the base [114].

Rpn10 may play overlapping roles with an unrelated protein, Rad23 [115].

Rad23 (as well as its human counterparts hHR23a and hHR23b) also binds tightly to
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yeast or mammalian proteasomes through an NH2-terminal UBL (ubiquitin like)

domain that shares homology with ubiquitin [116-118]. Mammalian hHR23 can bind

Rpn10/S5a through this UBL domain, but it can also bind to the proteasome

independently of Rpn10 [115], indicating that there might be an additional site for

binding of ubiquitin or ubiquitin-like proteins in the 19S RP. It is not at all clear what is

the role of Rad23 binding to the proteasome or to Rpn10, although it potentially links

the proteasome to the DNA repair pathway by targeting the proteasome to sites of DNA

damage. Whether the ability of Rad23 to interact with ubiquitinated substrates has

anything to do with this function is yet to be shown [104, 117, 119]. A yeast two-hybrid

screen has indicated that Rad23 can interact with Rpn1, a subunit of the base [120]. In

addition, Rpn1 from C. elegans can interact with linear polyubiquitin while Rpn2 can

interact with another UBLcontaining protein [28]. Thus Rpn1 and Rpn2 might be

additional sites for polyubiquitin or UBL binding in the proteasome. hPLIC, which also

contains a UBL domain, has been found to interact with the proteasome as well [121].

Similarly to the base, another hexameric ring of AAA ATPases VCP (also

known as p97 in animals, Cdc48 in yeast, or VAT in archaea) has been shown to

contain an unfoldase ability [122, 123]. VCP has been shown to physically bind both to

the proteasome, as well as to polyubiquitinated substrates and polyubiquitinated chains

directly [124]. It is not impossible, therefore, that members of the putative ring of Rpt

ATPases in the base also have a certain affinity for polyubiquitin chains. Together this

suggests that binding of polyubiquitin and ubiquitin-like domains occurs in the base,

with at least some of this activity taken up by Rpn1, Rpn2, and Rpn10. Whether they

each have unique affinities for different UBL domains or alternatively assembled

polyubiquitin chains is unclear at this time, nor whether binding of all polyubiquitin

chains and single UBL-domains occurs at the same subunits of the 19SRP.



47

Introduction and Review of Literature

Figure-1.8: Binding of the substrate to 19S-RP. The tetra ubiquitinated substrate positioned
itself perfectly on 19S. Rpn13 bind with the ub chain and the deubiquitinating enzyme Rpn11
cleaving the isopeptide bond. The unfoalded part of the substrate getting into the ATPase pore.
[Adapted from: Lander et al. 2012]

1.4.3.2 Substrate binding

Rpn1 and Rpn2 make up the RP base together with the six Rpt ATPases. Both Rpn1 and

Rpn2 contain multiple leucine-rich repeats (LRR), for protein-protein interaction [125].

The six ATPases of the base are also likely to function through protein-protein

interaction with the substrates of the proteasome. Thus it is plausible that all eight

components of the base may engage in direct interactions with substrates (Figure-1.8).

Distinct functions of the base and the lid must be consistent with their location within

the RP. The substrate must be properly positioned to be unfolded by the base and

translocated into the CP; the distal positioning of the lid may ensure that the ubiquitin

chain on the substrate does not occlude access of the target protein to the channel.

Indeed, the base can bind to nonubiquitinated, unfolded substrates and promote their

folding [126, 127]. PAN, an archaeal homolog of the base, can directly interact with
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folded proteins and unfold them [128]. Whether interacting with substrates via their ub

moieties or in a ubiquitin-independent manner reflects distinct mechanisms for

preparing them for degradation remains to be seen.

1.4.3.3 Unfolding and translocation:

Not only the proteasomal assembly [129, 130], but also proteolysis of proteins by the

proteasome is also strictly ATP dependent [11, 131, 132]. The conformational changes

associated with this ATPase cycle could be used in three processes: 1) gating the

channel defined by the NH2 termini of the core particle’s α-ring subunits, 2) unfolding

the substrate, and 3) threading the unfolded substrate through the channel into the lumen

of the CP. The substrate docking onto the proteasome is followed by deubiquitylation

and unfolding of the protein, two strictly coupled events [25, 133]. The mechanism of

translocation of the substrate into the catalytic core is not yet clarified. A possible

scenario suggests that unfolding is driven by translocation [134-138]. According to this

model the proteasome would need an interaction site to apply mechanical force on the

substrate, while the counteracting resistance for unravelling is provided by the narrow

entry into the core particle. In line with this model it has been found that the proteasome

needs an unstructured or disordered or loosely folded polypeptide of a certain length (20

to 30 amino acids) for initiation of degradation [139, 140]. Fully folded proteins might

not reach deep (30-60 Å from the entry pore) enough into the centre of the ATPase ring

in order to get processed to allow efficient degradation of the substrate [137]. Consistent

with these results is the observation that the proteasome preferentially degrades those

proteins out of complexes that carry an unstructured initiation site while leaving the

other binding partners intact [141] and it has been proposed that this mechanism is

responsible for the stability of some proteins that can interact with the proteasome
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without facing destruction like shuttle factors delivering proteins for their degradation

without facing destruction themselves [142].

1.4.3.4 Gating:

An important property of the base is that it is nearly as efficient as the intact RP in

stimulating the degradation of peptides and a nonubiquitinated protein substrate by the

CP, suggesting a role for proteasomal ATPases in preparing substrates for degradation

[22]. One role of the RP might be to control opening and closing of this channel by

forming competing interactions with the blocking α-subunit NH2-terminal tails [143].

Indeed, a substitution mutation in the ATP-binding site of a single ATPase (RPT2)

severely lowers peptidase activity of the proteasome, probably due to hampering the

ability of the RP to properly gate the channel into the CP [144]. This indicates that even

the entry of small peptides, which do not need to be unfolded, can be controlled by the

RP.

One reason for a gated channel in the CP could be to serve as a transition from

one form of inhibition to another during assembly of the mature CP. In the final stage of

CP assembly, self-compartmentalization is achieved by the association of two α7β7

half-CPs at the β-β interface. These half CPs are inactive due to propeptides in the

critical β-subunits that mask their active site. As these half-CPs are joined, inhibition by

β-subunit NH2 termini is relieved by autolysis [145] while inhibition by the blocking

NH2 termini of the α-subunits is imposed. Binding of the RP relieves this inhibition by

opening the channel, thus giving rise to the proteolytically active form of the complex

[143, 144].

A second reason for a gated channel could be to regulate generation of different

length of products by the proteasome. Under normal conditions product release is
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slowed down by a gated channel to increase processivity and decrease average peptide

length which are quickly removed from the cytoplasm. But under immune response, it

might be beneficial to produce longer peptides that can play a regulatory role. The

majority of peptides generated by the proteasome contain less than eight amino acids. A

fraction of the peptides that are 8–10 amino acids in length can be transported through

the ER and presented to the immune system by MHC class I [54, 146]. An increase in

average peptide length of proteasome products could increase the efficiency of antigen

presentation and, by extension, the efficiency of combating viral infection.

1.4.3.5 Proteolysis:

Under normal physiological condition, proteasomes cleave the protein substrates into

small peptides varying between 3 and 23 amino acids in length [147, 148]. The median

length of peptides generated by the proteasome are seven to nine amino acids long;

however, in total peptides within this size range make up ~15% of the peptides

generated by the proteasome. This process is processive such that a protein is

hydrolyzed within the proteasome to the final products before the next substrate enters;

thus the pattern of peptides generated from a specific protein is stable over time [148,

149]. However, each of the three active site-containing β-subunits preferentially cleaves

after different amino acids: β1 cleaves after acidic or small hydrophobic amino acids,

β2 cuts after basic or small hydrophobic amino acids, while β5 hydrolyzes the peptide

bond after hydrophobic residues whether bulky or not [150]. The rules that govern the

cleavage rate of the same peptide bond can be significantly altered when put into the

context of the primary structure of the polypeptide [151]. An interesting feature of

proteolysis by the proteasome is that the 20S CP and the proteasome holoenzyme

generate different patterns of cleavage products [152], indicating that even the distal

19S RP affects the behavior of the CP. Furthermore, the CP contains specific
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“noncatalytic” sites to which additional factors can bind and alter cleavage sites and

product composition [153]. Understanding the precise rules regulating the makeup of

peptides generated by the proteasome will have far-reaching consequences on predicting

immunogenic peptides “hidden” within viral or tumorigenic proteins.

The peptide products of the proteasome are short lived and do not accumulate in

the cell. Most likely, most of these peptides are rapidly hydrolysed by downstream

proteases and aminopeptidases. Some of the peptides that are generated by the

proteasome can be transported through the ER to be presented to the immune system by

the MHC class I molecules [154].

1.4.3.5. Deubiqutination

As many other protein modifications, ubiquitylation is a reversible process. For this

purpose, cells contain a number of proteases that can cleave the isopeptide bond

connecting the ubiquitin molecule, leading to deubiquitylation of proteins [155]. While

the vast majority of deubiquitylation enzymes (DUBs) are not associated with the

proteasome, a few of these proteases are intrinsic subunits of the 26S proteasome. For

example, Rpn11, a subunit of the 19S regulatory particle, removes whole polyubiquitin

chains of substrates before degradation by hydrolyzing the isopeptide bond between the

substrate’s lysine and the proximal ubiquitin molecule of the chain [25, 133]. Notably,

deubiquitylation by Rpn11 and degradation are coupled events and thus only substrates

that are fully committed for degradation are processed [25]. Two other DUBs associated

with the proteasome can trim the polyubiquitin chain of substrates. In yeast, Uch37 and

Ubp6 cleave single ubiquitin molecules or di-/ triubiquitin chains, respectively, from the

distal end of a polyubiquitin chain [156]. By progressively shortening instead of

removing entire chains, these DUBs are most likely responsible for reducing the affinity
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of substrates for the proteasome. A likely model is that if degradation is not initiated

before the entire chain has been removed, the protein will escape degradation and thus

Uch37 and Ubp6 can negatively influence proteasomal degradation. However, Hul5,

another proteasome-associated protein, is counteracting the DUB activity [157]. Hul5 is

an E4 elongation factor responsible for further ubiquitylation of existing polyubiquitin

chains on substrates, whereby it most likely, in concert with Uch37 and Ubp6, fine-

tunes the selectivity of the degradation by the proteasome.

Figure-1.9: The proteasome recognizes substrates in three different modes; ubiquitin-
dependent (left), adapter-mediated (middle), and ubiquitin-independent (right) modes. In all
three modes, an intrinsically disordered region in the substrate is recognized by the ATPase
motor to allow the proteasome to initiate degradation. This aspect of proteasomal degradation
resembles the targeting mechanisms predominant with the bacterial and archaeal analogs of
the proteasome. Ubiquitin tags can be either recognized by the two intrinsic proteasome
receptors Rpn10 and Rpn13 (left), or by nonstoichiometric proteasome subunits that serve as
substrate adaptors such as UbL-UBA proteins (middle). The UbL-UBA proteins might bind
substrates by themselves (second right) or together with the intrinsic substrate receptors
(second from left) and facilitate degradation of by positioning the disordered region properly.
Finally, some substrates may be recognized only by their initiation sites. [Adopted from:
Tomonao Inobe et.al., Current Opinion in Structural Biology 2014, 24:156–164]

1.4.2 Ubiquitin independent protein degradation:

Most of the cellular proteins undergo ubiquitination followed by proteasomal

degradation. But recently it has been established that there are certain proteins whose

turn over does not required ubiquitination. Those proteins very often happen to be

oxidized or unfolded and do not require the 19S regulatory system for their degradation
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process. The exposed hydrophobic regions of these substrate proteins presumably take

over the function of polyubiquitin chain. In case of Ub independent degradation, the

globular proteins are predominantly recruited to proteasome by ‘adaptor’ or ‘shuttling

proteins’ [158] and degradation initiation, signals by the ‘unstructured region’ [137]

(Figure-1.9). To delineate the molecular mechanism different model structures have

been established to understand the process of degradation better in vitro. For instance,

Using apomyoglobin, our lab provide first evidence for the natural ability of purified

eukaryotic 26S proteasomes to directly recognize, unfold and degrade a globular protein

in the absence of ubiquitin, extrinsic degradation tags or adaptor proteins [138].

There is a range of cellular proteins are degraded by the proteasome without being

ubiquitinated [159] and the best understood example is ornithine decarboxylase (ODC)

[118, 160]. Degradation of ODC requires ATP as well as an accessory protein called

antizyme and begins a 37 amino acid long unstructured region at the C terminus of

ODC [160]. To some extent, this ODC tail can function as a transferable degradation

signal and induce the degradation of some proteins. One plausible explanation for the

ubiquitin-independent degradation is that the unstructured regions themselves have bind

sufficiently tightly to the ATPase ring loops so that ubiquitin is not required for

proteasome association. Thus, this targeting mechanism can be taken as a variation of

the conventional proteasome degron in which the ubiquitin tag component is missing

and which resembles the degrons observed in the archaea and bacteria [161].

Several other proteasome substrates including p21/Cip1, c- Jun, c-Fos, p53, p73

IkBα T-cell antigen receptor chain a, Fra-1, and Hif-1a, can also be degraded in an

ubiquitin- independent manner [162-164]. The mechanisms of these processes are not

well understood and it is possible that these proteins are degraded by isolated 20S core

particle in the absence of ATP [162], though in vivo perhaps more likely by 20S core
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particle activated by alternative caps [163] or even by 26S proteasome [164]. The

proteins in this group of ubiquitin-independent proteasome substrates are largely

unstructured, but their degradation can still be regulated. The best understood example

of this regulation is given by NQO1 [165, 166]. NQO1 is largely unstructured and can

be degraded by 20S proteasome in vitro. Binding of NQO1’s cofactor FAD stabilizes

the protein’s structure and inhibits its proteasomal degradation. Quite interestingly,

FAD binding to NQO1 also stabilizes other ubiquitin-independent proteasome

substrates, setting up a regulatory circuit controlled by the availability of FAD and thus

the metabolic state of the cell.

1.5 Proteasomal degradation of proteins in signaling pathways

Decades of research on ubiquitin proteasomal system (UPS) and the degradation

process suggests that, it is a highly regulated energy dependent protein degradation

pathway. This comprises a large set of different proteins; includes the activators,

modulators, direct interactors. This suggests eukaryotic cells invest much energy in

synthesizing each individual subunit proteins, regulating them in an energy dependent

fashion and maintained them till they die. However, in spite of all the expenses this

process is indispensable for essential phenomena of cell physiology as well as cell

homeostasis. Hence it will not be over exaggeration if we consider “UPS” the master

regulator for almost all cellular signaling pathways. Nevertheless, numerous other vital

modulators play important role in signalling pathway.

Signaling pathways in cells are mostly exhibited by different category of protein

families; the external/internal (For outside-in/inside-out) signaling molecules, signaling

receptors, intracellular modulators, adapters, secondary messengers, effectors,

transcription co-activators and transcription factors. There is a definitive half-life or the
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turn-over is confined to all these proteins in the cells and most of them are regulated by

proteasome. The basal half-life or the induced half-life of these signalling molecules

impact empirically on the signalling pathways although post-translational modification

of signalling molecules is an essential phenomenon. Moreover, ubiquitination of the

signalling molecules does not always confer the signal for degradation, in some

circumstances it also act as a signal for various cellular activity. For instances

monoubiqutination or polyubiquitination at K63 act as a signal for endocytic trafficking,

inflammation, translation, and DNA repair [90].

1.5.1 Receptor protein degradation:

Many reports proposed that signal receptor proteins undergo ubiquitination at

various site and are directed towards either lysosomal or proteasomal degradation or both.

For instance EGFR is mostly reported as degraded by lysosomal pathway but its

degradation is also responsive to MG132 as well [167-169]. Although most of the Seven-

transmembrane receptors (7TMRs) get ubiquitinated, a very handful number of protein

follow proteasomal degradation pathway. Two 7TMRs, namely, the metabotropic

glutamate receptors (mGluR1 and mGluR5)70 and the human follitropin receptor also

undergo ubiquitination and proteasomal degradation [170, 171]. Interestingly proteasomal

inhibitors actually prevent the degradation of the receptors, which are well documented to

occur in lysosomes. In the case of the single transmembrane growth hormone receptor

(GHR), endocytosis occurs in the absence of ubiquitination but does require intact

proteasomal activity [172]. Similarly, a functional proteasome ensures the optimal

endocytosis and subsequent lysosomal degradation of the interleukin 2 receptor/ligand

complex [173]. Studies also indicate that human κ opioid receptor, PAFR andβ2AR

degradation can be reduced by both lysosomal and proteasomal inhibitors [174-176].

Reports suggest that glucocorticoid receptor (GR) and human estrogen receptor (ER)
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follow proteasomal degradation pathway and regulate their transcriptional activity [177,

178]. The degradation of these receptor proteins resulting an alteration of the signaling

output and cellular effects.

1.5.2 Adaptor, Modulator or regulator degradation:

In many signaling pathways the adaptors, the modulators or the regulatory molecules

protein levels decides the directionality and the fate of the particular signaling cascade.

These protein degrade in a controlled fashion resulting various modulation and cross

talk within the pathways. Ubiquitination of these signaling molecules by the huge

variety of E3-ligases regulate the downstream activity of the effector molecules. Most

of the cases these molecules happen to be the inhibitors of different kinases or the

inhibitors of transcription factors. Interestingly before ubiquitination these molecules

very often undergo phosphorylation in specific sites which act as a signal for subsequent

ubiquitination by the E3-ligases. The well-studied inhibitor protein IκBα sequesters the

multidimensional transcription factor NF-κB in the cytoplasm and hence inhibit its

transcriptional activity. After signal induction by TNF-α IKK complex phosphorylate

IκBα followed by K48 polyubiqutination by the E3-ligase β-TrCP and proteasomal

degradation results in NF-κB  nuclear translocation and transcription activation.

1.5.2 Transcription factor degradation:

Transcription factors are regulated by the UPS both in cytoplasm and nucleus. For

instances in β-catenin Wnt signaling pathway and p53 in apoptosis/cancer signaling

pathway are degraded in the cytoplasm by the proteasome. In addition various

transcription factors are sequestered in the cytoplasm by their inhibitors which undergo

proteasomal degradation under certain circumstances and activate the transcription

factors. Moreover, many transcription factors and transcription co-activators undergo
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ubiquitination and proteasomal degradation in the nucleus. As a feedback loop or under

continuous stimulus transcription factors get mono/polyubiquitinated by different E3

ligases in the nucleus and hence the transcriptional activity was regulated by nuclear

proteasome. For instance while p53 is monoubiqutinated by MDM2 it shuttles back to

cytoplasm, but when it is polyubiqutinated it is degraded by proteasome inside the

nucleus.

1.6 Additional Function of Proteasome

1.6.1 Protein processing

Proteasome not only degrade the substrate proteins completely but also proteolytically

process some proteins from their inactive form to active form. In some cases, the

proteasome processes the substrate into a truncated form. Processing by the proteasome

can serve as a potent regulatory tool for transforming a protein from one form into

another, thus altering its cellular activities. The well-studied proteins amongst the

known proteasomal substrate are of NF-κB family proteins. The p105 subunit (NFKB1)

and p100 subunit (NFKB2) undergo proteasomal processing to form p50 (50kDa) and

p52 (52kDa) protein subunits respectively [179-181]. After p105/p100 is ubiquitinated,

probably within its COOH-terminal half, this half is proteolysed by the proteasome, and

the 50/52-kDa NH2-terminal region is released as a stable and active subunit of the NF-

κB transcription factor protein. In the case of p105/p100, the site of processing is

determined in part by a glycine-rich region (GRR) in the middle of the protein [180,

182], as well as by specific interactions of certain amino acids within the p50/p52

domain that stabilize its three-dimensional structure, so it cannot be unfolded [181,

183]. The mechanisms of processing are far from being understood. For instance, it is

not clear whether processing is a distinct event that occurs before proteolysis, or

whether it is simply a termination of the processive proteolysis of a substrate.
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1.6.2 Protein refolding and recovery

Different studies suggest that proteasome is also involved in protein refolding or

recovery. At least in vitro, the proteasome can bind certain unfolded proteins, accelerate

their refolding, and release them in their native form [126, 127]. The proteasome can

also inhibit aggregation of misfolded proteins. These chaperone-like activities have

been mapped to the ATPase-containing base of the RP. There is evidence that in vivo,

the proteasome is involved in disassembly and rearrangement of the nuclear excision

repair complex, without performing proteolysis [119]. Similarly, RP subunits, but not

CP subunits, colocalize in vivo together with heat shock proteins and chaperones at sites

of misfolded AR aggregates. Components of the RP function in nucleotide excision

repair in yeast independent of proteolysis [184]. These may be in vivo examples of the

in vitro observed chaperone-like activity of the RP.

1.6.3 Proteasome in chromatin modification:

Recent reports suggested that, there is good reason to believe that proteasomes are

involved in proteolytic and non-proteolytic events that occur directly on, or in the

immediate vicinity of, chromatin and impact genomic events in a direct and mechanistic

way [185]. Various attempts to understand the proteasome role at chromatin proximity

reveal many aspects like; proteasome components are present in the nuclei of actively-

dividing eukaryotic cells [186], associated with chromatin [187], and enriched at

specific sites in the genome [188-190] and in response to specific molecular events such

as transcription [188] or DNA damage [191]. Moreover, inhibition of proteasome

function results in profound changes in the distribution of ubiquitylated proteins on

chromatin [192], implying that Ub-mediated proteolysis most likely occurs within the

immediate confines of the chromatin environment in which these proteins act. Thus,

although it is not always possible to directly and unambiguously tie proteasomes to the
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biochemical operations of chromatin, strong circumstantial evidence places proteasome

subunits and their activities at “the scene of the crime”.

Experimental evidences like; Chromatin immunoprecipitation (ChIP) experiments

exploring the interaction of proteasome subunits with chromatin have produced

contradictory results in terms of how 19S versus 20S subunits behave. Some studies

have reported identical or overlapping patterns of binding for 19S and 20S proteins,

others have focused specifically on 19S components, and others still have reported that

19S and 20S proteasome subunits behave differently in terms of chromatin association

patterns, with significant disparity in ChIP signals of 19S versus 20S proteins. However

using one or two subunit specific antibodies for the experimental validation and

justification of the fact that 26S-proteasome as a whole, is involve in non-proteolytic

functions in chromatin biology would be too early. Nevertheless, there are substantial

evidences which suggest involvement of the individual subunits in chromatin

modification and transcription regulation [185, 193, 194]. But further investigation is

necessary to elucidate the precise molecular details regarding the substrates-proteasome

interaction in nucleus, and explore more about the impact of 26S proteasomal action on

chromatin biology.

1.7 Cellular localization of proteasomes:

Proteasome is ubiquitous in nature and express in all types of eukaryotic cells and with

respect to human it is expressed in all tissues. In mammalian cells, proteasomes are

primarily localized in cytosol and nucleus. They also display significant association

with cytoskeletal elements, ER, nucleus and plasma membrane; however the ratios of

proteasomes associated with different organelles varies in different cells [195]. Studies

performed with GFP-tagged β1i (LMP2) in a human cell line revealed that proteasomes

are distributed in both nucleus and cytoplasm, though they are excluded from nucleolus
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and ER lumen. These experiments demonstrated that preformed proteasomes move

from cytosol to nucleus in a slow and unidirectional manner. It is also possible that

proteasomes from nucleus and cytosol mix after the breakdown of the nuclear envelope

after mitosis [196]. In S. cerevisiae, proteasomes are mainly localized in the nuclear

membrane-ER network [197]. However, localization of proteasomes at different times is

dependent on the physiological state of the cell remarkably during cell cycle progression

or responding to different external signals. Some of the α subunits harbour nuclear

localization signals (NLS), which probably aid in nuclear targeting of proteasomes. In

fact, T. acidophilum proteasomes when expressed in HeLa and 3T3 cells can translocate

into nucleus [198]. In nucleus proteasomes are responsible for nuclear specific protein

degradation especially the transcription factors and the chromatin modifiers [199].

Some of the nuclear substrates of proteasome are listed in the table Table-1.1.

Table-1.1: Substrates of the nuclear ubiquitin-proteasome system (nUPS):

Substrate Nuclear structure and/or function

Far1 Cyclin-dependent kinase (CDK) inhibitor (Blondel et al.,

2000)

Estrogen receptor α Nuclear hormone receptor (Nawaz et al., 1999)

E1A Nuclear oncoprotein (Ciechanover et al., 1991)

Fos Nuclear oncoprotein (Ciechanover et al., 1991)

Jun Nuclear oncoprotein (Ciechanover et al., 1991)

Myc Nuclear oncoprotein (Ciechanover et al., 1991)

p53 Tumor suppressor (Ciechanover et al., 1991; Shirangi et

al., 2002)

STAT1 Transcription factor (Kim and Maniatis, 1996)
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GCN4 Transcription factor (Mayor et al., 2005)

Mat α2 Transcriptional repressor (Lenk and Sommer, 2000)

MyoD Transcription factor (Floyd et al., 2001)

RNA polymerase II Transcription (Beaudenon et al., 1999)

CREB-binding

protein (CBP)

Histone acetylase/transcriptional co-activator (Jiang et al.,

2003)

Histone H2A Chromatin structure (Rockel and von Mikecz, 2002)

SmB/B Spliceosomal component (Rockel and von Mikecz, 2002)

U1-70k Spliceosomal component (Rockel and von Mikecz, 2002)

SC-35 Nucleoplasmic speckles/ splicing factor (Rockel and von

Mikecz, 2002)

PML PML body component/tumor suppressor (Rockel and von

Mikecz, 2002)

DNA

topoisomerase I

DNA topology (Desai et al., 1997; Chen et al., 2005)

In summary, the literature survey shed light on enormous researches in the past

several decades which has been conducted to understand the structural complexity, the

mechanistic prospective and the functional essentiality of ubiquitin proteasome system

(UPS). Altogether Research is still going on to elucidate its contribution to cell

physiology by both biochemical and cell biology approach. The structural complexity

involving a large no of protein subunit, make this system more multifaceted and also

interesting for researchers. Furthermore, the major player of UPS – 26S proteasome, is

more complicated for its mode of action and large no of highly ordered protein subunits.

The knowledge that currently we have about proteasome is, it’s an indispensable
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protease complex for life and regulate the cellular proteostasis by protein modification

and protein degradation. However the large subunit-protein contents make the

proteasome more dynamic and multifunctional in eukaryotic cells. Researches are still

going on to elucidate the cooperative function of proteasomal subunits in making a fully

assembled functional proteasome and the regulatory mechanism of protein degradation.

RATIONALE OF THE CURRENT STUDY

The primary function of 26S proteasome is to maintain protein homeostasis in

eukaryotic cells by degrading cellular proteins.. In doing so the proteasome is

responsible for regulatory functions of the cell such as signal transduction, transcription

regulation, chromatin modification to name a few. In most cases a clear involvement of

26S proteasome and its associated degraded role in conjunction with the ubiquitin

system is well established. In addition to this there have been reports on the role of

isolated 19S regulatory particles, individual subunits of the proteasome in specific

functions and in specific cell type. Their general role and significance is yet to be

established. Among the well-studied examples are the proteasome associated proteins

such as PSMD9, PSMD10, PSMD5 and PAAF1. These subunits are involved in

assisting the complex formation between the base and the lid components of the

priteasome in insulin and activin signaling (PSMD9), in the degradation of p53 and pRb

(PSMD10), in stability of the 26S structure (Blm10) and in enhancing the activity of

proteasome (SEM1, PSMD11).

Furthermore, recent studies provide substantial evidence on the involvement of

proteasome in various diseases. Proteasome directly or indirectly affect both the

pathogenesis as well as the prognosis of diseases such as cancers, Increase proteasome

activity positively correlates with the progression of cancer and this association has
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been exploited for therapy by developing active site inhibitor based drugs such as

Velcade. On the contrary, in neurodegenerative disorders where the proteasome fails to

degrade some unwanted proteins and thus contribute to the aetiology of the disease,

such as prion and polyglutamine diseases, there is a need for activating the proteasome.

Besides the proteasome components of UPS such as E3 ligases which are substrate

specific and ubiquitin isopeptidases are also sought after drug targets. Interestingly

protein interactions which are important for the assembly of the proteasome are also

speculated to be targets for intervention. The emerging trend based on biology and the

mechanism of action of the proteasome suggest that there are better ways to inhibit

proteasome and avoid toxicity and side effects such as neuropathy seen with current day

proteasome inhibitors.

Clearly this accumulated knowledge on the ubiquitin proteasome biology, is a

product of intense research conducted by many investigators over the last several

decades. At the same time there are many fundamental questions that remain to be

addressed. For example a) the correlation between the structure and function of

proteasome, b) the details on the mechanism of degradation including the structure,

sequence requirement of the substrate c) signals that go beyond ubiquitin  required for

recognition and degradation d) the mechanism of subunit recruitment and the players

involved e) the role of protein domains on 19S in substrate recognition f) the role of

proteasome associated subunits when they are free, and g) the dynamics of the

components of proteasome in various functions are some of the key questions that

demand answers. It is with this background my thesis attempts to provide some answers

to the role of proteasome associated subunits PSMD9 and PSMD10 in cellular

functions.
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Major Objectives:

1. To find out novel functions of PSMD9 and PSMD10 by their interactions with other

putative binding partners.

2. To delineate their roles in the signaling networks due to their interactions, in

mammalian cells.
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2.1 Materials:

2.1.1 Antibiotics:

Ampicillin (Sigma Aldrich): Used for bacterial clone selection. [Storage 4°C]

Doxycycline (Sigma Aldrich): Gene transcription induction in mammalian cells.
[Storage 4°C]

G418 (Sigma Aldrich): Used for mammalian cells clone selection. [Storage 4°C]

Puromycin (Sigma Aldrich): Used for mammalian cells clone selection. [Storage -
20°C]

2.1.2 Buffers:

Buffers made in Laboratory:

0.5M CaCl2: For mammalian cells transfection. [Storage -20°C]

1X Protein Transfer Buffer (WB): (pH-No need to adjust) [Storage RT]

TRIS 25mM

Glycine 192mM

Methanol 20%

SDS 0.02-0.1%

1X Transformation Buffer: For competent cells preparation. [Storage 4°C]

PIPES Na-Salt 10mM

CaCl2 15mM

KCl 250mM

Adjust pH using KOH to 6.7

Add 55mM MnCl2. Filter sterilized.

2X BBS (pH 6.7): For mammalian cell transfection. [Storage -20°C]

BES 50 mM

NaCl 280 mM

Na2HPO4.2H2O 1.5 mM
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3X Lamellae loading dye: For SDS-PAGE sample loading. [Storage RT]

TRIS 150mM

SDS 6%

Glycerol 30%

BME 3%

Bromophenol Blue 0.012%

5X TBE: For EMSA-native PAGE running. [Storage RT]

TRIS 450mM

Boric acid 27.5 g (for 1Ltr)

EDTA 5 mM

6X Gel Loading dye for DNA: [Storage 4°C]

Xylene Cyanol FF 0.25% (w/v) (migrates at 4160 bp with TAE)

Bromophenol blue     0.25% (w/v) (migrates at 370 bp with TAE)

Glycerol 30% (w/v)

10X Phosphate Buffer Saline: [Storage RT]

NaCl 1.37M

KCl 27mM

Na2HPO4. 2H2O 100mM

KH2PO4 18mM

10X SDS Running Buffer: (pH-No need to adjust) [Storage RT]

TRIS 250mM

Glycine 1920mM

SDS 1%

50X TAE: For Agarose electrophoresis. [Storage RT]

TRIS 2M

Acetic acid 114.2mL (for 1Ltr)

EDTA 50 mM
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(pH was adjusted to 7.5 with NaOH and autoclaved)

Immunoprecipitation Buffer: [Storage 4°C]

TRIS 50mM (pH 7.5)

NaCl 150 mM

NP-40 0.4-0.6%

Protease inhibitor 1X

NP-40 Lysis Buffer: For Mammalian cell lysis. [Storage 4°C]

TRIS 50mM (pH 7.5)

NaCl 150 mM

NP-40 1%

DTT 1mM

Protease inhibitor 1X

NaF 10mM

Na2VO3 1mM

β-Glycerophosphate 10mM

Protein Purification buffers: [Storage 4°C]

10mM Sodium bicarbonate buffer (pH 9.3)

Sodium bicarbonate 0.42 g

Sodium carbonate 0.17 g

GST-protein lysis buffer (in Phosphate buffer saline pH 7.5)

NaCl 137 mM

KCl 2.7 mM

Na2HPO4. 2H2O 10 mM

KH2PO4 2 mM

Protease inhibitor 1X

DTT 1mM (To be added freshly)

TritonX100 0.1% (0.1% NP-40 can be used instead)
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GST-fusion protein wash/binding buffer (Phosphate buffer saline pH
7.5)

NaCl 137 mM

KCl 2.7 mM

Na2HPO4. 2H2O 10 mM

KH2PO4 2 mM

DTT 1mM (To be added freshly)

GST-fusion protein elution buffer

TRIS 50 mM, (pH 8.0)

L- Glutathione reduced 10mM

MBP- fusion protein wash/binding buffer

TRIS 50 mM, (pH 8.0)

NaCl 150 mM

Protease inhibitor 1X (during lysis only)

BME 5 mM

Ni-NTA Lysis Buffer

TRIS 50 mM, (pH 7.5)

NaCl 150 mM

Imidazole 10 mM

Glycerol 10%

TritonX-100 0.1%

Protease inhibitor 1X

BME 50 mM

Ni-NTA Binding/Washing Buffer

TRIS 50 mM, (pH 8.0)

NaCl 150 mM
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Imidazole 10 mM

Glycerol 10%

TritonX-100 0.1%

Protease inhibitor 1X (in lysis buffer only)

BME (14.3 M) 50 mM

Ni-NTA Elution Buffer

TRIS 50 mM, (pH 8.0)

NaCl 150 mM

Imidazole 250 mM

Glycerol 10%

TritonX-100 0.1%

Protease inhibitor 1X

BME 50 mM

Transport Buffer

HEPES 20mM, (pH 7.9)

Potassium acetate 110mM

Sodium acetate 5mM

EGTA 0.5mM

DTT 1mM DTT

TBST: For western blots washing. [Storage RT]

TRIS 25mM (pH 7.5)

NaCl 150 mM

Tween-20 0.1% (w/v)

Commercially available Buffer:

10X Restriction Digestion Buffer (Thermo)

10X Fast Digestion Buffer (Thermo)

10X Pfu Polymerase Buffer (Thermo)
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10X Taq-polymerase Buffer (Thermo)

10X T4-DNA ligase Buffer (Thermo)

10X HF-Fusion Buffer (Thermo)

2.1.3 Reagents:

Antibodies: [Storage -20/4°C]

Primary antibodies; anti-PSMD9 1:2000 (mouse monoclonal, Sigma and rabbit

polyclonal, abcam), Antibodies anti-PSMD10 1:1000 (mouse monoclonal, Sigma

and rabbit polyclonal, Sigma), anti-FLAG 1:8000 (mouse monoclonal, sigma),

anti-hnRNPA1 1:2000 (mouse monoclonal, Sigma and rabbit polyclonal, abcam),

anti-HA in 1:1000 (rabbit polyclonal, abcam), anti-IĸBα 1:1000 (rabbit

polyclonal, Sigma), anti-pIĸBα 1:1000 (mouse monoclonal, Sigma), anti-β-actin

in 1:2000 (mouse monoclonal, Sigma), anti-α-tubulin 1:2000 (mouse monoclonal,

Sigma), anti-acetyl histone H4 K12 in 1:1000 (rabbit polyclonal, Cell Signaling),

anti-β7 1:1000 (mouse monoclonal), anti-α4 in 1:1000 (mouse monoclonal), anti-

α5 in 1:1000 (mouse monoclonal), anti-Rpt6 1:1000 (mouse monoclonal), anti-

ubiquitin in 1:1000 (mouse polyclonal, sigma), anti-p65 1:1000 (rabbit

polyclonal, abcam), anti-HA 1:1000 (rabbit polyclonal, abcam), anti-β-III

tubulin 1:1000/1:100 (WB/IF) (Millipore polyclonal mouse), anti-GFAP

1:1000/1:100 (WB/IF) (Millipore polyclonal rabbit), anti-nestin 1:1000/1:100

(WB/IF) (Millipore monoclonal mouse), anti-nestin 1:1000/1:300 (WB/IF)

(Sigma polyclonal rabbit), anti-SOX2 1:1000/1:100 (WB/IF) (Millipore

polyclonal rabbit), anti-Musashi 1:1000/1:100 (WB/IF) (Millipore polyclonal

rabbit), anti-Oligodendrocyte marker O1 1:1000 (Millipore monoclonal mouse),

anti-β-catenin 1:1000 (mouse monoclonal, cell signalling), Mouse IgG (cell

signalling, Millipore), Rabbit IgG (Cell signalling, Millipore).
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Secondary antibodies; anti-mouse-HRP (GE-healthcare), anti-rabbit-HRP

(GE healthcare), anti-mouse-FITC (Invitrogen), anti-mouse-Alexaflour568

(Invitrogen), anti-mouse-TR (Invitrogen), anti-rabbit-Alexaflour488

(Invitrogen), anti-rabbit-Alexaflour568 (Invitrogen).

BME: For disulphide bond break. [Storage RT]

Bradford Reagent (BioRad): Used for protein estimation

DTT (Dithiothretol): For disulphide bond break. [Storage 4°C]

Imidazole: For His tagged protein elution 250mM. [Storage 4°C]

IPTG (Isopropyl-D-thiogalactoside): For bacterial protein induction. Standard

Concentration:  100mM. Working Concentration: 100μM. [Storage 4°C]

L-Gulathione reduced: For GST fused protein elution 10mM.

Luria-Bertani (LB) medium: For bacterial culture.

Maltose: For MBP fused protein elution 20mM.

SOB (Supra-optimal media): Used for Competent cell preparation.

2.1.4 Plasmids:

Mammalian expression vectors: p3xFLAG-CMV10 vector (Sigma Aldich) a kind

gift from Dr. Robin Mukhopadhyaya, Advanced Centre for Treatment, Research

and Education in Cancer, Navi Mumbai, India; pTRIPZ vector (Invtrogen) a kind

gift from Dr. Sorab Dalal, Advanced Centre for Treatment, Research and
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Education in Cancer, Navi Mumbai, India; pCDNA3.1-HA vector (Invitrogeen) a

kind gift from Dr. Sorab Dalal, Advanced Centre for Treatment, Research and

Education in Cancer, Navi Mumbai, India were used for gene expression. Bacterial

expression vectors: pRSETA, pGEX4T1, pMALc5X were used for recombinant

protein expression. The phospho-mutant pTRIPZ-IκBαSR (S32A-S36A) vector (a

kind gift from Dr. N. Shirsat, Advanced Center for Treatment, Research and

Education in Cancer, Navi Mumbai, India and Dr. D.C. Guttridge, Ohio State

University, USA) was used for NF-ĸB activity inhibition. 3x ĸB ConA luc vector

and ConA luc control vector (a kind gift from Dr. Neil D. Perkins, Newcastle

University, UK) were used for the Luciferase reporter assay. pBIND-Renilla-Luc

vector, pEGFPN3 vector were used for transfection control and pBSK3 vectors

were used as filler DNA in mammalian cell transfection. pJET3.1

(Thermo/Fermentas) vector was used for sub-cloning. PAX2 and MD2G

packaging vectors were used for virus production.

2.1.5 Primers and Oligos:

Table-2.1: List of Cloning primers:

Gene name Primers; Forward (Fw) and Reverse (Rv)

(Sequences are in 5’ to 3’)

PSMD9 in pRSETA,

pGEX4T1 and

pMALc5X

Fw: GGATCCATGTCCGACGAGGAAGCGAG

Rv: GAATTCGACAATCATCTTTGCAGAGG

PSMD9 in pCMV10-

3X-FLAG

Fw: AAGCTTATGTCCGACGAGGAAGCGAG

Rv: GAATTCGACAATCATCTTTGCAGAGG

FLAG-PSMD9 in

pTRIPZ

Fw:

ACCGGTCGCCACCATGGACTACAAAGACCAT

G

Rv: GAATTCGACAATCATCTTTGCAGAGG
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Table-2.2: List of Real time primers:

Primer Name Primer Sequence

GAPDH-Fwd 5'-ATCGTGGAAGGACTCATGACC-3'

GAPDH-Rv 5’-AGGGATGATGTTCTGGAGAGC-3’

PSMD9-Fwd 5’-AAGGCCAACTATGACGTGCTG-3’

PSMD9-Rv 5’-ATATGATGTTGTGCCTGGCG-3’

IĸBα-Fwd 5’-CATCGTGGAGCTTTTGGTGTC-3’

IĸBα-Rv 5’-AGCCCCACACTTCAACAGGAG-3’

IL6-Fwd 5’-GATGGCTGAAAAAGATGGATGC-3’

IL6-Rv 5’-GCTCTGGCTTGTTCCTCACTAC-3’

ICAM1-Fwd 5'-GGGCAGTCAACAGCTAAAACC-3'

ICAM1-Rv 5’-TGGCAGCGTAGGGTAAGGTTC-3’

COX2-Fwd 5’-TCCCTGAGCATCTACGGTTTG 3’

COX2-Rv 5’-GTCTGGAACAACTGCTCATCAC-3’

FLAG-PSMD10 in

pTRIPZ

Fw:

ACCGGTCGCCACCATGGACTACAAAGACCAT

G

Rv: GAATTCTTAACCTTCCACCATTCTCTTG

hnRNPA1 in pGEX4T1

and pCDNA3.1

Fw: GGATCCATGTCTAAGTCAGAGTCT

Rv: GAATTCTTAAAATCTTCTGCCAC

IκBα in pCMV10-3X

FLAG

Fw: ATAAGCTTATGTTCCAGGCGGCCGAGCG

Rv: GCGAATTCTCATAACGTCAGACGCTGGC

IκBα-∆C in pCMV10-

3X FLAG

Fw: ATAAGCTTATGTTCCAGGCGGCCGAGCG

Rv: GCGAATTCTCAAGAATAGCCCTGGTAGG

IκBα in pMALc5X
Fw: ATGGATCCATGTTCCAGGCGGCCGAGCG

Rv: GCCTCGAGTCATAACGTCAGACGCTGGC
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A20-Fwd 5’-GCGTTCAGGACACAGACTTGG-3’

A20-Rv 5’-TTCCGAGTATCATAGCAAAGCC-3’

α4-Fwd 5’- CGCTACATCGCCAGTCTGAAG -3’

α4-Rv 5’- GAGCCTAGGAGTGCCATCAAAG -3’

β1- Fwd 5’- AATCGAGTGACTGACAAGCTGAC -3’

β1-Rv 5’- CAGTGGAGGCTCATTCAGTTC -3’

β2-Fwd 5’- TGAAGGGATGGTTGTTGCTGAC -3’

β2-Rv 5’- GGAAGAAATGAGCTGGGTTGTC -3’

β5-Fwd 5’- CGGCAATGTCGAATCTATGAGC -3’

β5-Rv 5’- GCCTCTCTTATCCCAGCCACAG -3’

IL8-Fw 5’-TGCAGCTCTGTGTGAAGGTG -3’

IL8-Rv 5’-TGGTCCACTCTCAATCACTCTC -3’

NGN1-Fwd 5’- GACCTATCCGGCTTCCTCAC -3’

NGN1-Rv 5’- TCCTGCTCGTCGTCCTGTG -3’

NRG1-Fwd 5’-AGGTGAGAACGCCCAAGTC -3’

NRG1-Rv 5’-TCTCCTTCTCCGCACATTTTAC -3’

PSMD10-Fwd 5’- GCAGCTTCGAAAAACAGGCA -3’

PSMD10-Rv 5’- GGATGTTTGTGGATGCTTTG -3’

STAT3-Fwd 5’- TAAGACCCAGATCCAGTCCGT -3’

STAT3-Rv 5’- TACCTGGGTCAGCTTCAGGA -3’
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2.2 METHODS (Experimental Methodology):

2.2.1 Molecular cloning:

For the current study various plasmids, constructs were either designed and prepared

in-house or procured from outside labs. For cloning following materials and

Methodologies were followed.

2.2.1.1 Competent cells preparation

For plasmid transformation E Coli, strains like DH5α and BL21 were used and the

competent cells of these strains were prepared by following Methodology.

Reagents:

a) SOB (Supra-Optimal Broth) Media (100mL): For optimal growth of bacteria.

(2% Bacto-tryptone, 0.5% Bacto-yeast extract, 0.05% Sodium chloride, 2.5 mM

KCl, 10 mM MgCl2)

10mM MgSO4 and 50mM KCl were prepared separately, autoclaved and added to

the incomplete autoclaved SOB.

b) Transfer Buffer (pH 6.7) 50mL:

(PIPES, MnCl2, CaCl2)

Transfer buffer was prepared in autoclaved Milli-Q, pH was adjusted by adding 1N

HCl and filter sterilized by 0.22μm syringe filter.

c) DMSO: Acting as a cryopreserving agent for competent cells.

d) Liquid Nitrogen: For snap freezing the freshly prepared competent cells.

Methodology:

i. Glycerol stock of E. Coli bacteria strain was streaked on a LB-agar plate and

incubated at 37ºC/180rpm for overnight.
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ii. Single colony was picked up and inoculated in 100mL of autoclaved complete

SOB media and incubated at 18ºC/80rpm till the OD reaches upto 0.35 to 0.4.

Note: DO NOT exceed the OD beyond 0.4.

iii. After the OD reaches bacteria culture were centrifuged at 4ºC/5000rpm for

10min.

iv. Cell pellet was dislodged and washed with 20mL of chilled sterilized transfer

buffer twice, by intervenient centrifugation of 4ºC/5000rpm for 10min.

v. The washed pellet was reconstituted in 10mL of chilled transfer buffer.

vi. To this suspension 700μL of DMSO was added drop-wise by intervenient mixing

on ice.

vii. This bacterial suspension was aliquoted (100μL) in MCT, snap-freezed in liquid

nitrogen and stored at -80ºC.

2.2.1.2 PCR amplification:

For different gene plasmid constructs preparation the particular gene was PCR-

amplified from either cDNA library or from another plasmid constructs, using different

primer set containing required restriction enzyme sites.

Reagents

10X Pfu/Taq Polymerase Buffer

Forward and Reverse primers (10pmol)

dNTPs (10mM) (Working: 200μM)

MgCl2 (25mM) (Working: 500μM)

DNA template (~100ng)

Pfu Polymerase enzyme
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Plasmids used for cloning: Mammalian expression vector – p3xFLAG-CMV-10,

pCDNA3.1 and pTRIPZ. Bacterial expression vector – pRSETA, pGEX4T1,

pMALc5X

2.2.1.3 Restriction Digestion:

PCR-amplified products or the plasmid constructs were digested with restriction

enzymes as per requirements.

Reagents

1X Fast digestion Buffer (Thermo/Fermentas)

Restriction enzymes (Thermo/Fermentas)

Methodology

Required amount of DNA were digested with specific restriction enzymes at 37ºC for

1-2hr in water-bath. Reaction volume may vary from 20-50μL.

2.2.1.4 Agarose Gel Electrophoresis and DNA Extraction:

After PCR-amplification or restriction digestion the DNA products were analysed by

agarose gel electrophoresis.

Reagents

a) 1X TAE buffer

b) Agarose powder (Sigma/Himedia)

Methodology

0.8% agaroge gel was prepared in 1X TAE buffer. DNA samples were run in the gel at

120V and 150mA. Required DNA products were gel extracted for further cloning

process by using Quiagen Gel extraction Kit.
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2.2.1.5 Ligation:

After gel extraction restricted digested cut vector and insert were ligated for

preparation of recombinant plasmid constructs.

Reagents

1X Ligation Buffer (Thermo/Fermentas)

T4-DNA ligase enzymes (Thermo/Fermentas)

Methodology

Required amount of digested vector and inserts were ligated (according to the formula

given) in presence of T4-DNA ligase enzyme and ATP in reaction mixture (20μL) at

22ºC for ~2-3hr in waterbath. In reaction volume vector: insert ratio may vary

depending upon their size.

Amount of Insert (in ng) = [Amount of Vector (200ng) X Size of Insert (in KB) / size of vector (in KB)] X 3/1

2.2.1.6 Transformation:

After ligation, the ligation mixures were transformed into either DH5α (for plasmid

preparation) or BL21 (for protein purification).

Reagents

a) LB broth/agar

b) Competent cells

c) Ligation mix

d) Ampicillin (100mg/mL)

Methodology

i. Competent cells were removed from -80ºC and placed on ice for 5min.
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ii. Ligation mixture was mixed in the competent cells suspension and incubates on ice

for 30min.

iii. Then the suspension was given heat shock at 42ºC for 90sec in water-bath and

immediately placed on ice for 5min.

iv. 1mL of autoclaved LB broth was added to the suspension and incubated at

37ºC/180rpm for ~45min to 1hr.

v. After the incubation the bacteria suspension was centrifuged at 5000rpm at RT for

5min.

vi. Cell pellet was dislodged and resuspend with 50μL of LB broth, plated on ampicillin

(100μg/mL of media) containing LB-agar plate and incubated at 37ºC for overnight.

2.2.1.6 Plasmid isolation (Mini prep/Maxi prep):

For selection of positive recombinant plasmid constructs and for transfection of

mammalian cells plasmid isolation was performed.

Reagents

a) Miniprep Plasmid Extraxtion Kit (Sigma)

b) Maxiprep Plasmid Extraction Kit (Quiagen)

Methodology

i. After overnight incubation (from the Transformation step) the bacteria colonies

were picked up, inoculated in (10mL for miniprep/500mL for maxi-prep) LB broth

containing ampicillin (100μg/mL of media) and incubated incubated at

37ºC/180rpm for 14-16hr.

ii. Then the bacteria culture were pelleted down and proceed for plasmid extraction

following the Kit manufacture Protocol.
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2.2.1.7 Site directed Mutagenesis:

For the expression of mutant gene of PSMD9, hnRNPA1 and IκBα site directed

mutagenesis Methodology was followed.

Reagents

a) 1X HF (High Fidelity) buffer (Thermo)

b) Forward and Reverse primer (10pmol)

c) dNTPs (10mM)

d) MgCl2 (25mM)

e) DMSO

f) Wild type Plasmid constructs (100ng)

g) High Fidelity polymerase enzyme (Thermo)

h) 1X Tango Buffer (Fermentas/Thermo)

i) DpnI restriction Digestion enzyme (Fermentas/Thermo)

j) Competent cells

k) LB broth and Agar

l) Plasmid isolation Kit (Mini/Maxi prep) (Sigma/Quiagen)

Primers used:

Table-2.3: List of SDM primers:

Name of the Gene Primers; Forward (Fw) and Reverse (Rv)

PSMD9 L173G
Fw: CTTCCAGTCAGGGCATAACATTG

Rv: CAATGTTATGCCCTGACTGGAAG

PSMD9 Q181G
Fw: GCAGTGTGGTGGGGCACAGTGAGGG

Rv: CCCTCACTGTGCCCCACCACACTGC

PSMD9 Triple mutant Fw:
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Methodology

i. Point mutations or deleted mutations were incorporated in the forward and reverse

primer of the specific gene.

ii. PCR amplification (50μL reaction volume) was carried out using the primers and

the specific wild type template by following PCR programme.

Initial denaturation at 95ºC for 5min

Denaturation at 95ºC for 1min

Annealing at 48ºC for 1min

Extension at 72ºC for X min (X= size of the vector/2)

Total cycle no. 18

iii. Then the PCR mixture was put for restriction digestion with DpnI enzyme at 37ºC

for overnight in water-bath.

iv. Then the digested mix was transformed into the DH5α competent cells following

the transformation Methodology (Described earlier).

(L124G/ Q126G/

E128G)

ATGAGCCGCAAAGGGGGTGGGAGTGGGAGCCA

GGGCCCTCCACG

Rv:CGTGGAGGGCCCTGCCCGCTCCCACTCCCA

CCCCCTTTGCGGCTCAT

hnRNPA1ΔC in

pGEX4T1

Fw: CAGCAGCAGTTAATAATATGGCAGTGGC

Rv: GCCACTGCCATATTATTAACTGCTGCTG

IκBα-∆C in pCMV10-

3X FLAG

Fw: ATAAGCTTATGTTCCAGGCGGCCGAGCG

Rv: GCGAATTCTCAAGAATAGCCCTGGTAGG
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2.2.1.8 shRNA Cloning:

To silence endogenous PSMD9, shRNA against the coding sequence of PSMD9 was

designed and cloned in pTRIPZ vector under doxycycline inducible system.

Reagents

a) 1X Taq pol buffer (Thermo)

b) Forward and Reverse primer (100pmol)

c) dNTPs (10mM), MgCl2 (25mM), DMSO

d) Taq-Polymerase enzyme (Thermo)

e) 1X Fast digestion Buffer (Fermentas/Thermo)

f) Restriction Digestion enzyme (XhoI and EcoRI) (Fermentas/Thermo)

g) 1X Ligation Buffer (Fermentas/Thermo)

h) T4-DNA Ligase enzyme (Fermentas/Thermo)

i) pTRIPZ empty vector

j) Competent cells

k) LB broth and Agar

l) Plasmid isolation Kit (Mini/Maxi prep) (Sigma/Qiagen)

Primers of PSMD9-shRNA

Fwd primer (P9shRNA-2Fw) 75bp

5’ggctcgagGAAGGTATATTGCTGTTGACAGTGAGCGgcagatcaaggccaactatgaT

AGTGAAGCCACAGATGT3’

Rev Primer (P9shRNA-2Rv) 69bp

5’gcgaattcCCGAGGCAGTAGGCAtcatagttggccttgatctgcTACATCTGTGGCTTCA

CTAgttatg3
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Figure-2.1: PSMD9 shRNA in Mir-30 cassette sequence Map.

Methodology

i. PCR amplification (50μL reaction volume) was carried out using the primer pair

by following PCR programme.

Initial denaturation at 95ºC for 5min, Denaturation at 95ºC for 1min, Annealing at

55ºC for 2min, Extension at 72ºC for 1min, Total cycle no. 30

Figure-2.2: Amplification procedure of PSMD9 shRNA by PCR.

ii. Then the PCR mixture was run in an agarose gel for gel extraction.
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iii. Gel extracted DNA put for restriction digestion with XhoI and EcoRI at 37ºC for

2hr in water bath.

iv. Then the digested mix was heat inactivated, diluted as per requirement and put for

ligation with digested empty pTRIPZ vector in presence of T4-DNA ligase enzyme

and ATP in reaction mixture (20μL) at 22ºC for ~2-3hr in water bath.

v. Ligation mixture was transformed into the DH5α competent cells following the

transformation Methodology (Described earlier).

2.2.2 Mammalian Cell Culture and reagents:

Cell line used: HEK293 cells (Human Embronic Kidney cells) and human neuronal

progenitor cells (Millipore).

2.2.2.1 HEK293 culture:

HEK293 cells were grown on culture dish (BD-Falcon) in DMEM (GIBCO)

supplemented with 10% FBS (GIBCO), 37ºC, 5% CO2 and in humid condition.

Reagents

a) Culture Medium (DMEM): [Storage 4°C]

Dulbecco’s Modified Eagle Medium (DMEM) containing high glucose, pyridoxine

hydrochloride and sodium pyruvate (Invitrogen) was prepared as per the

manufacturer’s Protocol. Powdered medium was reconstituted in 800 ml

autoclaved Milli-Q water under sterile conditions. 3.5 g sodium carbonate was

added and pH was adjusted to 7.2 using 1 N HCl. The volume was made up to 1 L

was filtered by a sterile filter assembly and stored at 4°C. 1.5mM HEPES, 10%

FBS (GIBCO-Invitrogen), and 1X antibiotic mixture (of 100IU of penicillin per

ml, and 100μg of streptomycin per ml and amphotericin) (Himedia) was added to

prepare the complete medium.
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b) 1X sterile PBS [Storage 4°C].

c) 1X sterile trypsin made in 1X PBS [Storage 4°C].

d) DMSO (Sigma) [Storage RT].

Methodology

Revival of cryo-freeze cells:

i. The vial of cryo-freeze cells was removed from liquid nitrogen and incubated in a

37ºC water bath. The cells were closely monitored until completely thawed. Note:

Maximum cell viability is dependent on the rapid and complete thawing of frozen

cells. IMPORTANT: Do not vortex the cells.

ii. As soon as the cells were completely thawed, the outside of the vial was

disinfected with 70% ethanol and proceeded immediately to the next step.

iii. In a laminar flow hood, the cells were transferred to a sterile 15 mL conical tube

and onto that 5 mL of complete DMEM media (pre-warmed to 37ºC) was added

drop wise. IMPORTANT: Do not add the whole volume of medium at once to the

cells. This may result in decreased cell viability due to osmotic shock.

iv. The cell suspension was gently mixed by slow pipetting up and down twice to

avoid introducing any bubbles. IMPORTANT: Do not vortex the cells.

v. The tube was centrifuged at 1000 Rpm for 2-3min to pellet the cells.

vi. Then the supernatant was decanted as much of as possible. Note: Steps iii – vi are

necessary to remove residual cryo preservative (DMSO).

vii. The cells were resuspended in a total volume of 8 mL of complete DMEM media

(pre-warmed to 37ºC).

viii. The above 8mL cell suspension was added onto the culture plate (90mm); that was

pre-incubated in the 37ºC incubator.
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ix. Then the cells were incubated at 37ºC in a 5% CO2 humidified incubator.

x. The next day, the medium was exchanged with fresh complete DMEM Medium

(pre-warmed to 37ºC).

Sub-culturing/Passaging of cells:

i. Carefully remove the medium from the culture plate containing the confluent layer

of HEK293 cells.

ii. Rinse the plate once with 1X PBS. Note: Add the PBS slowly from the side to

avoid detaching the HEK293 cells.

iii. Aspirate the PBS.

iv. Apply 3-5 mL (90mm plate) of 1X pre-warmed trypsin and aspirate within

30seconds. Note: HEK293 cells were trypsinized very fast.

v. Apply 5 mL of complete DMEM Medium (pre-warmed to 37oC) to the plate.

vi. Gently mix the cell suspension. Transfer the dissociated cells to a 15 mL conical

tube.

vii. Centrifuge the tube at 1000 RPM for 2-3 minutes to pellet the cells.

viii. Discard the supernatant.

ix. Apply 2 mL of complete DMEM Medium to the conical tube and resuspend the

cells thoroughly. Note: Do not vortex the cells.

x. Count the number of cells using a haemocytometer.

xi. Plate the cells to the desired density into the appropriate fresh complete DMEM

Medium. It was recommended that ~1.5 million cells be plated at on 90mm plate.

xii. The next day, exchange the medium with fresh complete DMEM Medium. The

cells should be ready for passaging or harvesting 2 to 3 days after this step.
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Freezing down the cells

i. The medium was carefully removed from the culture plate containing the 80%

confluent layer of HEK293 cells. Note: For freezing 70-80% confluence was

recommended.

ii. The plate was rinsed once with 1X PBS. Note: Add the PBS slowly from the side

to avoid detaching the HEK293 cells.

iii. 3-5 mL of 1X pre-warmed trypsin (for 90mm plate) was added to the plate and

aspirated within 30seconds. Note: HEK293 cells were trypsinized very fast.

iv. Then 5 mL of complete DMEM Medium (pre-warmed to 37ºC) was added to the

plate.

v. Cell suspension was then gently mixed and transferred to a 15mL conical tube.

vi. The tube was centrifuged at 1000 RPM for 2-3 minutes to pellet the cells; the

supernatant was discarded and kept on ice.

vii. Freezing media was prepared by adding 10% DMSO in FBS.

viii. 2 mL of freezing media (10% DMSO in FBS) was added to the conical tube slowly

and the cells were resuspended thoroughly. Note: Do not vortex the cells.

ix. The cell suspension was aliquot into 2 cryo-vials and kept at -80ºC for overnight.

x. Next day the vials were transferred into liquid-N2 for longer storage. Note: cells

remain viable for more than 10years in this condition.

Other reagents (For different experiments):

Doxycycline (Sigma) 1-4 µg/mL of media, Cyclohexamide (Sigma) 50μg/mL of media,

TNF-α (Peprotech) 20ng/mL of media, MG132 (Sigma) 10μM/mL of media and

Velcade (Johnson & Johnson) 10μg/mL of media, E64d (Calbiochem) 10μg/mL of

media were used for different experiments.
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2.2.2.2 Transfection:

Reagents

a) Calcium phosphate method (CaCl2 0.5M, 2XBBS).

b) Lipofectamine 2000 (Invitrogen)

c) Xtremegene HP (Roche)

d) Dharmafect (Thermo)

Methodology (Calcium phosphate method):

i. 1 million HEK293 cells were seeded on a 60mm plate in complete DMEM media

and allowed to grow for 24hr at 37ºC, 5% CO2 (for transfection 50-60% confluent

plate was the optimum condition).

ii. The media was replaced with fresh complete media.

iii. 4-5hr of media change transfection procedures starts.

iv. 10μg of DNA+MQ was made upto 100μL; 100μL of 0.5M CaCl2 was added, and

then 200μL of 2X BBS was mixed with the DNA-CaCl2 mix.

v. Then the solution was kept for 30min at RT.

vi. After the incubation the DNA-mix was added onto culture plate drop wise and was

mixed properly.

vii. Or Cells were transfected by lipo-based techniqe according to manufacturer’s

protocol. 100µM of PSMD9 siRNA (Dharmacon, Thermo Scientific) or scramble

siRNA (Dharmacon, Thermo Scientific) with lipofectamine-2000 was used for

transfection.

2.2.2.3 Establishment of stable cell line:

Methodology: To generate clones stably expressing PSMD9,
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i. HEK93 cells were transfected with p3xFLAG-CMV-10 and p3xFLAG-CMV-10-

PSMD9 constructs using Lipofectamine 2000 (Invitrogen).

ii. After 24h, transfected cells were sub-cultured and kept under selection in DMEM

supplemented with 10% FBS and 800 µg/ml of G418 (Sigma).

iii. After 2-4 weeks G418 resistant single colonies were picked up and grown in

separate plates in DMEM supplemented with 10% FBS and 400 µg/ml of G418.

iv. Three different clones with high FLAG-PSMD9 expression (detected by WB)

were selected for further studies.

v. For generating doxycycline inducible stable clones, HEK293 cells were

transfected with pTRIPZ, pTRIPZ-3xFLAG-PSMD9, pTRIPZ-shRNA-PSMD9

using lipofectamine 2000.

vi. After 24h, transfected cells were sub-cultured and kept under selection in DMEM

supplemented with 10% FBS and 800 ng/ml of puromycin (Sigma).

vii. After 10-15 days puromycin resistant single colonies were picked up and grown

in DMEM supplemented with 10% FBS and 400 ng/ml of puromycin.

viii. Three clones with high FLAG-PSMD9 expression and three clones with

maximum PSMD9 knock down upon doxycycline induction were selected for

further studies.

2.2.2.4 Human Neural Progenitor Cells (hNPCs) culture: (ReNcell VM, Millipore)

 ReNcell VM was an immortalized human neural progenitor cells (hNPCs) line

derived from the ventral mesencephalon region of human fetal brain tissue.

 ReNcell VM has the ability to readily differentiate into neurons and glial cells.

 Immortalized by retroviral transduction with the v-myc oncogene, grows rapidly

on laminin with a doubling time of 20-30 hours.
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 ReNcell VM retains a normal diploid karyotype in culture even after prolonged

passage (>45 passages).

 ReNcell VM may be used for a variety of research applications such as studies of

neurotoxicity, neurogenesis, electrophysiology, neurotransmitter and receptor

functions.

 ReNcell VM cells have been validated for high level of expression of Nestin and

Sox2 and for their self-renewal and multi-lineage differentiation capacities.

Reagents

a) ReNcell NSC Maintenance Medium (Millipore): [Storage -20ºC for long term]

ReNcell Neural Stem Cell (NSC) Maintenance Medium was a defined serumfree,

growth factor-free medium that has been optimized for the growth and in vitro

differentiation of ReNcell immortalized human neural progenitor cells. When

used in conjunction with FGF and EGF, the maintenance medium will allow for

the proliferation of ReNcell immortalized VM and CX neural stem cells.

Withdrawal of the growth factors from ReNcell NSC Maintenance Medium will

result in the spontaneous differentiation of ReNcell immortalized neural

progenitor cells.

Composition: ReNcell NSC Maintenance Medium contains DMEM/F12 w/o

HEPES, L-glutamine, human serum albumin, human transferrin, putrescine

dihydrochloride, human recombinant insulin, L-thyroxine, tri-iodo-thyronine,

progesterone, sodium selenite, heparin, and corticosterone.

b) ReNcell NSC Freezing Medium (Millipore): [Storage -20ºC for long term]

ReNcell NSC Freezing Medium was qualified for use with ReNcell immortalized

human neural progenitor cell lines. The optimized formulation allows for

consistent cryopreservation and high viability upon thawing and plating.
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Composition: Serum-free formulation. Contains 10% DMSO

c) Accutase (CHEMICON): for enzymatic removal of cells from the culture plate.

(Replacement of Trypsin).

d) Basic Fibroblast growth factor (bFGF) (Sigma)

e) Epidermal growth factor (EGF) (Sigma)

f) Laminin (Sigma)

g) 1X PBS

Methodology: [Note: Methodology was adopted from Millipore]

i. Preparation of coated plates:

Coating tissue culture plastic- or glasswares with laminin that were used to culture

ReNcell VM cells is essential for monolayer culture. Tissue culture plates should

be coated on the same day that the ReNcell VM cells were thawed from liquid

nitrogen or on the same day that the cells need to be passage. The following

procedure was followed:

 Laminin was mixed with DMEM/F12 to 20μg/mL.

 Enough of the diluted laminin solution was added to the plate to cover the

whole surface and incubated in a 37ºC, 5% CO2 incubator for at least 4 hours.

Note: Use 3 mL for 60mm plates and 6.5 mL for 90mm plates.

 Just before use, laminin solution was aspirated and the plate was rinsed once

with 1X PBS.

 Complete ReNcell NSC Medium with 20 ng/mL FGF-2 and 20 ng/mL EGF

(8mL) was added to the laminin-coated 90mm plate and incubated in a 37ºC,

5% CO2 incubator. The laminin-coated plates were then ready to receive the

cells.
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ii. Thawing the cells:

 Exactly follow the thawing methodology described earlier for HEK293 cells.

Note: Instead of complete DMEM, ReNcell NSC Maintenance Medium was

used throughout the process.

 After seeding the hNPCs old medium was exchanged with fresh ReNcell NSC

Maintenance medium containing FGF-2 and EGF every alternative day.

iii.Subculture:

 Fresh laminin-coated plates were prepared as described earlier.

 The hNPCs were sub-cultured exactly as describe earlier for HEK293 cells.

Note: In place of complete DMEM, ReNcell NSC Maintenance Medium was

used and instead of 1X trypsin, accutase was used for detaching hNPCs from

the coated plate. During this process hNPCs were kept for 2-3 min in accutase

at 37ºC for cell detachment.

 During sub-culturing the hNPCs, old medium was exchanged with fresh

ReNcell NSC Maintenance medium containing FGF-2 and EGF every

alternative day.

iv. Differentiation: (in 8-well chamber slide)

 The 8-well chamber slides should be coated with 20 μg/mL laminin (please

refer to the section on Preparation of Coated plate).

 30,000 cells were plated per well into an appropriately coated 8-well chamber

slide in ReNcell NSC Maintenance Medium containing 20 ng/mL FGF-2 and

20 ng/mL EGF. Total volume per well = 0.5 – 0.75 mL. At this density the cells

should be ~50% - 60% confluent by the next day. Note: To prevent overgrowth

of the cells by the end of the two-week differntiation Methodology, it was best

to avoid plating too many cells.
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 The next day, differentiation was initiated by removing the medium from each

well and replacing with fresh ReNcell NSC Maintenance Medium that does not

contain FGF-2 and EGF.

 The old media was replaced with fresh ReNcell NSC Maintenance Medium

every 2-3 days for two weeks. Note: It was important that FGF or EGF not be

present in the basal medium.

 After two weeks, the cells were completely differentiated into different cell

populations. (Then cells can be used for various experiments.)

Figure-2.3 Phase contrast images and Immunostaining of human Neural progenitor cells
(hNPCs) and differentiated cells. (A) Progenitor cells were grown on Laminin coated glass
coverslips as described in the Methodology. Phase contrast image showing ~80-90% confluent
monolayer cells. (B) The hNPCs were differentiated as described in the Methodology. Phase
contrast image showing the network like differentiated cells (14 days). (C) Immunofluorescence
was done following the Methodology described section 3.12. hNPCs were showing expression
of Nestin (in red) (D) Immunofluorescence of above differentiated cells showing GFAP ( in
green) and  β-III tubulin (in red) expression. DAPI was (in blue) used for nuclear staining.
Images were acquired in Laser confocal microscope (Nikon-Meta510).
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2.2.3 Mammalian cell lysis:

Methodology:

a) Cell were grown in culture till 80-90% confluent

b) Then the media was completely aspirated and plate was washed with 4mL 1X

PBS.

c) 500µL chilled NP40-lysis buffer was added to the plate (90mm), cells were

scrapped from the plate and collected in a MCT.

d) Then the suspension was vortexed for 10 seconds and incubated on ice for

30min.

e) After the incubation the suspension was again vortexed for 20 seconds.

f) Then it was centrifuged at 13000 rpm for 30 min at 4ºC.

g) The supernatant was collected and kept on ice; that is cell lysate.

h) The protein concentration of the cell lysate was measured by Bradford protein

estimation method following the manufacturer protocol and Bradford reagent.

2.2.4 Immunoprecipitation:

Reagent:

a) Protein-G sepharose beads/ anti-FLAG-M2 Agarose beads/ anti-HA Agarose

beads.

b) Antibodies (preferably polyclonal)

c) Mammalian cells (Minimum 10 million cells)

d) NP-40 lysis buffer

e) IP buffer

Methodology:
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i. 1mL of chilled wash buffer (Wash buffer was NP-40 lysis buffer without NP-

40) was added into 20µL of Protein-G sepharose beads.

ii. The beads were washed twice by gently inverting the tubes 4-5 times and then

beads were pelleted down by centrifugation at 1000rpm for 2 min at 4°C.

iii. The wash buffer was discarded and the beads were esuspended in 1mL of wash

buffer.

iv. 2-4µg of Ab/ IgG isotype was added into 20µL of Protein-G sepharose beads

and kept for binding for 2h/overnight at 4°C on a rotater. (IMPORTANT: Do

not follow this step for M2-agarose bead and anti-HA-beads).

v. Next day the cells wrew harvested from the culture plates by trypsinization and

lysed by NP-40 Lysis Buffer.

vi. Pre-clear cell lysate was prepared by adding required amount of cell lysate into

20µL of Protein-A sepharose beads and keeping it for binding for 1h at 4°C on

a roter. (IMPORTANT: Do not follow this step for M2-agarose bead and anti-

HA-beads)

vii. Then pre-clear cell lysate was collected by centrifugation and was added into

previously prepared Ab/IgG bound Protein-A sepharose beads.

viii. The total volume was made upto 1mL with lysis buffer and kept it for binding

for 2h at 4°C on a roter.

ix. After binding the bead suspension was centrifuged at 1000 rpm for 2 min at 4°C

and the supernatant was carefully separated.

x. The beads were washed (4 times) with chilled wash buffer by gently inverting

3-4 times and centrifugation at 1000 rpm for 2 min at 4°C.

xi. Finally the beads were resuspended with 20µL of wash buffer and 10µL of 3 X

lamellae buffer (Importantly without BME) and boiled at 100°C for 5 min.
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xii. Then the IP-suspensions and 5-10% input (cell lysate) were loaded on a SDS-

PAGE and the proceeded towards the methodology of western blot.

2.2.5 Western Blotting

Reagents:

a) Cell lysate

b) 3X lamellae dye

c) SDS-PAGE

d) 1X SDS-running buffer

e) PVDF membrane

f) 1X transfer buffer

g) Antibodies

h) Luminiscence reagent (ECL-prime, GE-Healthcare)

Methodology:

i. Cell lysates were prepared in NP-40 lysis buffer mixed in 1X lamellae dye and

boiled for 10 min at 100ºC dry bath.

ii. Then the samples were loaded and separated on SDS-PAGE in 1X SDS-running

buffer (150V, 300mA and for 90min). Note: Run out the dye front from the gel.

iii. After a complete separation the samples were transferred onto a PVDF

membrane in 1X transfer buffer at cold condition (120V, 300mA for 90min).

Note: Avoid overheating.

iv. Membrane was then put in 3% BSA/5%milk for blocking for 1h at RT or ON at

4ºC.

v. Appropriate primary antibody dilution (in 1%BSA in TBST) was used for

probing.
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vi. For membrane washing 1X TBST was used and at least 4 washes were given for

time period of 10 minutes each on rocker.

vii. HRP conjugated secondary Ab was used for probing the membrane for 1h at RT.

viii. Then membrane was washed in TBST and detection was done by following

manufacturer protocol of ECL-prime.

ix. Various exposures were taken in X-ray film for analysis.

2.2.6 Immunofluorescence:

Reagents

a) TritonX-100

b) 3% Paraformaldehyde

c) TBST

d) 5%BSA-TBST

e) 1X PBS

f) Poly-Lysine and Laminin

g) Chamber-slides and Glass coverslips

h) Antibodies (primary & fluorophore labelled secondary) and DAPI

i) Mounting Media; Vectashield (Vectorlabs)

j) Nail paint

Methodology

i. HEK293 cells, hNPCs and differentiated cells were grown on sterile glass

coverslips or in chamber slide according to the protocol described earlier.

Note: For better imaging cells should not be grown beyond 80% confluence.

ii. For HEK293 cells Coverslips were coated with 0.1mg/mL of poly-L-Lysine for

1h at RT inside the hood. Then washed with 1XPBS twice.
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iii. For hNPCs chamber-slides or glass coverslips were coated with Laminin

according to the protocol described previously.

iv. Culture media was removed from the monolayer cells carefully and

immediately fixed with 4% paraformaldehyde (pre-warmed at 37ºC) for 20 min

at RT.

v. Then the fixed cells were washed with 1X PBS (2mL for 35mm dish or 500μL

for 4 well chamber-slides) for 2-3 times very carefully. (Washing time varies 2-

3 min). IMPORTANT: Do not give vigorous washing or do not agitate the

plate or slide.

vi. Cells were then permibilized with 0.3% TritonX-100 in 5% BSA-TBST for 2h

at RT. Note: After permibilization 1 PBS wash can be given (but optional).

vii. Appropriate primary antibody dilutions (1:50 to 1:100) were prepared in above

5% BSA-TBST solution.

viii. Then the coverslip/chamber-slide was placed on parafilm layered moist

chamber.

ix. The antibody dilution was apply on the cell monolayer carefully so that to cover

the whole coverslip/well properly and were incubated for 1h at RT or overnight

at 4ºC in a moist chamber. Note: For 1cm X 1cm coverslip 100μL and for

4well chamber-slide 50μL antibody dilutions are enough to cover the cells.

x. After incubation the antibody was decanted carefully and coverslip was placed

back to the 35mm dish containing 2mL 1X PBS. The cells were then washed

with 1X PBS for 2-3 times very carefully.

xi. Appropriate dilutions of secondary antibody (1:200 to 1:400) were prepared in

5% BSA-TBST solution. Note: DO NOT expose the secondary antibody to

bright light and further steps should be done in dim light area.
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xii. Then coverslip/slide was placed in moist chamber and cells were probed with

fluorophore labelled secondary antibody for 1h at RT in dark then washed with

PBS slowly as in step-x.

xiii. After the washing the PBS was aspirated carefully and the cells were then

probed with 100μL/50μL of DAPI (1μg/mL) solution made in Milli-Q water,

for 1min in dark. Note: This step was done in the 35mm dish only.

xiv. 2mL 1X PBS was then applied to cells (in 35mm dish).

xv. Finally coverslips were took out from PBS, extra PBS can be decanted to paper

towel and mounted on a glass slide containing mounting media (20μL for 1cm

X 1cm coverslip). Note: The mounting procedure for the chamber-slide was

followed from the manufacturer protocol.

xvi. The coverslips were fixed permanently on glass slide by applying nail-paint to

the four sides and proceeded for imaging immediately or kept at 4ºC dry and

dark place for future use. Note: For long storage slides can be placed at -20ºC

dry place, but in long storage the intensity of fluorophore gradually decreases.

xvii. Images were taken by laser confocal microscope (Nikon Meta510). A minimum

of 5 fields from one coverslip were selected for imaging. The fluorophore

intensity and the co-localization of proteins were measured by the software

“Zeiss LSM Image Browser”.

2.2.7 Luciferase Reporter Assay: [Using Promega Dual Luciferase Assay kit]

Reagents

a) Mammalian cells

b) Transfection reagents

c) Dual Luciferase kit (Promega)
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Methodology:

i. HEK293 cells were co-transfected with ConA luc control or 3x ĸB ConA luc,

pBIND-Renilla-Luc and other relevant vectors by calcium phosphate method.

ii. After 48 hours, cells were lysed and 10μg lysate was used for the assay.

iii. Luciferase assay was performed in 96 well white plate using Dual Luciferase

Assay System (Promega) following the Methodology.

iv. In inducible stables clones of control pTRIPZ and pTRIPZ-3xFLAG-PSMD9

after 48 hours of doxycycline addition luciferase assay was performed as

explained.

v. Luciferase reading was measure in 96-well luminescence plate reader.

vi. Renilla luciferase reading was used for transfection normalization.

2.2.8 RNA isolation: [Using Invitrogen TRIzol method]

Reagents:

a) TRIzol Reagent (Invitrogen)

b) Chloroform

c) Isopropyl alcohol

d) 75% ethanol (in DEPC-treated water) RNase-free water

Methodology:

i. Growth media was removed from culture plate.

ii. 1 mL TRIzol Reagent was added directly to the cells in the culture plate 90mm.

iii. Sample was vortxed and incubated for 5 minutes at room temperature.

iv. 0.2 mL of chloroform per 1 mL of TRIzol Reagent was added.

v. Then vigorously shaken by hand for 15 seconds then incubated for 2–3 minutes

at room temperature.
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vi. Centrifuged the sample at 12,000 × g for 15 minutes at 4°C.  The mixture

separates into a lower red phenol-chloroform phase, an interphase, and a

colorless upper aqueous phase.

vii. The upper clear phase was collected and 0.5 mL of 100% isopropanol was

added to the aqueous phase, per 1 mL of TRIzol Reagent.

viii. Incubated at room temperature for 10 minutes, Centrifuged at 12,000 × g for 10

minutes at 4°C. (Glycogen can be used to enhance the precipitation)

ix. The supernatant was discarded and the pellet was washed with 1 mL of 75%

ethanol per 1 mL of TRIzol Reagent.

x. Then the RNA pellete was air dried for 5–10 minutes and resuspend with

RNAse free water.

xi. RNA quality was checked by agarose electrophoresis.

2.2.9 cDNA synthesis: [Using Invitrogen cDNA synthesis kit]

Reagents:

a) CDNA synthesis mix

10X RT Buffer                             2μl

25mM MgCl2 4μl

0.1M DTT                                    2μl

RNaseOUT                                  1μl

Superscript III                              1μl

b) RNaseH

Methodology:

i. The following mix was prepared:

up to 5 µg total RNA n µL
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Primer 50 µM oligo(dT) 1 µL

10 mM dNTP mix 1 µL

DEPC-treated water to 10 µL

ii. The above mix was incubated at 65°C for 5 min, then placed on ice for at least 1

min.

iii. cDNA mix was prepared by adding 10X RT buffer, 25 mM MgCl2, 0.1 M

DTT, RNaseOUT , SuperScript III RT.

iv. 10 μL of cDNA Synthesis Mix was added to each RNA/primer mixture, mixed

gently, and collected by brief centrifugation.

v. Incubated for 50 min at 50°C, then reaction was terminated at 85°C for 5 min.

vi. Chilled on ice then collected by brief centrifugation.

vii. RNase H added to each tube and incubated for 20 min at 37°C.

viii. Now cDNA was ready for detection.

2.2.10 Semi-quantitative RT-PCR

Reagents:

a) DyNazyme/Taq polymerase

b) DyNazyme/Taq Buffer

c) Primers (described in RT primer list)

Methodology:

i. mRNA levels of different genes were analysed by PCR amplification method.

ii. Amplified PCR products were analysed in 2% agarose gels containing 0.5 g/mL

ethidium bromide.
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2.2.11. Real Time PCR:

Reagents

a) cDNA

b) Primers

c) Syber green reagent (Kappa-Biosystem)

Methodology

i. Real time primers were designed using software GENE TOOL.

ii. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed

with the 12K-Flex Quant-Studio (Invitrogen) QPCR system using Syber green

qRT-PCR Master Mix.

iii. Relative expression of different genes was calculated by normalizing to

GAPDH.

2.2.12 Nuclear fractionation: [Using Sigma CelLytic NuCLEAR Extraction Kit]

Reagents

a) Mammalian cells.

b) 5X Lysis Buffer, isotonic

(50mM Tris HCl, pH 7.5, with 10 mM MgCl2, 15 mM CaCl2, and 1.5 M

Sucrose)

c) Extraction Buffer

(20mM HEPES, pH 7.9, with 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA,

and 25% (v/v) Glycerol)

d) Dithiothreitol (DTT)

e) Protease Inhibitor Cocktail

f) IGEPAL 10% Solution
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Methodology

i. 1 M DTT solution was diluted with deionized, sterile water to a concentration

of 0.1 M. For small-scale preparations (below 100 ml total) the 1 M DTT stock

solution should be diluted to 0.01 M.

ii. 1X Isotonic Lysis Buffer (For fragile cells use) was prepared from the 5X Lysis

Buffer. To 1mL of 1X Lysis Buffer 10μL of the prepared 0.1 M DTT solution

and 10μL of the protease inhibitor cocktail were added.

iii. The HEK293 cells trypsinized and collected in a MCT. Then the packed cell

volume (PCV) was estimated.

iv. 500μL (10X PCV) of 1X Lysis Buffer (including DTT and protease inhibitors)

to was added to 50μL of PCV. The cell pellet was resuspended gently in a

MCT.

v. Then the packed cells were incubated in the lysis buffer on ice for 20 minutes,

allowing cells to swell.

vi. To the swollen cells in lysis buffer, 10% IGEPAL solution was added to a final

concentration of 0.8% (8μL per 100μL of mixture) in the suspension. Then the

cell suspension was vortexed vigorously for 10 seconds. Note: 5μL of the cells

in the lysis buffer can be taken on a glass slide and observed under the

microscope for detecting the cell membrane lysis.

vii. The lysate was centrifuge immediately at 8000rpm for 2min at 4ºC.

viii. The supernatant was transferred to a fresh tube. This fraction is the

“Cytoplasmic fraction”.

ix. Then 1μL of the prepared 0.1 M DTT solution and 1μL of the protease inhibitor

cocktail was added to 98μL of the Extraction Buffer.
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x. The crude nuclei pellet was resuspended in ~50μL (5X PCV) of Extraction

Buffer containing the DTT and protease inhibitor cocktail.

xi. The tube was then mounted on a vortex mixer and agitated at medium to high

speed for 45min-60 minutes.

xii. The nuclear lysate was centrifuged at 13000 rpm for 10 minutes.

xiii. The supernatant was transferred to a clean tube; that is the “Nuclear extract”.

xiv. The supernatant was aliquoted in MCTs, snap-freeze with liquid nitrogen and

stored at –80°C for further study.

xv. The separation of nuclear and cytoplasmic fractions was evaluated by WB using

cytoplasmic and nuclear specific markers such as α-tubulin and histone

antibodies respectively.

2.2.13 Electrophoretic mobility shift assay (EMSA): (Using Thermo Scientific Kit):

For EMSA the main reagent DNA oligo can be radio labelled or biotin labelled. Here

for our study we have biotinlyted the oligos at its 3’ end using “Biotin 3' End DNA

Labeling Kit- Thermo”.

Reagents

a) κB-binding DNA ologos:

Wild type: 5’-AGTTGAGGGGACTTTCCCAGGC-3’

5’-GCCTGGGAAAGTCCCCTCAACT-3’

Mutant: 5’-AGTTGAGCTCACTTTCCCAGGC-3’

5’-GCCTGGGAAAGTGAGCTCAACT-3’

b) Biotin 3' End DNA Labeling Kit: [Storage -20°C]

 5X TdT Reaction Buffer

(500mM cacodylic acid, 10mM CoCl2, 1mM DTT, pH 7.2)
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 Terminal Deoxynucleotidyl Transferase (TdT)

(~20 U/μL in 100mM potassium phosphate, 10mM 2-mercaptoethanol, 50%

glycerol, pH 6.9)

 Biotin-11-UTP

(5μΜ in 10mM Tris-HCl, 1mM EDTA, pH 7.5; and minimize freeze-thaw

cycles and exposure to light)

 Biotin-Control Oligo,

(1μM in 10mM Tris-HCl, 1mM EDTA, pH 7.5)

c) LightShift EMSA Optimization Kit: [Storage -20°C]

 10X Binding Buffer,

(1mL, 100mM Tris, 500mM KCl, 10mM DTT; pH 7.5)

 Poly (dI-dC), 1μg/μL in 10mM Tris, 1mM EDTA; pH 7.5

 50% Glycerol

 1% NP-40

 1 M KCl

 100mM MgCl2

 200mM EDTA

 5X Loading Buffer.

d) Chemiluminescent Nucleic Acid Detection Module: [Storage 4°C]

 Stabilized Streptavidin-Horseradish Peroxidase Conjugate

 Chemiluminescent Substrate,

 Luminol/Enhancer Solution

 Stable Peroxide Solution

 Blocking Buffer

 4X Wash Buffer
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 Substrate Equilibration Buffer

e) 0.2M EDTA, pH 8.0

f) Chloroform:isoamyl alcohol (24:1)

g) Positively charged Nylon membrane

h) TE Buffer: 10mM Tris•HCl, 1mM EDTA, pH 8.0

i) 5X TBE (450mM Tris, 450mM boric acid, 10mM EDTA, pH 8.3)

j) Polyacrylamide gel in 0.5X TBE

k) 96-well microplate for preparing dilutions

l) UV lamp or cross-linking device equipped with 254nm bulbs or 312nm

transilluminator

m) X-ray film

Methodology

Oligo 3’-Labeling Reaction:

i. All kit components were thawed except the TdT, and placed on ice. Note: Keep

TdT at -20°C until needed.

ii. Just before use, a portion of the TdT stock was diluted in 1X TdT Reaction

Buffer to a working concentration of 2 U/μL.

Note: Use the diluted TdT stock immediately. Do not store the diluted enzyme.

iii. The labelling reaction was prepared for the 5 pmol 3'-OH ends of the κB-oligo

by adding components in the order listed below:

Components Volume (μL) Final

Concentration

Ultrapure water 25 ---

5X TdT Reaction Buffer 10 1X
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Unlabelled κB-oligo

(1μM)

5 100nM

Biotin-11-UTP (1μM) 5 0.5μM

Diluted TdT (2U/μL) 5 0.2U/μL

Total Volume 50 ---

Note: Mix reactions gently. Do not vortex.

iv. Then reactions were incubated at 37°C for 30 minutes.

v. 2.5μL 0.2M EDTA was added to stop each reaction.

vi. Then 50μL of chloroform:isoamyl alcohol was added to each reaction to extract

the TdT. The mixture was vortexed briefly then centrifuged for 1-2 minutes at

high speed in a microcentrifuge to separate the phases. The top (aqueous) phase

was removed and saved for further use.

vii. The labeling efficiency was detected by “Procedure for Estimating Labeling

Efficiency” described in the next section. At this point, the DNA was ready to

be used in the end application.

Note: For applications such as electrophoretic mobility shift assays (EMSA) that

require biotin-labeled double-stranded DNA, complementary oligos should be end-

labeled separately and then annealed before use. Oligos were annealed by mixing

together equal amounts of labeled complementary oligos and incubating the mixture

for 1 hour at room temperature. Oligonucleotides with high melting temperatures or

secondary structure may require denaturation and slow cooling for optimal

annealing (e.g., denature at 90°C for 1minute, then slowly cool and incubate at the

melting temperature for 30 minutes). Then annealed oligos were freezed and stored

at -20ºC. Removal of the unincorporated Biotin-11-UTP was not necessary for use

in EMSA.
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Estimating Labelling Efficiency:

Labelling efficiency can be determined by dot blots using either a dot/slot blotting

apparatus or by hand spotting. The hand spotting methodology was followed using the

detection reagents in the Light Shift Chemiluminescent EMSA Kit.

i. A positively-charged nylon membrane was hydrate/equilibrate in TE Buffer for

at least 10 minutes.

ii. The biotin control oligos & control unlabelled oligos and the κB-labelled Oligos

& κB-labelled Oligos (both wild type and mutant) stocks were diluted 20-fold

in TE Buffer to make 50nM oligo working stocks.

iii. A series of oligo standards were prepared in microcentrifuge tubes, according to

the following table:

Components
%Biotin

100 75 50 25

Biotin control oligo (50nM) 12 9 6 3

Unlabelled control oligo (50nM) 0 3 6 9

TE pH8.0 48 48 48 48

Total Volume 60 μL 60 μL 60 μL 60 μL

iv. 50μL of the oligo working stocks were pipetted into wells A1-A4 of a 96-well

dilution plate.

v. In a microcentrifuge tube, 10-fold dilution of the κB-labelled oligo was made in

TE Buffer to achieve a final concentration of 10nM (e.g., 6μL κB-labelled oligo

+ 54μL TE, pH 8.0).

vi. 50μL of each 10nM κB-labelled oligos (wt and mut) was placed into “A5 and

A6”. A series of two-fold dilutions were prepared removing 25μL aliquots from
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all “A” wells and mixing them with the 25μL TE Buffer in corresponding “B”

wells, continuing down the plate through the “E” wells.

vii. Then the equilibrated membrane was placed onto a clean, dry paper towel.

Note: Allow excess buffer to absorb into the membrane, but do not allow the

membrane dry out.

viii. 2μL of samples and standards were spotted onto the membrane (resulting in 20

fmol 3'-OH ends in “A1” spots and 1.25 fmol in “E1” spots). The samples were

allowed to absorb into the membrane.

i. Immediately the membrane was UV crosslinked at a distance of approximately

1cm from the membrane for 30 minutes with a hand-held UV lamp equipped

with 254nm bulbs.

Note: The detection and analysis was done immediately, or the dried membrane was

stored at room temperature until the detection Methodology can be performed.

Detection and Analysis: For detection methodology follow the section “Detect

Biotin-labeled DNA by Chemiluminescence”. To determine the labelling

efficiency, spot intensities of the sample lanes (κB-oligo) to those of the Biotin

Control Oligo standards on the developed X-ray film, were measured by ImageJ

software.

Note: The efficiency of TdT labelling was somewhat variable, even among different

single-stranded oligonucleotides. This variability does not correlate directly to the

identity of the 3' terminal base, but was related to the overall sequence. Typically,

oligonucleotides with relatively inefficient labeling (< 50%) still produce good

signal in subsequent chemiluminescent EMSA detection procedures.
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Figure-2.4: Detection of percentage of labelled κB oligos in the 3’end label reaction.

In our experiment we got ~25% of both the wild type and mutant κB oligos were

labelled with biotin.

Procedure for Electrophoretic Mobility Shift Assay:

ii. A native polyacrylamide gel was prepared in 0.5X TBE. The appropriate

polyacrylamide percent depends on the size of the target DNA and the binding

protein. Most systems use a 4 -6% polyacrylamide gel in 0.5X TBE.

iii. A complete set of binding reactions were prepared on ice as given in the table

for an example. IMPORTANT: Do not vortex tubes at any time during this

procedure.

Component Final Amount Control Test

Ultrapure Water --- 12μL 7μL

10X Binding Buffer 1X 2μL 2μL

50% Glycerol 2.5% 1μL 1μL

100mM MgCl2 5mM 1μL 1μL
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1% NP-40 0.05% 1μL 1μL

1μg/μL Poly (dI-dC) 50ng/μL 1μL 1μL

Biotin 3’-Labeled DNA oligo
(10fmol/μL)

20fmol 2μL 2μL

Nuclear extract (if 4μg/ μL) 20μg --- 5μL

Total --- 20μL 20μL
iv. The above reaction mixtures were incubated at room temperature for 20

minutes.

v. Then 5μL of 5X Loading Buffer was added to each 20μL binding reaction and

was mixed. IMPORTANT: DO NOT vortex or mix vigorously.

vi. The samples were run in the 6% PAGE (set to 100V for 8 × 8 × 0.1cm

gel/45min) until the bromophenol blue dye had migrated approximately 2/3 to

3/4 down the length of the gel. Note: The free biotin-EBNA Control DNA

duplex migrates just behind the bromophenol blue in a 6% polyacrylamide gel.

vii. Nylon membrane was soaked in 0.5X TBE for at least 10 minutes.

viii. The gel was sandwiched between nylon membrane and blotting paper, then

placed in a clean electrophoretic transfer unit according the manufacturer’s

instructions. Use 0.5X TBE cooled to ~10ºC with a circulating water bath.

ix. The sample were put for transfer at 380mA (~100V) for 30 minutes. Typical

transfer times were 30-60 minutes at 380mA using a standard tank transfer

apparatus for mini gels (8 × 8 × 0.1cm).

x. When the transfer was complete, the membrane was placed with the

bromophenol blue side up on a dry paper towel. (There should be no dye

remaining in the gel.) The buffer was allowed on the membrane surface to

absorb into the membrane. IMPORTANT: Do not let the membrane dry,

immediately proceed to crosslinking.
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xi. Immediately the membrane was UV crosslinked at a distance of approximately

1cm from the membrane for 30 minutes with a hand-held UV lamp equipped

with 254nm bulbs.

Note: Continue with the detection and analysis immediately, or store the

membrane dry at room temperature until the detection Methodology can be

performed.

Detect Biotin-labeled DNA by Chemiluminescence:

i. Blocking Buffer and the 4X Wash Buffer were warmed to 37-50°C in a water

bath until all particulate was dissolved. These buffers may be used between

room temperature and 50°C as long as all particulate remains in solution. The

Substrate Equilibration Buffer may be used between 4°C and room temperature.

ii. To block the membrane 20mL of Blocking Buffer was added and incubated for

15 minutes with gentle shaking.

iii. Conjugate/blocking buffer solution was prepared by adding 66.7μL Stabilized

Streptavidin-Horseradish Peroxidase Conjugate to 20mL Blocking Buffer

(1:300 dilutions).

Note: This conjugate/blocking buffer solution has been optimized by “Thermo”

for the Nucleic Acid Detection Module and should not be modified.

iv. Blocking buffer was removed from the membrane and replaced with the

conjugate/blocking solution. The membrane was incubated in the

conjugate/blocking buffer solution for 15 minutes with gentle shaking.

v. 1X wash solution was prepared by adding 40mL of 4X Wash Buffer to 120mL

of ultrapure water.

vi. Then the membrane was transfer to a new container and rinsed briefly with

20mL of 1X wash solution.
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vii. Membrane was washed four times for 5 minutes each in 20mL of 1X wash

solution with gentle shaking.

viii. Then the membrane was transferred to a new container, 30mL of Substrate

Equilibration Buffer was added and incubated for 5 minutes with gentle

shaking.

ix. Substrate Working Solution was prepared by adding 6mL Luminol/Enhancer

Solution to 6mL Stable Peroxide Solution.

Note: Exposure to the sun or any intense light can harm the Working Solution.

Working Solution should be kept in an amber bottle and avoid prolonged

exposure to intense light. Short-term exposure to typical laboratory lighting will

not harm the Working Solution.

x. Then the membrane was removed from the Substrate Equilibration Buffer,

carefully blotting an edge of the membrane on a paper towel to remove excess

buffer. Membrane was placed in a clean container or onto a clean sheet of

plastic wrap placed on a flat surface.

xi. Substrate Working Solution was poured onto the membrane so that it

completely covers the surface. Then membrane was incubated in the substrate

solution for 5 minutes without shaking.

xii. Membrane was removed from the Working Solution and blotted an edge of the

membrane on a paper towel for 2-5 seconds to remove excess buffer. Note: Do

not allow the membrane to become dry.

xiii. The moist membrane was then wrapped in plastic wrapper, avoiding bubbles

and wrinkles.

xiv. The membrane was exposed onto X-ray film to obtain the desired signal.

xv. Then the bands were subjected to ImageJ software to analyse it quantitatively.



117

Materials and Methods

2.2.14 Proteasomal Pull down assay:

Reagents

a) Mammalian cells

b) ATP-Buffer:

(50mM Tris (pH 7.6), 5mM MgCl2, 1mM ATP, 10% Glycerol and 1X protease

inhibitor cocktail (Sigma)).

Methodology

i. HEK293 cells were grown till 80% confluence. Cells can be treated with

different inhibitors (MG132/Velcade/E64d) according to the experiment

requirements.

ii. Protein-G sepharose beads were bound with β7-antibody following the standard

protocol of” Immunoprecipitation” described earlier.

iii. Then cells were trypsinized and cell pellete was place on ice for further step.

iv. 500μL of ATP-Buffer was added to 50 PCV (pack cell volume), homogenized

by quick vortexing and placed on ice for 10-15min. IMPORTANT: Presence

of 1mM ATP in the buffer is essential for maintaining the proteasomal

assembly and activity.

v. Then the cells were ultrasonicated on ice for 4 cycles of 20sec each (with 1 sec

break after each 2 sec) at 30 kHz. Note: Excess sonication may break the

proteasomal assembly. IMPORTANT: Do not vortex the cell suspension.

vi. The lysate then centrifuged at 13000 rpm for 10min at 4ºC.

vii. The supernatant lysates were collected into a microcentrifuge tube.

viii. The lysate were incubated in the β7-antibody bound Protein-G sepharose beads

for 1h at 4ºC.
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ix. Then for further steps the standard protocol of” Immunoprecipitation”

(described earlier) was followed.

x. Then finally the detection of target proteins were analysed by WB as described

earlier.

2.2.15 Proteasomal activity assay:

Reagents

a) Mammalian cells

b) ATP-Buffer:

(50mM Tris (pH 7.6), 5mM MgCl2, 1mM ATP, 10% Glycerol and 1X protease

inhibitor cocktail (Sigma)).

c) Suc-LLVY-7-amino, 4-methyl coumarin substrate

Methodology

i. Different stable clones or HEK293 cells were grown till 80% confluence. Cells

can be transfected with different plasmid constructs according to the experiment

requirements.

ii. Then cells were lysed in ATP-Buffer as described in above methodology.

iii. Reaction buffer was prepared by adding Suc-LLVY-7-amino, 4-methyl

coumarin substrate to ATP-buffer to make a final concentration of 50μM.

iv. 70μL of reaction buffer was taken in a black-96 well plate (Nunc) and into that

10μg of cell lysate was added. (No cell lysate/equal volume of ATP buffer was

added in control the well.)

v. The fluorescence reading was measured by the software- MicroWin-2000 in the

instrument Berthhold technology- Mithras (LB 940) 96-well plate reader. The

program for the assay is as follows:
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Total time 300 sec

Counting time 0.33 sec

Cycle time 25sec

No.of cycle 13

Lamp energy 5000

Excitation 380nm

Emission 460nm

vi. The average reading in fluorescence unit/min was determined by normalizing

with the concentration of lysate.

2.2.16 Virus production:

Reagents

a) Doxycycline inducible III-Generation lentiviral pTRIPZ empty vector and the

construct pTRIPZ-FLAG-KZ-PSMD10.

b) Third generation packaging vectors PAX2 and MD2G.

c) Early passage HEK293FT cells.

d) 0.5M CaCl2

e) 2X BBS

Methodology

i. Early passage HEK293FT cells were plated on four 90mm plates with 2million

cells.

ii. The next day cells were transfected with pTRIPZ-empty/pTRIPZ-PSMD10 with

the packaging vectors PAX2 and pMD2G in ratio 4:3:1 (8μg:6μg:2μg).

iii. 16h post transfection media was changed.

iv. 48h post transfection, the 10mL supernatant media was collected and stored at

4ºC.
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v. 72h post transfection, the 10mL supernatant media was collected and stored at

4ºC.

vi. Supernatant was filtered in 0.2μm filter, and centrifuged at 30,000rpm/4ºC for

1h 30min.

vii. The supernatant media was discarded carefully.

viii. Virus pellet was resuspend in 200μL DMEM and stored at -80ºC.

Figure-2.5: Syncytia formation after virus production. (A) Phase contrast image of
HEK293FT cells transfected with only pTRPZ-FLAG-kz-PSMD10 (48h post transfection). (B)
Phase contrast image of HEK293FT cells transfected with pTRPZ-FLAG-kz-PSMD10 and
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packaging vectors (48h post transfection). Image shows syncytia after virus production. (C), (D)
HEK293FT cells transfected with pTRPZ empty vector and packaging vectors (48h post
transfection) and treated with doxycycline (1μg/mL of media). Arrow indicate syncytia
expressing turbo-RFP. (E), (F) HEK293FT cells transfected with only pTRPZ empty vector (48h
post transfection) and treated with doxycycline (1μg/mL of media). Image was showing only
turbo-RFP but no syncytia formation.

Virus titer calculation:

• 0.5 Million HEK293 cells were palated on 35mm plate to reach 30-40%

confluence.

• After 24 hr cells were transduced with the above concentrated viral particles

(diluted then to 1:100 and 1:1000) of pTRIPZ control vector with 10μg of

polybrene.

• Cells were treated with doxycycline 1μg/mL of media for 48h.

• RFP +ve cell were calculated by FACS analysis.

• Virus titer was calculated by given formula. An example of virus titer calculation

was given bellow:
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Figure-2.6: Virus titer calculation. HEK293 cell were transduced with viral particles of
pTRIPZ empty vector (1:100 dilution). Image showing the RFP+ve cells after 48h of
transduction with the 48h-viral particle and 72h-viral particle.

2.2.17 Transduction:

Reagents

a) Viral particles

b) Polybrene

Methodology

• 1 million hNPC cells were palated on Laminin coated 60mm plate to reach 30-

40% confluence next day.

• After 24 hr cells were transduced with the concentrated viral particles with 10μg of

polybrene in minimum amount of media in plae (2mL for 60mm plate).

• After 24hr of transduction media was replaced with fresh media.

• Cells were treated with doxycycline 1μg/mL of media for 48h.

• Expression of RFP or the target gene checked by microscopy observation or WB.

2.2.18 Recombinant Protein Purification:

All recombinant proteins (His-PSMD9, GST-PSMD9, GST-hnRNPA1, MBP-IκBα,

GST and MBP) were expressed and purified by using Escherichia coli BL21 (DE3).

Reagent

a) LB media and LB agar Plate

b) Ampicillin (100mM): Working Concentration: 100μM

c) IPTG (100mM): Working Concentration: 100μM

d) Ni-NTA agarose beads (Genetix), GST beads and Amylose beads

e) Immidazole

f) Reduced glutathione
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g) Maltose

h) Ni-NTA Lysis Buffer

i) Ni-NTA Binding/Wash Buffer

j) His-tagged, GST-tagged and MBP-tagged protein elution buffers

Methodology

i. Escherichia coli BL21 (DE3) strain cells were transformed with pRSETA-

PSMD9/ pGEX4T1-PSMD9/ pGEX4T1-hnRNPA1or pMALc5X- MBP-IκBα

following the standard transformation protocol.

ii. Next day single Colony was picked up and inoculated in 10 ml LB medium

containing 100μg/ml ampicillin as starter culture and incubated at 37ºC /180

rpm shaker condition.

iii. After 10hr of growth the stater culture was inoculated into 1ltr sterile LB-amp

medium and incubated at 37ºC/180 rpm shaker condition till the OD reach at

0.7-0.8. OD was checked at 600nm in spectrophotometer.

iv. At 0.7-0.8 OD (After ~3-4hr of starter culture inoculation) 100μL of 100mM

IPTG was added for protein induction and was incubated at 18ºC/180 rpm

shaker condition for 18hr. (Separated flask was kept for uninduced culture).

v. After completion of 18hr growth the bacterial cells were pelleted down by

centrifugation at 5000 rpm for 15min at 4ºC then proceed for protein

purification methodology.

His/GST/MBP tagged Protein Purification methodology

i. The cell pellet from 1ltr culture was resuspended in ice cold 20mL Ni-NTA

lysis buffer/GST-PBS lysis buffer/MBP protein purification lysis buffer.
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ii. Cell suspension was sonicated on ice at 50 khz, 20% amplitude for 20sec (in

each 1sec sonication with break of 1sec) 10-15 cycles. Note: The no. of cycle

may vary depending on the PCV (Pack cell volume) and till the suspension

became comparatively clear. DO NOT sonicate for a longer time.

iii. The cell lysate was then centrifuged at 13000 rpm for 20min, and the

supernatant was collected.

Note: Before proceed towards protein purification procedure, small scale cell

lysis (From 10mL uninduced and induced bacterial culture) followed by protein

induction was checked on SDS-PAGE.

iv. 2-3 mL of Ni-NTA agarose bead/GST bead/Amylose resin was added to a

50mL ECONO column (Bio-Rad) and washed twice with Ni-NTA wash

buffer/GST-PBS wash buffer/MBP purification wash buffer.

v. Then the 20mL supernatant lysate was added to the column, mixed properly and

kept at 4ºC with rotation for binding for 1hr.

vi. After binding the bead was allowed to settle down and the lysate was drained

out from the bottom of the column.

vii. The bead was washed with 50mL Ni-NTA wash buffer/GST-PBS wash

buffer/MBP purification wash buffer, thrice and the flow through was

discarded. Note: The flow through can be collected for analysis.

viii. Then the bound His tagged protein/GST-protein/MBP-protein was eluted from

the bead by 5mL elution buffer containing 250mM imidazole/20mM reduced

glutathione in 50mM TRIS-pH8.0/10mM maltose. Elution buffer was added to

bead 1mL each time followed by 2 minutes incubation. Note: The

concentration of imidazole can be standardised depending on the purity of the

eluted protein fractions. The pH is critical for GST-protein elution
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ix. The eluted fractions were analysed in SDS-PAGE and quantitate for further

purification process.

Figure-2.7: Recombinant protein Induction. Small scale bacteria culture (10mL) both for
uninduced and induced cells were lysed by specific lysis buffer as described in the
methodology. Cell lysate were run in a SDS-PAGE and stained with Coomassie. Image shows
the protein induction of MBP, MBP- IκBα and His-PSMD9 (Red box). U-uninduced, I-induced.

Size exclusion chromatography methodology: (Gel Filtration of His-PSMD9)

The above bead eluted recombinant His PSMD9 was again purified by gel filtration

sephadex-200 column (GE) because of two reasons; (1) His PSMD9 recombinant

protein shows some level of contaminant proteins (Figure-2.8A) proved by WB

(Figure-2.8B) and (2) His-PSMD9 was to be used as prey protein in Far western blot.

i. FPLC buffer for His tag protein purification was prepared (50mM TRIS pH7.5,

150mM NaCl, 50mM BME) and filtered through filter paper.

ii. The Sephadex-200 column fitted with FPLC (GE-Amersham) was equilibrated

with the FPLC buffer for 3hr at a speed 0.5mL/min.

iii. ~6mg of the E2 fraction of eluted His-PSMD9 protein from Ni-NTA beads was

injected to FPLC and run at a speed 0.3mL/min.
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iv. The protein samples were collected from the collecting tube from 65th mL

fraction to 95th mL fraction at every 1mL interval.

v. Then 10μL from each of the FPLC-fractions (65 to 95) were loaded in SDS-

PAGE with lamellae dye and purity was checked by Coomassie staining

(Figure-2.8D).

Figure-2.8: Recombinant His-PSMD9 protein Purification. (A) Different elutions of His-
PSMD9 from the Ni-NTA beads (described in step viii of protein purification methodology)
along with the flow-through wash (wash-1 and wash-2) from Ni-NTA beads & the unbound
fraction were loaded (10μL from each sample) in SDS-PAGE and Coomassie stained. The
green arrow corresponds to contaminant protein and the red arrow corresponds to His-PSMD9
(B) WB of the above eluted (E2 fraction) His-PSMD9 protein confirmed the lower band (red
arrow) as His-PSMD9 protein. (C) ~6mg of Ni-NTA bead eluted (E2) His-PSMD9 fraction was
injected to FPLC fitted with sephadex-200/200mL column. Gel filtration profile of the injected
sample showing the upper contaminant protein (green arrow) separation from His-PSMD9 (red
arrow) (D) Fractions (66mL fraction no. to 92mL fraction no.) of injected protein sample were
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collected from FPLC and 10μL of the samples were loaded in SDS-PAGE and Coomassie
stained. The later fractions (82-92) seems free from the upper contaminant protein.

[Approximate molecular weight detection of His-PSMD9: Since the calculated MW

(28KDa) of His-PSMD9 differs from what it showed in SDS-PAGE, we determine the

approximate MW by FPLC using different standard proteins. Pure BSA (2mg),

Ovalbumin (2mg) and purified His-PSMD10 (2mg) mixture was injected to FPLC

(Bio-Rad) and the MW-profile was determined. BSA (67KDa) was eluted at 63mL,

Ovalbumin (45KDa) was eluted at 68 mL and His-PSMD10 (28KDa) was eluted at

75mL (Figure-2.9A).

Figure-2.9: Approximate MW detection for His-PSMD9 protein. (A) Different standards
such as Pure BSA (2mg), Ovalbumin (2mg) and purified His-PSMD10 (2mg) mixture were
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injected to FPLC (Bio-Rad) fitted with sephadex-200/200mL column and FPLC profile was
collected. (B) FPLC profile of injected ~4mg His-PSMD9 protein showing its elution at 70mL.
(C) 10μL of Ni-NTA bead eluted (E2) His-PSMD9 fraction and the FPLC purified fractions of
His-PSMD9 (69-71) were loaded in SDS-PAGE and Coomassie stained. (D) Fractions (66mL
fraction no. to 74mL fraction no.) of injected protein sample were collected from FPLC and
10μL of the samples were loaded in SDS-PAGE and Coomassie stained. All the fractions are
showing >95% pure recombinant His-PSMD9.

Then ~4mg of the E2 fraction of His-PSMD9 protein was injected into FPLC and

run at a speed 0.3mL/min. The FPLC profile showed His-PSMD9 eluted at 70mL, after

ovalbumin (Figure-2.9B). Furthermore SDS-PAGE showed His-PSMD9 run near

32KDa marker (Figure-2.9C & D). These results indicate an approximate MW of His-

PSMD9 i.e 32KDa to 30KDa. However, further confirmation is necessary.]

2.2.19 Far western blot:

Reagents

a) Purified His-PSMD9, GST-PSMD9, His-hnRNPA1 and MBP-IκBα protein

b) PVDF membrane (GE-Healthcare)

c) 8M Guanidine-HCl and AC-Buffer

Table-2.4: Composition of AC-Buffer.

Methodology

i. 2μg of Purified His-PSMD9/ GST-PSMD9/ His-hnRNPA1/ MBP-IκBα/ MBP

or GST protein were denatured in SDS-Lamellae dye and run in SDS-PAGE

according to standard protocol.
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ii. Then the purified proteins were transferred onto a PVDF membrane following

standard Transfer protocol. Note: These immobilized proteins in this case are

called as Bait.

iii. Then the proteins were again denatured and renatured on the PVDF membrane

using different concentration of Guanidine-HCl containing AC buffer (Table-

2.5).

iv. First the PVDF membrane was treated with 6M-AC buffer keeping on rocker

for 30min at RT.

v. Then the membrane was transferred to 3M AC-Buffer then subsequently 1M

AC-buffer and incubated in each for 30min at RT on rocker.

vi. The membrane was then transferred to 0.1M AC-Buffer and incubated for

30min at 4ºC.

vii. Finally the membrane was put in 0M AC-buffer for overnight at 4ºC.

viii. Then the membrane was overlaid with the prey protein [His- PSMD9 (100nM)/

GST-hnRNPA1 (100nM)/ MBP-IκBα (100nM)] in 1% BSA-TBST buffer and

incubated for 1h at RT in slow rocking condition.

ix. Membrane was washed with TBST twice (each for 5min) at slow rocking

condition.

x. Then the membrane was probed with anti-prey antibody at required dilution and

incubated for 1h at RT in slow rocking condition.

xi. Again membrane was washed with TBST twice (each for 5min) at slow rocking

condition.

xii. Then the membrane was probed with secondary antibody at required dilution

and incubated for 1h at RT in slow rocking condition followed by two washes

with TBST (each for 5min) at slow rocking condition.



130

Materials and Methods

xiii. Membrane was developed onto X-Ray film following WB protocol.

2.2.20 Dot Blot:

Reagent

a) Purified His-PSMD9, GST-PSMD9, His-hnRNPA1 and MBP-IκBα protein

b) PVDF membrane (GE-Healthcare)

Methodology

i. 1μg of Purified His-PSMD9/ GST-PSMD9/ His-hnRNPA1/ MBP-IκBα/ MBP

or GST protein spotted on moistened PVDF membrane.

ii. The membrane was air dried at 37ºC for 10-15 min and again activated in

methanol for 2-3min.

iii. The membrane was then washed with Milli-Q water and then with TBST.

iv. The membrane was put for blocking in 3% BSA-TBST for 1h at RT.

v. Then the subsequent steps were same as Far western blot methodology.

Note: In this technique bait proteins are in their native conformation unlike far

western blot.

2.2.21 Densitometric and Statistical analysis:

Densitometric quantitaion of scanned WB images was performed using Mac

BioPhotonics ImageJ. Statistical analysis was performed using Graph Pad Prism 5. To

evaluate the significance of values obtained, unpaired Student’s t test was performed. P

< 0.05 and P > 0.05 were considered as significant and non-significant data

respectively. *** represents P value <0.001.



131

CHAPTER-III    PSMD9

CHAPTER-III

PSMD9

(The novel role of PSMD9 in NF-κB signaling pathway)



132

CHAPTER-III    PSMD9



133

CHAPTER-III    PSMD9

3.1 INTROUDUCTION AND REVIEW OF LITRATURE

PSMD9, the proteasome (prosome, macropain) 26S subunit, non-ATPase9, is a

non-ATPase subunit of 19S regulatory particle of human proteasome. It is also called as

nas2 (in yeast) and Bridge-1 (in rat). It acts as a chaperone during the assembly of 19S

regulatory particle on the 20S-core particle. Different studies on the 19S regulatory

particle (PA700) revealed that a trimer modulator enhanced the association of the RP-

complex with 20S and increased the protease activity [200]. Further characterization

revealed that the trimeric complex composed of three subunits two of which were

ATPases; Rpt4 (PSMC6) and Rpt5 (PSMC3) and a non-ATPase subunit p27 (human:

PSMD9, rat: Bridge-1 and yeast: Nas2). The gene encoding p27 was mapped to the

region q24.2-q24.3 of chromosome 12 [201]. Although PSMD9 is considered as a non-

ATPase subunit of 19S-RP, no such reports has suggested the presence of PSMD9 on

the 26S proteasome holocomplex. The cryo-EM structure did not show the presence of

nas2 (yeast homolog) in the 26S proteasome holocomplex [20, 21, 202]. But in our

current study we are showing the presence of human PSMD9 in the 26S proteasome ex

vivo [203, 204].

3.1.1 Structure of PSMD9

PSMD9 is a 24.68 KDa protein with 223 amino acids run at 30 kDa marker in

SDS-PAGE. Thomas et. al., in 1999 reported that the residues 138-178 of the rat

homolog of PSMD9, Bridge-1 are conserved with well-known PDZ domain containing

proteins. Rat Bridge-1 and human PSMD9 are highly homologous, with 70% identity

(156 of 222 amino acids) and 82% similarity at the protein level. The two sequences

diverge at the carboxy termini of the proteins. Comparison of the first 184 amino acids

of rat Bridge-1 and p27 proteins shows 84% identity and 98% similarity. Homologies
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with other proteins having PDZ domains ranged from 27 to 54% identity and 46 to 77%

similarity [193].

Although the crystal structure of PSMD9 has not been solved, recently two groups

have solved the partial crystal structure of nas2 [205, 206]. Nas2 is composed of 220

amino acid residues (whereas PSMD9 is of 223 amino acid residues), harboring an 80–

90 residue-long C-terminal PDZ domain, which is often involved in the binding of

target protein C termini [207]. Nas2 interacts with the C-terminal segment of Rpt5

[208]. The bioinformatics analysis of the Nas2 sequence using the program

DISOPRED2 [209] identified a disordered region (residues 119–127, disorder

probability score > 0.3) preceding the PDZ domain, suggesting that Nas2 consists of N-

and C-domains connected by a flexible linker.

Figure-3.1: Crystal Structures of the Nas2 N-Domain Alone and Its Complex with the Rpt5
C-Domain. (A) A ribbon model of the Nas2N. The positions of the N and C termini are indicated
by blue letters. Dotted lines indicate a disordered loop. (B) A ribbon model of the Nas2N-PAN-
Rpt5C complex. The secondary structural elements of Nas2 and Rpt5 are labelled with black
and red letters, respectively. Bound ATP is shown as stick models. (C) The Nas2N-Rpt5C
complex structure was superimposed on an EM model of Rpt ATPase ring (PDB code: 4B4T).
Nas2N is shown as red-colored ribbon models. The Rpt ring is shown as surface
representations and is colored transparent gray (Rpt1), transparent green (Rpt2), pink (Rpt3),
slate (Rpt4), wheat (Rpt5), and lemon (Rpt6). [Adopted from: Tadashi Satoh et. al., Structural
Basis for Proteasome Formation Controlled by an Assembly Chaperone Nas2. Structure 22, 1–
13, May 6, 2014]
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Recently the Nas2 N-domain structure was solved by co-crystalization with PAN-

Rpt5 (Figure-3.2) [206]. This report suggests that binding of the Nas2 N-domain to

Rpt5 causes significant steric hindrances not only against 20S CP but also the Rpt1 and

Rpt2 subunits of the 19S base because Nas2 touches the a3 helix of Rpt5, which

corresponds to its Rpt5-interacting surface (Figure-3.1). This clearly explains why Nas2

dissociates from the base complex upon completion of the ATPase ring formation.

Unlike other RP chaperones, Nas2 has been reported to be nonessential for scaffolding

between Rpt4 and Rpt5. The NMR analysis and the crystal structure of Nas2-N

suggested that this distinct mode of Nas2N-Rpt5C interaction is complemented with the

Nas2 PDZ domain, which directly antagonizes the 20S CP-Rpt5 interaction by capping

the C-terminal tail of Rpt5. The data also suggested that N-domain of Nas2 exists in

monomeric form. Moreover, the structural data indicates that Nas2 operates as a

proteasome activation blocker, preventing premature activation and acts as a check

point during 26S proteasome assembly.
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Figure-3.2: Crystal Structure of the Nas2 PDZ domain. (A) Asymmetric unit of Nas2LND
colored by secondary structure: sheet, magenta; helix, cyan. The disordered region is indicated
by the dashed line. N-terminal residues resulting from cloning are colored blue. (B) Alignment of
Nas2 PDZ-domain residues with the human ortholog PSMD9. Residues modeled in the crystal
structure of Nas2 were used in a BLASTp search against the human protein Ref Seq database.
The top hit was the human ortholog of Nas2, PSMD9, showing 42% identity and 64% conserved
residues (the latter are indicated with +). (C) Graphic structure of Nas2 in green. Based on an
alignment between Nas2 and PSMD9, conserved residues were colored orange and identical
residues red. The cloning-derived residues are in blue. (D) Superposition of Nas2LND
(magenta) with a canonical PDZ domain (PDB entry 1be9, green). The peptide ligand for 1be9
is shown as blue cylinders. β-Sheet 5 of Nas2LND is indicated. Superposition of a canonical
PDZ domain (PDB entry 1be9) with Nas2LND was conducted using GESAMT (Krissinel, 2012),
which yielded an r.m.s.d. of 2.27 Å for 59 aligned residues. (E) Enlarged view of the β5/α2
region of Nas2LND superimposed with 1be9. The peptide ligand for 1be9 is shown as a blue
ribbon. The GLGF (red) motif of 1be9 and similar residues in front of Nas2LND β-sheet 5, GLLG
(black), are indicated. [Adopted from: Singh CR, Lovell S, Mehzabeen N, Chowdhury WQ,
Geanes ES, Battaile KP, Roelofs J: 1.15 A resolution structure of the proteasome-assembly
chaperone Nas2 PDZ domain. Acta Crystallogr F Struct Biol Commun 2014, 70(Pt 4):418-423]

In an independent study the structure of C-domain/PDZ-domain of Nas2 has been

solved by 1.15Å resolution crystallography [205]. The crystal structure of the C-

terminal region of Nas2 shows it contains a PDZ domain but, Nas2 lacks the GLGF

motif commonly found just prior to β-strand-2 in PDZ domains. This motif interacts

with the carboxy-termini of PDZ-binding partners [210]. The absence is not surprising

as the Nas2 structure shows that β –strand-5, instead of the common β-strand-2,

contributes to the putative peptide-binding groove, causing a different loop

arrangement. In front of β-strand-5 a similar sequence is present (GLLG) (Figure-3.2).

However, the role of this sequence in interactions with C-termini of Nas2-binding

partners remains to be determined. In particular, the binding between Nas2 and Rpt5

does not appear to be affected by deletion of the Rpt5 C-terminal residue [208].

However, the reported Nas2 structure will provide the basis for further insights

regarding the structure and function of Nas2 in proteasome assembly, as it will facilitate

molecular docking of the tail of Rpt5 as well as enabling the design of Nas2 mutants

based on the putative binding region.
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Although Nas2 PDZ domain shows 42% identity and 64% conserved residues with

the PDZ domain of PSMD9, there might be existing difference in the tertiary structure.

However, Bridge-1 and human PSMD9 are highly homologous, with 70% identity and

82% similarity at protein level, but crystal structure of Bridge-1 has not been solved yet.

Hence to facilitate the prediction for novel interacting partner of PSMD9 or to find out

novel functions its structural detail is essential. So there is a scope of solving the crystal

structure of human PSMD9.

3.1.1.1 PDZ domain:

In eukaryotic cells, diverse biological activities are regulated via dynamic interactions

of modular protein domains (e.g., WW, SH3, SH2, PH, and PDZ) and their

corresponding interacting partners [211]. PDZ domains are abundant protein interaction

modules found in various species (Figure-3) [212-215]. They regulate multiple

biological processes such as transport, ion channel signaling, and various signal

transduction pathways [203, 207, 210, 216-228].

Figure-3.3 Examples of PDZ domain-containing proteins. Proteins are indicated by black
lines scaled to the length of the primary sequence of the protein (from SMART [229]) [Adopted
from: Lee and Zheng R, PDZ domains and their binding partners: structure, specificity, and
modification Cell Communication and Signaling 2010, 8:8 ]
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PDZ nomenclature has come from first letter of three proteins- Postsynaptic density

protein-95 (PDZ-95), Disks large tumor suppressor (DLG) and Zonula occludens-1

(ZO-1), which were discovered as the initial PDZ containing protein, about two decades

ago [230-232]. PDZ domains are small and often modular entities consisting of 5 or 6 β-

stranded and 2 or 3 α-helical structures [233]. Canonical PDZ domains are usually 80-

100 amino acid residues long and adopt a similar topology. Structural studies have

revealed that canonical PDZ domains are usually composed of 6 β-strands (βA ~ βF), a

short α-helix (αA) and a long α-helix (αB) (Figure-3.3) [21, 46, 47]. The N- and C-

termini of canonical PDZ domains are in proximity to each other on the opposite side

from the peptide-binding site in a groove between the αB-helix and βB-strand structures

(Figure-3.3). Nas2 PDZ-domain crystal structure shows it has 5 β-strands and 2 α-

helices and follows in the category of canonical PDZ domain [205]. Similar to canonical

PDZ domains, the HtrA family, including HtrA, DegS, and DegQ, adopt a PDZ like

fold consisting of 5 β-strands (β1-β5) capped by 2 α-helices (α2 and α3) and also 2 short

β-strands at the N and C termini (βN and βC). The well-defined α-helix (α1) is formed

in the region between the β1 & β2 loop of the PDZ-like domain (Figure 3.4) [225, 234].
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Figure-3.4 Structures of PDZ, PDZ-like, PDZ-PDZ dimer, and tandem PDZ domains. (A)
Ribbon diagram of Dvl-1 PDZ (PDB code: 2KAW). (B) HtrA2 PDZ (PDB code: 1LCY). (C) ZO-1
PDZ2 (PDB code:2RCZ). The binding site of each PDZ domain is shown by a yellow oval. The
structures were generated using the Pymol software. [Adopted from: Lee and Zheng R, PDZ
domains and their binding partners: structure, specificity, and modification Cell Communication
and Signaling 2010, 8:8 ]

PDZ domains typically recognize the extreme C-termini of target proteins [204,

235], but some also recognize the internal sequence motif of target proteins through a

single binding site on the domains [236-238]. Based on the nature of the C-terminus

they interact, PDZ domains are classified into three classes- class 1 (X-[T/S]X-Φ-

COOH), class 2 (X-Φ-X-ΦCOOH) and class 3 (less common class) X-[E/D]-XϕCOOH

where X is any residue and Φ is a hydrophobic residue [239-241]. PDZ domains have a

single binding site in a groove between the αB and βB structural elements with a highly

conserved carboxylate-binding loop (R/K-XXX-G-Φ-G- Φ motif, where X is any amino

acid residue and Φ is hydrophobic residues) located before the βB strand [213, 240].

The first Gly residue in this motif is variable among canonical PDZ domains, and can be

replaced by a Ser, Thr, or Phe residue [242]. The second and the fourth residues are

hydrophobic, such as Val, Ile, Leu, or Phe. The side chains of both of these residues

create the hydrophobic binding pocket of canonical PDZ domains [214].

3.1.2 Functions of PSMD9:

PSMD9 act as an assembly chaperone for 26S proteasome that interacts

transiently with two ATPase subunits of 19S-RP i.e., Rpt4 (PSMC6) and Rpt5

(PSMC3). It plays an important role during the assembly of the 19S regulatory particle

[243-245]. Apart from these two ATPase interacting partners there are no other known

interacting partners amongst the 26S proteasomal subunits. However there are reports

which suggest that, rat homolog Bridge-1 performs some other non-classical functions

apart from the proteasomal assembly. Bridge-1 act as a coactivator of insulin gene

transcription through interaction of its PDZ-like domain with transcription factors E12
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and histone acetyl transferase, p300 [193, 194]. Bridge-1 modulates PDX-1 functions by

interacting with it via the PDZ domain and regulates glucose-dependent insulin

production and glucose metabolism [246]. In ovarian cells, changes in the levels of

PSMD9 is known to alter activin signaling [247]. Overexpression of Bridge-1 increases

pancreatic apoptosis with a reduction in the number of insulin-expressing beta cells

leading to insulin deficiency and diabetes [248, 249].

It has been shown in mouse melanoma cells that, p27 (PSMD9) negatively

regulate the activity and protein levels of Tyrosinase (Tyr) enzyme and Tyrosinase

related protein 1 (Trp1) [250]. Increased level of p27 lower the activity of Tyr (and vice

versa) may be by interacting with it and degrading it through proteasomal pathway

shown by immunofluorescence and MG132 treatment experiments respectively. These

results suggest that p27 (PSMD9) is directly involved in the regulation of melanin

biosynthesis in mouse melanoma cell line.

In 2011 it has been demonstrated that, the expression of Bridge-1 increases both

in RNA and protein levels in human breast carcinoma cell line MCF-7 by activin A

stimulation [251]. The increased expression of Bridge-1 itself seems to influence activin

A signaling in human breast carcinomas cells by affecting the expression of Smad2, 3

and 4. Moreover, recently in 2014 a clinical sample based study indicated that PSMD9

expression may predict radiotherapy benefit in human breast cancer, with low

expression indicative of relative radio-sensitivity, the opposite of previous reports

relating to 26S proteasome expression [252]. In support of this, the study showed

knock-down of PSMD9 in breast cancer cell lines (MCF7 and MDA-MB-231),

sensitized the cells to radiotherapy evaluated by colony forming assays after irradiation.

These results altogether are compatible with use of proteasome inhibitors as radio-

sensitizers, and highlights PSMD9 as a potential target for radio-sensitizing drugs.
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The above findings suggests a substantial involvement of rat homolog Bridge-1

in non-degradation function in mammalian cells. However, there is enough scope for

elucidating novel interacting partners and novel functions of human PSMD9.

3.1.3 NF-κB and the Signaling transduction pathway

The nuclear factor κB (NF-κB) is a family of transcription factors that regulates

expression of various genes involved in inflammatory, anti-apoptotic and immune

responses [253, 254]. NF-κB was discovered by Dr. Ranjan Sen in David Baltimore lab

via its interaction with an 11-base pair sequence in the immunoglobulin κ-light-chain

enhancer in B cells [255]. In addition to mammals, NF-κB is found in a number of

simple animals as well including cnidarians, porifera, the single-celled eukaryote

Capsaspora owczarzaki and insects [256].

3.1.3.1 NF-κB family proteins:

NF-κB is not a single gene but a family of closely related transcription factors

that includes five genes NF-κB1 (p50/p105), NF-κB2 (p52/p100), RelA (p65), c-Rel

and RelB (Figure-3.5). These five genes give raise to seven proteins that share a Rel

Homology Domain (RHD) in their sequence. The RHD mediates their dimerization,

interaction with their specific inhibitors, and DNA binding. There are two types of NF-

κB proteins [257]: 1) RelA, c-Rel and RelB are synthesized in their mature forms and

contain a transactivation domain which interacts with the transcriptional apparatus; and

2) NF-κB1-p105/p50 and NF-κB2-p100/p52 that are synthesized in a precursor form.

The precursor forms (p100 and p105) contain C-terminal ankyrin repeats that are

proteolysed by the proteasome resulting in the production of the mature (p50 and p52)

proteins. Both p50 and p52 contain the DNA binding domain but lack a transactivation

domain. [256, 258]. The p50 and p52 proteins have no intrinsic ability to activate
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transcription and thus have been proposed to act as transcriptional repressors when

binding κB elements as homodimers [259, 260]. Among the other IκB proteins, IκBβ,

IκBε, p100 (precursors of p52) and p105 (precursors of p50) also undergo proteasomal

degradation/endoproteolytic processing under induced and uninduced conditions [179,

261-264].

Figure-3.5: NF-κB and IκBα family proteins. [Adopted from: Chen LF at. al., Shaping the
nuclear action of NF-kappaB. Nat Rev Mol Cell Biol. 2004 May;5(5):392-401]

NF-κB is important in regulating cellular responses because it belongs to the

category of "rapid-acting" primary transcription factors, i.e., transcription factors that

are present in cells in an inactive state and do not require new protein synthesis in order

to become activated (other members of this family include transcription factors such as

c-Jun, STATs, and nuclear hormone receptors). This allows NF-κB to be a first

responder to harmful cellular stimuli like; reactive oxygen species (ROS), tumor

necrosis factor alpha (TNFα), interleukin 1-beta (IL-1β), bacterial lipopolysaccharides
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(LPS), isoproterenol, cocaine, and ionizing radiation. In higher eukaryotic cells NF-κB

signaling pathway can be categorized into two main pathways; one is ubiquitously occur

in all cells (canonical pathway) and other is predominantly immune cells specific

(alternative pathway).

3.1.3.2 Canonical NF-κB signaling Pathway:

When cells are not stimulated, heterodimeric NF-κB complexes remain in the

cytoplasm, where they are associated with an inhibitory molecule of the IκB family

[265]. In mammalian species, six structural homologs of IκB have been identified viz.

IκBα, IκBβ, IκBε, IκBγ, Bcl-3 and IκBζ (Figure-3.5) [266]. Among these, IκBα, the

prototypical member of the IκB family has been extensively studied.  The canonical NF-

κB p65/p50 heterodimer is largely, though not exclusively, found in complex with its

inhibitor IκBα in cytoplasm. Stimulation of cells with agonists such as tumor necrosis

factor-α (TNF-α), interleukin-1β (IL-1β), lipopolysaccharide (Toll-like receptor-4

ligand) phorbol esters (e.g. phorbol 12-myristate 13-acetate), pervanadate, γ-radiation

activates the canonical pathway of NF-κB activation (Figure-3.6). The signals

transduced by the receptors for each of these ligands converge on the IκB kinase (IKK)

complex, consisting of two catalytic subunits, IKKα and IKKβ (gets phosphorylated),

and the regulatory subunit NF-κB essential modulator (NEMO, also known as IKKγ).

IκBα undergoes phosphorylation by IKK complex at Ser32, Ser36 and/or Tyr42

followed by lysine-48 poly ubiquitination at Lys21 and Lys22 by βTrCP E3-ligase [267-

270]. This leads to proteasomal degradation of the phosphorylated and ubiquitinated

IκBα and nuclear translocation of free p50/p65, resulting in increased NF-κB

transcription activity [253, 267, 271, 272]. One of the target genes potently upregulated

by NF-κB is IκBα itself, which can enter the nucleus, displace NF-κB from DNA, and

transport it back to the cytoplasm, forming a negative feedback loop. Therefore, without
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persistent upstream activation signals, NF-κB is rapidly resequestered by IκBα. The

traditional IκB proteins IκBα, IκBβ, and IκBε have similar but not entirely overlapping

functions. Their differences likely result from temporal differences in their degradation

and resynthesis [273]. However, apart from proteasomal degradation some reports

suggest that in uninduced cells IκBα undergoes non-proteasomal, calcium dependent

proteolysis resulting in high and consistent NF-κB activity [274-277]. Although the

upstream processes of IκBα degradation is extensively deciphered, the detailed

mechanism of proteasomal degradation is still not clear.

Figure 3.6: Two pathways leading to NF-κB activation. In canonical NF-κB activation (left),
stimulation of the TNF receptor (TNFR), IL-1 receptor (IL-1R), and Toll-like receptors (TLRs)
leads to activation of the TAK1 complex through TRAF proteins. TAK1 then activates IKK, which
in turn phosphorylates IκB proteins and targets them for polyubiquitination by the SCF-βTrCP
E3 ligase complex. Ubiquitinated IκB is degraded by the proteasome, allowing the p50/p65 NF-
κB dimer to enter the nucleus and activate gene transcription. In noncanonical NF-κB activation
(right), stimulation of a subset of receptors, including the BAFF receptor, leads to the
stabilization of the kinase NIK, followed by activation of IKKα. IKKα phosphorylates p100,
leading to its ubiquitination by the SCF-βTrCP complex. Ubiquitinated p100 is targeted for
proteasomal processing to p52. The p52/REL-B dimer then translocates into the nucleus to
activate gene transcription. [Adopted from: Brian Skaug et.al., The Role of Ubiquitin in NF-κB
Regulatory Pathways. Annu. Rev. Biochem. 2009. 78:769–96]
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3.1.3.3 Alternative NF-κB signaling Pathway:

A select set of cell-differentiating or developmental stimuli, such as lymphotoxin-α or β,

B-cell-activating factor of the TNF family (BAFF), latent membrane protein (LMP)-1 of

Epstein–Barr virus (EBV), RANKL or CD40 ligand, activate the non-canonical NF-κB

pathway or the alternative pathway to induce NF-κB/RelB:p52 dimer in the nucleus

[270, 278]. These signals stimulate another subset of TNF receptor (TNFR) superfamily

members that induces NF-κB activation through another proteasome-dependent

mechanism. In this pathway, activation of the NF-κB inducing kinase (NIK) upon

receptor ligation leads to the phosphorylation and subsequent proteasomal processing of

the NF-κB2 precursor protein p100 into mature p52 subunit in an IKK1/IKKa

dependent manner (Figure-3.6). Then p52 dimerizes with RelB to appear as a nuclear

RelB:p52 DNA binding activity and regulates a distinct class of genes [279]. In contrast

to the canonical signaling that relies upon NEMO-IKK2 mediated degradation of IκBα,

-β, -ε, the non-canonical signaling critically depends on NIK mediated processing of

p100 into p52. Given their distinct regulations, these two pathways were thought to be

independent of each other. However, recent analyses revealed that synthesis of the

constituents of the non-canonical pathway, viz RelB and p52, is controlled by the

canonical IKK2-IκB-RelA:p50 signaling [280]. Moreover, generation of the canonical

and non-canonical dimers, viz RelA:p50 and RelB:p52, within the cellular milieu are

also mechanistically interlinked [280]. These analyses suggest that an integrated NF-κB

system network underlies activation of both RelA and RelB containing dimer and that a

malfunctioning canonical pathway will lead to an aberrant cellular response also

through the non-canonical pathway.

Proteasomal processing of p105 occurs cotranslationally and posttranslationally,

and can result in its complete degradation or formation of p50. The prevalence of each
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type of processing, as well as the role of ubiquitination in these processes, has been

controversial. Processing of p105 to p50 was reconstituted in vitro and required

ubiquitination and the proteasome [179]. Another group demonstrated that p50 is

produced cotranslationally in a proteasome dependent process [281]. However,

expression of a dominant-negative UBCH5 (an E2) inhibited IKKβ-dependent

processing, but not basal processing [262], and it was recently shown that the 20S

proteasome can process full-length p105 to p50 in a ubiquitin-independent process

[264]. Thus, it appears that basal processing of p105 to p50 does not require

ubiquitination, whereas signal-induced processing does.

But, “how does the proteasome distinguish between different regions of proteins,

such that the C termini of p105 and p100 are degraded while the N termini remain

intact?” To address this question, Jentsch and colleagues [282], proposed that

proteasomal processing begins at a hairpin-like loop region within the protein, then

proceeds in both the C-terminal and N-terminal directions. Both p100 and p105 contain

a glycine-rich region, which appears to function as a processing signal [182] While

degradation proceeds through the entire C terminus, N-terminal processing is halted by

a region of stable tertiary structure and/or the presence of another associated protein,

i.e., the other NF-κB subunit of a dimer. Indeed, initiation of proteasomal processing at

an internal site was recently demonstrated using p105 and the yeast transcription factors

Spt23 and Mga2 [264, 283].

3.1.3.4 The function and complexity of the NF-κB:

The central role played by NF-κB as a regulator of the immune response is

illustrated by its conservation throughout evolution [256]. Drosophila melanogaster, for

example, contains NF-κB -related proteins that regulate its immune system [284]. Gene

knockouts in mice have confirmed the importance of NF-κB as a regulator of immune
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cell function [285]. These experiments also revealed that RelA (p65) subunit of NF-κB

is a crucial regulator of apoptosis – as a result of TNFa-induced apoptosis of liver cells,

RelA-/- mice die in utero [285][9]. NF-κB also plays a central role in the inflammatory

response, because it is induced by inflammatory molecules and also induces the

expression of many cytokines and chemokines [286].

The regulation and function of NF-κB is highly complex and it is also an important

regulator of many aspects of the cellular response to stimulation such as the stress

response, cell adhesion, and proliferation. However, hundreds of inducers of NF-κB

DNA-binding have been described [286]. Furthermore, given the almost ubiquitous

presence of NF-κB in most cell types and the possibility that there will be hundreds of

NF-κB target genes to regulate [286], the mechanisms controlling the NF-κB response

are by necessity diverse and achieving the required specificity and selectivity with

which it acts is very complex [287]. Therefore, the nature of the NF-κB response will

differ, depending on the context in which it is found. This specificity is achieved

through a combination of mechanisms [288]. Differential activation of NF-κB subunits

can result in the regulation of different target genes through differences in DNA-binding

affinity. Moreover, interactions with heterologous DNA-binding proteins, often

resulting in cooperative DNA-binding, can determine which genes become activated by

NF-κB. Finally, coactivator and co-repressor complexes are required for NF-κB

function and their regulation will have effects on NF-κB itself. Therefore, NF-κB does

not work alone; it functions as part of a network of coordinately regulated DNA-binding

proteins and transcription factors that, together, determine the pattern of gene

expression required for the response to a particular cellular stimulus. This complexity

has led to many apparent contradictions in the scientific literature. There are many

reports of both pro-apoptotic and anti-apoptotic activity of NF-κB [289]. Under some
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circumstances, NF-κB can also induce pro-apoptotic genes such as Fas and Fas ligand

[286, 289]. The ability to perform these apparently opposing functions is an example of

how context, and possibly posttranslational modifications, can profoundly affect NF-κB

function and the specificity of target genes. Interestingly, the β-catenin proto-oncogene

represses NF-κB -mediated activation of Fas expression [290].

3.1.3.5 NF-κB signaling pathway inhibitors and drugs:

Since NF-κB is considered as a multifunctional transcription factor and involved in

normal cell physiology as well as diseases and disorders, it’s always being a target for

therapy. Therefore, the NF-κB signaling pathway has also provided a focus for

pharmacological intervention, primarily in situations of chronic inflammation or in

cancer (discussed in section 3.1.3.5), where the pathway is often constitutively active

and plays a key role in the disease. Now that many of the molecular details of the NF-

κB pathway are known, it is clear that modulators of this pathway can act at several

levels. As described in a collective study, over 750 inhibitors (Table-3.1) of the NF-κB

pathway have been identified, including a variety of natural and synthetic molecules

[291]. These compounds include antioxidants, peptides, small RNA/DNA, microbial

and viral proteins, small molecules, and engineered dominant-negative or constitutively

active polypeptides. Several of these molecules act as general inhibitors of NF-κB

induction, whereas others inhibit specific pathways of induction. In addition, some

compounds appear to target multiple steps in the NF-κB pathway. Compounds designed

as specific NF-κB inhibitors are not yet in clinical use, but they are likely to be

developed as treatments for certain cancers and neurodegenerative and inflammatory

diseases. Moreover, the therapeutic and preventative effects of many natural products
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Table-3.1: Classification of NF-κB inhibitors:

Natural
Products Proteins Peptides Synthetic

compounds Misc. Inorganic
Compounds Antioxidants Total

Inhibitors

S1: Upstream Target
inhibitors

8 12 - 8 - - - 28

S2 – IKK and IκB
phosphorylation
inhibitors

90 19 2 57 1 1 - 170

S3– IκB degradation
inhibitors

57 15 2 17 2 1 - 94

S4 – Proteasome and
protease inhibitors

2 - 5 12 - - - 19

S5 – IκBα upregulation,
NF-κB nuclear
translocation and NF-
κB expression inhibitors

51 21 3 23 1 - - 99

S6 – NF-κB DNA-
binding inhibitors

90 44 3 63 5 1 - 206

S7 – NF-κB
transactivation
inhibitors

33 6 - 18 1 - - 58

S8 – Antioxidants - - - - - - 111 111

Total 331 117 15 198 10 3 111 785

[Adopted from: TD Gilmore et. al., Inhibitors of NF-jB signaling: 785 and counting. Oncogene (2006) 25, 6887–6899. For more
details about the inhibitors, follow the reference supplementary data]
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may, at least in part, be due to their ability to inhibit NF-κB. However, the inhibitory

drugs primarily targeted for specific clinical use very often show side-effects. Hence

there is a scope of designing and developing even better synthetic or natural-modified

drugs that will target the specific molecule in the pathway and endorse the effect.

3.1.3.6 NF-κB in Cancer:

“The role of NF-κB in cancer”: has been a highly demanding and interesting field of

research since last two decades. The abundance of data indicates that NF-κB can act as

both “Tumour promoter as well as Tumour suppressor” [287, 292]. Although it is

context dependent still remains as a matter of debate. An important implication of the

hypothesis that NF-κB can function as a tumor suppressor is that its behaviour in normal

untransformed cells might be quite different from that in transformed and malignant

tumor cells. Oncogenic stimulation of untransformed cells will not only activate DNA-

binding and transcriptional activity of NF-κB but will also activate the tumor suppressor

programs of the cell (Figure-3.7) [293-295]. These tumor suppressors, in particular p53

and ARF, can then act to inhibit the tumorigenic functions of NF-κB. In fact, the data

suggest that they will actively utilize NF-κB subunits to repress the potentially

tumorigenic genes normally induced by NF-κB activity [296, 297]. Thus, in the early

stages of cancer, NF-κB might be tumor-suppressing rather than tumorpromoting.

However, as the potential cancer cells accumulate more mutations, there will be

selective pressure on them to lose the expression of tumor-suppressor genes. The effect

on NF-κB will be a reversal of its role. The mechanisms for keeping the tumorigenic

functions of NF-κB in check will no longer be in place. Rather its tumorpromoting

activity will be unleashed, with NF-κB subunits becoming free to induce the expression

of a wide range of genes that can promote the development of malignant and metastatic

tumors. It should be acknowledged that, similar to the requirements for different tumor
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suppressors and oncogenes, this two-step mechanism for NF-κB function in cancer

development is probably both tumor and cell-type specific.

Figure-3.7: Different functions of NF-kB can have either tumor-promoting or tumor
suppressing effects. On the left is a summary of the different tumorigenic processes to which
aberrantly active NF-kB has been shown to contribute. In contrast, on the right is evidence
indicating that under other circumstances active NF-kB can act to inhibit tumor growth and
survival. [Adopted from: ND Perkins et. al., Good cop, bad cop: the different faces of NF-κB.
Cell Death and Differentiation, (2006) 13, 759–772]

This hypothesis has implications for future NF-κB based therapy. It could be

important to make sure that the right form of NF-κB is present in the tumor for the

treatment to be effective. Indeed, if reagents can be developed, such as phospho-specific

antibodies that can distinguish between the different forms of RelA, it will be important

to investigate whether there is any correlation between the functional status of NF-κB

and which tumours do or do not respond to both conventional and new forms of cancer

therapy. Will drugs that inhibit NF-κB actually cause cancer? At this time, it seems
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improbable that NF-κB is a sufficiently potent tumor suppressor, whereby its inhibition

would result in the formation of cancer cells in humans. It is possible, however, that

such drugs might stimulate the growth of tumours still undetected but present at early

stages of development. Therefore, although inhibiting the activity of NF-κB represents a

potentially exciting new therapy, it should be remembered that NF-κB performs

functions that we might not want to inhibit and thus appropriate caution should be

taken. However many reports suggests a high NF-κB activity persists and seems

indispensable for tumerigenesis in many cancers. If that is the case, specific inhibitor

can be developed to target critical steps/molecules in the signaling pathway without

intervening the physiology of normal cells.

3.2 RATIONALE OF THE STUDY AND HYPOTHESIS:

Short Linear Sequence Motif (SLIM) have been identified as functionally relevant

recognition motifs in SH2, SH3 domain containing proteins [298]. Based on the

classical property of some PDZ domains to recognize 4-7 C-terminal residues or SLIMs

in proteins, we recently identified several novel interacting partners of PSMD9 [204].

We also identified novel interacting partners of gankyrin (PSMD10), a chaperone of the

proteasome (another non-ATPase subunit of 19S) and an oncoprotein by recognizing

proteins which share EEVD, a conserved SLIM seen at the interface of gankyrin-S6

ATPase complex [299]. In addition we predicted the structure of the PDZ domain of

PSMD9 and identified residues at the PDZ-interface which are important for

recognizing the C-terminal residues of four novel interacting partners [204]. hnRNPA1,

a RNA binding protein involved in mRNA export, splicing and protein translation was

one of the novel interacting partners. This protein in mouse CB3 cells was reported to

be responsible for IκBα degradation by an unknown mechanism leading to

transcriptional activation of NF-κB [300].  This observation formed the premise of this
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work which aims to establish the functional relevance of newly found PSMD9-

hnRNPA1 interaction.

It is with this background that we were intrigued by the reports of Hay et. al., who

demonstrated interaction between ankyrin repeats of IκBα and hnRNPA1 which

somehow seemed necessary for IκBα degradation and NF-κB transcriptional activity.

But the identity of the protease involved and the role of proteasome in this process was

not established. Since the bigger and fundamental question of how IκBα is recruited to

the proteasome for degradation remains largely unaddressed, it would be interesting to

investigate whether hnRNPA1, well known for its role in mRNA processing and

transport [301], cross talks with the proteasomal degradation pathway in human cells.

The mechanism by which ubiquitinated proteins are recruited to proteasome remains an

active area of research. Hence, based on our finding that PSMD9 interacts with

hnRNPA1 in vitro [204], and the reported role of hnRNPA1 in IκBα degradation and

NF-κB activity, we hypothesized that “PSMD9 may have a role in the degradation of

IκBα by the proteasome and influence NF-κB activity in human cells”.

To address the hypothesis we had set some fundamental questions to answer

experimentally, that are as follows:

1. Whether PSMD9 and hnRNPA1 interact ex vivo?

2. Whether this interaction is PDZ domain-C-terminus specific?

3. Whether levels of PSMD9 in mammalian cells affect NF-κB activity?

4. Does the interaction between PSMD9 and hnRNPA1 promote IκBα degradation?

5. Whether this interaction influences NF-κB activity?

6. How exactly PSMD9 is involved in the IκBα degradation process?
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To answer these questions we put forth following objectives:

1. To establish HEK293 cells as our model system

2. To generate stable clones in which PSMD9 will be overexpressed and silenced

in an inducible system in HEK293 cells.

3. To monitor the NF-κB activity by various cell biology and biochemical studies.

4. To find out the molecular mechanism of PSMD9 involvement in the NF-κB

signaling pathway.

5. To elucidate how important the PSMD9-hnRNPA1 interaction is for this

biological process.
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3.3 RESULTS:

3.3.1 Establishment of the Stable clones in HEK293 cells:

We established stable clones in HEK293 cells expressing human PSMD9 gene or

human PSMD9-shRNA, following the antibiotic selection method described in

Chapter-II (materials and methods). Accordingly we generated two types of stable

clones under doxycycline inducible system: (1) which overexpress FLAG tagged

human PSMD9; 3 no. of PSMD9-inducible Overexpression clones (P9-iOE clones)

viz., TP9-C2, TP9-C3 & TP9-C9 and (2) which express human PSMD9-shRNA; 3 no.

of PSMD9-inducible Knock Down clones (P9-iKD clones) viz., TP9-sh1, TP9-sh3 &

TP9-sh11. The levels of expression of PSMD9 in all the different clones were detected

by western blot and qRT-PCR techniques. In overexpression clones which was found

to be 15-20 fold upregulation in protein levels and 20-30 fold upregulation in mRNA

levels and in the knock down clones it is found to be 80-90% downregulation

regulation in both protein and mRNA levels of PSMD9 (Figure-3.8).

Figure 3.8 Expression levels of PSMD9 in the stable clones in HEK293 cells. (A) 3 clones
of HEK293 cells inducibly expressing FLAG-PSMD9 were either treated with doxycycline or left
untreated and the cell lysates were analyzed by western blot. The graph shows a 15-20 fold
overexpression of PSMD9 protein levels in the clones. (B) 3 clones of HEK293 cells inducibly
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expressing PSMD9-shRNA were either treated with doxycycline or left untreated and the cell
lysates were analyzed by western blot. The graph shows a 80-90% downregulation of PSMD9
protein levels in the clones. (C) mRNA levels of PSMD9 in the P9-iOE and P9-iKD clones are
quantitated by real time PCR.

3.3.2 PSMD9 interacts with C-terminus of hnRNPA1 endogenously:

Using a bioinformatics approach [204] and the knowledge that some PDZ domains

interact with C-terminal regions of proteins [210], we predicted putative interacting

partners of PSMD9, from the human proteome. This prediction was validated by

screening C-terminal peptides for their ability to bind to pure recombinant PSMD9.

Using this strategy we identified hnRNPA1 as a novel interacting partner of PSMD9

and further proved that this interaction is mediated by the C-terminal residues of

hnRNPA1 [204]. To test if endogenous PSMD9 and hnRNPA1 interact with each other

which would be physiologically relevant and important for function we perform a series

of immunoprecipitation experiments. We used anti-PSMD9 antibody to

immunoprecipitate PSMD9 from HEK293 cell lysate and probed for the presence of

hnRNPA1 using anti-hnRNPA1 antibody. As expected, hnRNPA1 was found in the IP

complex (Figure-3.9A). We further validated this endogenous interaction by performing

a reverse-IP where hnRNPA1 antibody was used for immunoprecipitation and the

complex was probed with anti-PSMD9 antibody (Figure-3.9B).
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Figure-3.9 PSMD9 interacts with wild type hnRNPA1 but not with 7∆C mutant of hnRNPA1
ex vivo. (A) HEK293 cell lysate was incubated either with anti-PSMD9 Ab-bound protein-G
sepharose beads or mouse IgG (isotype control) bound protein-G sepharose beads. Pull down
complexes were probed with anti-hnRNPA1 and anti-PSMD9 antibodies. (B) HEK293 cell lysate
was incubated with either Anti-hnRNPA1 Ab-bound protein-G sepharose beads or mouse IgG
isotype bound protein-G sepharose (isotype control). Then pull down complexes were probed
with anti-PSMD9 and anti-hnRNPA1 antibodies and analysed by WB. (C) Wild type HA-
hnRNPA1 or 7∆C mutant HA-hnRNPA1 was transiently overexpressed in HEK293 cells and cell
lysates were incubated with anti-HA Ab-bound protein-G sepharose beads. Pull down
complexes were probed with anti-PSMD9 Ab and analyzed by WB.

We reconfirmed our earlier observation [204] that the C-terminus of hnRNPA1

interacts with PSMD9 in the cellular milieu. We trans-expressed wild type HA-

hnRNPA1 and the mutant ∆7C –HA-hnRNPA1 in HEK293 cells. Immunoprecipitation

was carried out using anti-HA antibody and when probed with anti-PSMD9 antibody,

PSMD9 was only detected in wild type HA-hnRNPA1-IP not in case of C-terminal

mutant hnRNPA1 (Figure-3.9C). These results again confirmed that PSMD9 interact

with the C-terminal residues of hnRNPA1 endogenously.

3.3.3 Overexpression of PSMD9 enhances basal and TNF-α mediated NF-κB

transcriptional activity:

In CB3 cells, hnRNPA1 reportedly interacts with IκBα and overexpression of

hnRNPA1 enhances NF-κB transcriptional activity [300]. No such role has been

reported for hnRNPA1 in human cells. Since we found that PSMD9 interacts with

hnRNPA1 ex vivo and hnRNPA1 reportedly influences NF-κB activity, we asked if

PSMD9 was involved in this pathway. If so, changes in the levels of PSMD9 must

influence NF-κB activity. Hence, PSMD9 was overexpressed under doxycycline

inducible conditions in three different stable clones (P9-iOE clones) (Figure-3.10B), and

NF-κB transcriptional activity was measured by Luciferase reporter assay (Figure-

3.10A). In all the three inducible clones NF-κB activity was found to be 3-4 fold higher

than that of the uninduced control cells (Figure-3.10C). In addition we regulated the



158

CHAPTER-III    PSMD9

expression of PSMD9 using the inducible system in P9-iOE cells (Figure-3.10D) and

found that doxycycline induced the expression of PSMD9 in a concentration dependent

manner, which led to a corresponding increase in NF-κB transcriptional activity

monitored using luciferase reporter assay (Figure-3.10E and F). In addition, when

doxycycline induced or uninduced cells were treated with TNF-α (20ng/ml media), a

potent signal for NF-κB activation [302], NF-κB transcriptional activity were increased.

This increase was more pronounced in P9-iOE cells (Figure-3.10G). These results

suggest there exists a correlation in PSMD9 overexpression and NF-κB basal and signal

mediated activation in HEK293 cells.
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Figure-3.10 PSMD9 enhances basal and TNF-α mediated NF-κB transcriptional activity.
(A) NF-κB transcriptional activity was measured by ConA-Luc Luciferase reporter vector. The
vector contains 3κB enhancer elements (NF-κB binding site) at the promoter site upstream to
the luciferase gene. The ConA-control vector does not have 3κB enhancer elements. (B) Three
P9-iOE clones of HEK293 cells inducibly expressing FLAG-PSMD9 were either treated with
doxycycline or left untreated and the cell lysates were analyzed by western blot. (C) The above
clones were transfected with 3x κB ConA luc vector or ConA luc control vector and induced with
doxycycline (1μg/mL of media). After 48h of induction NF-ĸB activity was checked by measuring
luciferase activity using dual luciferase substrate. Luciferase activity from firefly luciferase was
normalized with renilla luciferase used as a transfection control. Data represents mean
luciferase activity/µg of protein, ± SEM of two independent experiments done in triplicates. (D)
P9-iOE cells were transfected with 3x κB ConA luc vector or ConA luc control vector. Cells were
induced with different concentrations (0-1000ng/mL of media) of doxycycline. After 48 hrs of
induction, levels of FLAG-PSMD9 were analyzed by WB. (E) NF-ĸB activity was checked by
measuring luciferase activity of the above described (in (D)) cell lysates, using dual luciferase
substrate. Luciferase activity from firefly luciferase was normalized with renilla luciferase used
as a transfection control. Data represents mean luciferase activity/µg of protein, ± SEM of two
independent experiments done in triplicates. (F) Graphical representation of the direct
correlation between PSMD9 expressions and NF-ĸB activity. (G) P9-iOE cells were transfected
with 3x κB ConA luc vector or ConA luc control vector. Transfected cells were either treated with
doxycycline (1μg/mL of media for 48h) and/or with TNF-α 12h or left untreated. NF-ĸB activity
was determined by measuring firefly luciferase activity and normalized with renilla luciferase
used as transfection control. Data represents mean luciferase activity/µg of protein ± SEM of
two independent experiments done in triplicates. WB shows the level of PSMD9 expression in
these cell lysates. Symbol ►corresponds to trans-expressed FLAG-PSMD9 and symbol ∆
corresponds to the endogenous PSMD9.

3.3.4 Overexpression of PSMD9 enhances the nuclear translocation of NF-κB (p65)

Increased NF-κB activity is very often reflected by increase in nuclear translocation of

the NF-κB dimer p65-p50 [253]. Hence to validate our results we traced p65

translocation upon PSMD9 overexpression in our model system. The nuclear fraction of

P9-iOE cells upon Doxycynline treated/untreated conditions were separated out and

analysed by WB using anti-p65 antibody. In the Dox-treated cells nuclear p65 levels

were found to be increased upto 2-2.5 fold (in all 3 clones) in comparison to Dox-

untreated cells (Figure-3.11A). We also performed immunofluorescence experiment to

check the p65 levels in the nucleus of P9-iOE cells. The IF-images showed 5-6 fold

increased p65 levels in Dox-treated P9-iOE cell nuclei (Figure-3.11B). These

experiments suggest NF-κB p65-subunit translocation increased upon PSMD9

overexpression in HEK293 cells.
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Figure-3.11 PSMD9 enhances p65 nuclear translocation. P9-iOE cells were either treated
with doxycycline (1μg/mL of media for 48h) or left untreated. (A) Nuclear fractions from the
above cells were prepared as described in materials and methods and analysed by WB. Graph
represents mean fold increase of p65 nuclear translocation ± SEM of two independent
experiments in three different stable clones. (B) Cells were grown on polylysine coated glass
coverslip. Immunofluorescence staining was done following the protocol described in materials
and method, using anti-p65 (with secondary Alexaflour-488) and anti-FLAG (with secondary
Alexaflour-568). Images were taken Laser confocal microscope (Nikon LSM-meta510). Graph
represents the mean fold increase of p65 intensity ± SEM of two different clones. Intensity was
measured and calculated by LSM software analysis.

3.3.5 Overexpression of PSMD9 enhances NF-κB-p65 DNA-binding and

transcriptional activity:

Influence of PSMD9 overexpression on NF-κB activity was further validated by

demonstrating the increase in DNA binding activity of NF-κB (p65). Nuclear fractions

from the P9-iOE cells were separated out and Electrophoretic Mobility Shift Assay

(EMSA) was performed using biotinlyated κB-oligos. EMSA experiment showed

binding of NF-κB to the κB enhancer element was increased significantly in Dox-

treated P9-iOE cells, than the Dox-untreated cells (Lane 3, 8 and 13, Figure-3.12A).
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This binding was further increased upon TNF-α treatment and more pronounced upon

PSMD9 overexpression (Lane 14 & 15, Figure-3.12A). In addition this binding was

competed out by unlabeled wild type κB-oligos but not by mutant κB-oligos which

indicated the specificity of NF-κB binding (Lane 4 & 5, Figure-3.12A) [303].

Furthermore when the reaction mixture was incubated with anti-p65 antibody, a

supershift band was obtained which confirms the presence of p65 and its DNA binding

activity (Lane 10, Figure-3.12A). In addition, five of NF-κB target genes viz. ICAM1,

IL6, IκBα, A20 and COX2 [304] were found to be several fold upregulated in Dox-

treated P9-iOE cells as compared to Dox-untreated cells (Figure-3.12B &C). These

results altogether substantially indicate that overexpression of PSMD9 enhances both

basal and signal mediated NF-κB activity.
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Figure-3.12 PSMD9 enhances p65-NF-κB DNA binding activity and transcriptional
activity. (A) P9-iOE clone cells were either treated with doxycycline (1μg/mL of media for 48h)
or left untreated. The nuclear fractions were subjected to EMSA (following the protocol
described in material & methods). Lanes 1 and indicate biotinylated oligos only. The upper gel
shift band (black arrow) indicates NF-ĸB DNA binding activity in doxycycline untreated (lanes 2
and 7) and treated (lanes 3 and 8) cells. NF-ĸB DNA binding specificity is shown by competing it
with 200X unlabeled mutant oligos (lane 4) or WT oligos (lane 5). In lane 9 and 10 anti-p65
antibody was incubated with the binding reaction mix (with/without lysate) and the white arrow
indicates the resulting supershift band. From lane 11-15, P9-iOE cells were either treated with
doxycycline (1μg/mL of media for 48h) and/or with TNF-α (20ng.mL of media) for 12h or left
untreated or left untreated. Lanes 11 and indicate biotinylated oligos only. The upper gel shift
band (black arrow) indicates NF-ĸB DNA binding activity in doxycycline untreated (lanes 12 and
14) and treated (lanes 13 and 15) cells. Upon TNF-α treatment NF-ĸB DNA binding activity
increased shown by the thick gel shift band (in Lane 14 and 15). (B) P9-iOE cells were either
treated with doxycycline for 48h or left untreated. RNA was isolated and semi-quantitative
reverse transcriptase PCR was performed for 5 different target genes and the PCR products
were run in a 2% agarose gel. (C) Real-time PCR was performed for the same five different
target genes. Graph represents GAPDH normalized mean fold increase in mRNA level of the
genes ± SEM of three independent experiments done in duplicates.

3.3.6 PSMD9 overexpression accelerates degradation of IκBα:

In classical NF-κB pathway, upon signal induction, NF-κB bound IκBα is degraded by

the 26S proteasome and hence NF-κB get released, translocate into nucleus and confer

its activity [257, 261, 270, 288]. Since in our model system, NF-κB activity increased

upon increase in the levels of PSMD9, we hypothesized that PSMD9 may accelerate the

degradation of IκBα by the ubiquitin proteasomal pathway. Accordingly when PSMD9

expression was induced by doxycycline in the P9-iOE cells, there was a visible decrease

in IκBα protein after 4-6h (half-life) of cycloheximide treatment whereas in uninduced

cells reduction in the levels of IκBα is seen only after 18-24h of treatment (Figure-

3.13A & C). Similarly signal mediated IκBα degradation was considerably enhanced 10

min post TNF-α treatment in P9-iOE cells induced to overexpress PSMD9 (Figure-

3.13B & D). These results indicate that PSMD9 is involved in modulating IκBα levels

presumably through proteasomal degradation in both basal as well as signal mediated

NF-κB signaling pathway.
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Figure-3.13 Overexpression of PSMD9 enhances IκBα degradation. (A) P9-iOE stable
clones were either treated with doxycycline (1μg/mL of media for 48h) and/or cycloheximide
(CHX) (50μg/mL of media for 1, 2, 4, 6, 8, 12, 18 and 24h) or left untreated. Cell lysates were
prepared and analyzed by WB. (B) Both doxycycline treated or untreated P9-iOE clones were
stimulated with TNF-α (20ng/mL of media) for 0, 10, 20 and 30 min. Cell lysates were subjected
to WB. (C) Graphical representation of the WB data of (A) showing the half-life of IκBα. (D)
Graphical representation of the WB data of (B) showing the IκBαdegradation upon TNF-α
treatment.

3.3.7 Knockdown of PSMD9 decreases basal and signal mediated activation of NF-

κB and IκBα degradation rate:

In order to validate the effect of trans-expressed PSMD9 in HEK293 cells on NF-κB

signaling pathway we knocked down endogenous PSMD9 in HEK293 cells (P9-iKD

clones) under inducible conditions. Upon knockdown of PSMD9, IκBα levels were

found to be stable even after 24 hours of cycloheximide treatment (Figure-3.14A & B).

In the same cells upon Dox-treatment a reduction in TNF-α induced IκBα degradation

was observed whereas in Dox-untreated cells IκBα degradation was already apparent
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after 20min of TNF-α treatment (Figure-3.14C & D). Concominantly a decrease in NF-

κB DNA binding activity was observed by EMSA both in TNF-α treated and untreated

PSMD9 knockdown cells (Figure-3.14E). This was further confirmed by semi-

quantitative RT-PCR and real time PCR of five different NF-κB target genes viz.

ICAM1, IL6, IκBα, A20 and COX2, the levels of which decreased in PSMD9

knockdown cells as compared to the Dox-untreated cells (Figure-3.14F & G). These

results indicate that endogenous PSMD9 indeed is responsible for the basal and signal

induced degradation of IκBα and subsequent increase in NF-κB activity.

Figure-3.14 Knockdown of PSMD9 decreases IκBα degradation and NF-κB activation. (A)
P9-iKD stable cells were either treated with doxycycline (4μg/mL of media for 48h) and/or CHX
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(50μg/mL of media for 1, 2, 4, 6, 8, 12, 18 and 24h) or left untreated. Cell lysates were prepared
and analyzed by WB. (B) Graphical representation of the WB data of (A) showing the half-life of
IκBα (C) Both Dox-treated or untreated P9-iKD cells were stimulated with TNF-α (20ng/mL of
media) for 0, 5, 10, 20 and 30 min. Cell lysates were subjected to WB. (D) Graphical
representation of the WB data of (B) showing the IκBαdegradation upon TNF-α treatment. (E)
Nuclear fractions of both doxycycline and TNF-α treated or untreated P9-iKD cells were
subjected to EMSA. The upper band corresponds to NF-ĸB DNA binding activity in Dox +ve
(lane 1 & 2) and Dox –ve (lane 3 & 4) cells. (F) P9-iKD cells were either treated with doxycycline
for 48h or left untreated. RNA was isolated and semi-quantitative reverse transcriptase PCR
was performed for 5 different target genes and the PCR products were run in a 2% agarose gel.
(G) Real-time PCR was performed for the same five different target genes. Graph represents
GAPDH normalized mean fold decrease in mRNA level of the genes ± SEM of three
independent experiments done in duplicates.

3.3.8 PSMD9 mediated IκBα degradation occurs via ubiquitin-proteasomal system:

Although there are substantial reports suggest that, IκBα degradation is predominantly

mediated by ubiquitin proteasomal system, there are studies indicating non-proteasomal

way of IκBα degradation preferably by calpain [274, 275, 277]. Hence to determine the

role
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Figure-3.15 PSMD9 mediated IκBα degradation occurs via ubiquitin-proteasomal system.
(A) Cartoon representation of possible degradation of IκBα via proteasome. (B) P9-iOE cells
were treated with MG132 (10μM), velcade (10μg/mL of media), E64d (10μM) or 0.1% DMSO for
6h and either stimulated with TNF-α (20ng/mL of media) for 30 min or left unstimulated and the
lysates were analyzed by WB. Symbol ►corresponds to trans-expressed FLAG-PSMD9 and
symbol ∆ corresponds to the endogenous PSMD9. (C) P9-iOE cells were either treated with
doxycycline (1μg/mL of media), CHX (50μg/mL of media for 8h), (where indicated), and with
MG132 (10μM), velcade (10μg/mL of media) or 0.1% DMSO for 6h and analyzed by WB. LE-
long exposure and SE short exposure. At LE accumulation of polyubiqutinated IĸBα is observed
in case of velcade and MG132 treatment.

of proteasome in PSMD9 mediated degradation of IκBα, we treated P9-iOE cells with

proteasome inhibitors and calpain inhibitor under doxycycline induction. Treatment

with MG132 or Velcade significantly inhibited both basal and TNF-α mediated IκBα

degradation in cells overexpressing PSMD9, but E64d (calpain inhibitor) could not

inhibit the IκBα degradation (Figure-3.15B & C). This suggests the involvement of 26S

proteasome in the degradation process. In further support of proteasomal degradation,

ubiquitinated IκBα was also seen to accumulate when PSMD9 overexpressing cells

were treated with both the proteasomal inhibitors (Figure-3.15C).

3.3.9 PSMD9 does not influence phosphorylation of IκBα in the process:

It is also well established that degradation of IκBα by the proteasome, upon signal

induction, requires phosphorylation at sites S32 & S36 [253, 267]. Hence, we next

determined whether the processing of IκBα occurs through the same way in case of

PSMD9 mediated degradation, and if PSMD9 is involved in the phosphorylation

process in accelerating the degradation process. P9-iOE clone cells and P9-iKD clone

cells were treated with doxycycline for 48hr and/or TNF-α (20ng/ml) for 5 minutes. WB

from the above treated cell lyasates showed no difference in the levels phospho-IκBα

across different clones. This suggests PSMD9 does not influence the phosphorylation of

IκBα to enhance its degradation.
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Next we wanted to test if at all phosphorylation is necessary at the particular site

for this PSMD9 mediated IκBα degradation. We overexpressed a phospho-dead mutant

IκBα super-repressor (S32A-S36A) in control cells as well as in P9-cOE cells. WB

confirmed that after 30min of post TNF-α induction, super-repressor IκBα was not

degraded even under PSMD9 overexpression condition, whereas endogenous IκBα got

degraded significantly as seen in earlier experiments (Figure-3.16C). In accordance NF-

κB activity is decreased significantly in these cells upon overexpression of the super-

repressor irrespective of PSMD9 overexpression (Figure-3.16D). These results indicate

that phosphorylation at S32 and S36 is necessary for the PSMD9 mediated IκBα

degradation by the proteasome.

Figure-3.16 PSMD9 does not influence phosphorylation of IκBα. (A) Cartoon representation
of classical NF-κB signaling pathway showing, IKK phosphorylate IκBα at S32 and S36. (B)
Inducible stable clones of P9-iOE and P9-iKD cells were either treated with doxycycline and/or
with TNF-α (20ng/ml) for 5min or left untreated, cell lysate were prepared and analysed by WB.
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(C) HEK293 FLAG-PSMD9 constitutive stable clones (P9-cOE clones) and pCMV10 empty
vector stable clones were transiently co-transfected with pTRIPZ-IĸBα-SR and pEGFPN3
vector. Cells were induced with doxycycline (1μg/mL of media) for 48h and treated with TNF-α
(20ng/mL of media) for 0, 10, 20 and 30 min. Cell lysates were prepare and analyzed by WB.
Symbol ► corresponds to trans-expressed FLAG-IĸBα -SR or FLAG-PSMD9 and symbol ∆
corresponds to the endogenous IĸBα or PSMD9. (D) P9-cOE stable clones and pCMV10 empty
vector stable clones were co-transfected with pTRIPZ- IĸBα-SR and 3x κB ConA luc vector or
ConA luc control vector and induced with doxycycline (1μg/mL of media). After 36h of induction
cells were either treated with TNF-α (20ng/mL of media) for 12h. Cell lysates were prepared and
NF-ĸB activity was checked by measuring luciferase activity using dual luciferase substrate.
Luciferase activity from firefly luciferase was normalized with renilla luciferase used as a
transfection control. Data represents mean luciferase activity/µg of protein, ± SEM of two
independent experiments done in duplicate.

3.3.9 PSMD9 neither influence ubiquitination of IκBα nor the proteasomal

activity:

Due to the importance of ubiquitination of IκBα for its degradation by 26S

proteasome, we checked the involvement of PSMD9 in this process. We treated both

Dox-treated and untreated P9-iKD cells with MG132 for 2h followed by CHX treatment

for 6h, 12h and 24h (Figure-3.16A). Initial Two hours of MG132 treatment resulted in

75% decrease in proteasomal activity. To ensure that after removal of MG132 and

during the cycloheximide treatment (used to follow degradation of ubiquitinated IκBα)

proteasomes were functional, activity was monitored at every assay point. 12h

following removal of MG132, proteasomal activity was restored almost completely both

in Dox-treated and untreated P9-iKD cells (Figure-3.16B). Coincident with the time

period of CHX treatment and upon PSMD9 gene silencing, levels of ubiquitinated IκBα

did not change significantly. Rather an increased accumulation of ubiquitinated IκBα

was seen in these PSMD9 knockdown cells. In Dox-untreated cells there was a clear

decrease in levels of ubiquitinated IκBα (Figure-3.16C & D). These results indicate that

PSMD9 does not affect ubiquitination of IκBα and confirm that cells fail to degrade

ubiquitinated IκBα efficiently not because of impaired proteasomal activity but due to

the absence of PSMD9.
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Figure-3.17 PSMD9 does not influence ubiquitination of IκBα (A) Cartoon represents the
methodology for the pulse chase experiment. P9-iKD cells were either treated with doxycycline
(4μg/mL of media for 48h) or left untreated. In addition cells were treated with MG132 (5µM) for
2h. Then the media was replaced with fresh media containing CHX (50μg/mL of media) for 0, 6,
12, 24h. Cell lysates were prepared for detection of proteasomal activity and WB following the
protocol described in material and method. (B) The graph represents the proteasomal activity,
measured as described in materials and methods, of cells for above experimental conditions.
Data represents Suc-LLVY-AMC-proteasomal activity in arbitrary units (AU/μg of lysate) ± SEM
of two independent experiments done in duplicates. (C) The above cell lysate were used for
WB. (D) Graphical representation of the data from (C) showing the accumulation of ub-IκBα in
above mentioned treated of P9-iKD cells. Data represents intensity of poly-ub- IκBα (in each
lane) in arbitrary units (AU/μg of lysate) ± SEM of two independent experiments done in
duplicates.

Given its role as an assembly chaperone, PSMD9 expression may influence

proteasomal activity which in turn may dictate the overall IκBα levels. We tested the

activity of proteasome upon overexpression of PSMD9 and upon silencing the

endogenous PSMD9. Proteasomal activity was unaltered in these cells and remained

uninfluenced by TNF-α treatment (Figure-3.18A). Our observation that PSMD9 does

not influence proteasomal activity is in line with a previous report by Shim et al. [305].
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Here similar to our method the author used total cell lysates for monitoring proteasomal

activity. In another study Keneko et. al., showed that knocking down PSMD9 results in

reduced proteasomal activity [200]. Here in contrast to our method and those by Shim

et.al, cell lysates were fractionated by glycerol gradient centrifugation and the fractions

were monitored for proteasomal activity. Increase in proteasomal activity is seen in the

presence of p27 modulator complex in reconstitution experiments involving

subcomplexes of the proteasome. [243]. Role of this modulator seems to involve rescue

of misassembled or damaged 19S particles to ensure correct orientation of the ATPase

rings [306].

Figure-3.18 PSMD9 does not affect basal proteasomal activity in HEK293 cells. (A) Both
P9-iOE and P9-iKD stable clones were either treated with doxycycline for 48h and/or with TNF-
α (20ng/mL of media) for 30 min or left untreated. Cell lysates were prepared with ATP-Buffer
as described in the materials and methods. Proteasomal activity was measured as described in
the materials and methods. The “Control” panel in the graph represents the average value of
doxycycline untreated control cells of both the stable clones. Data represents Suc-LLVY-AMC-
proteasomal activity in arbitrary units (AU/μg of lysate) ± SEM of two independent experiments
done in duplicates. (B) The WB showing the level expression of PSMD9 in above cell lysates
and PSMB4 is taken as the loading control. Symbol ►corresponds to trans-expressed FLAG-
PSMD9 and symbol ∆ corresponds to the endogenous PSMD9.

3.3.10 The PDZ domain of PSMD9 interacts with hnRNPA1

Point mutations in PDZ domain of PSMD9 affected in vitro binding to hnRNPA1 [204].

Since hnRNPA1 interacts with PSMD9 through its C-terminal residues, this interaction

represents a typical PDZ domain-motif interface. Hence, we wanted to determine if this
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domain-motif recognition is also a key determinant of interaction inside the cells. As we

recently reported that Q181G and the β2 L124G/Q126G/E128G triple mutant (all in the

PDZ domain) abolished interaction with PSMD9 while L173G (also in the PDZ

domain) did not affect binding [204]. To check functional relevance of these mutations,

we overexpressed FLAG tagged wt-PSMD9, Q181G-PSMD9, L173G-PSMD9 or the β2

L124G/Q126G/E128G triple mutant in HEK293 cells. Endogenous hnRNPA1 was

immunoprecipitated from each cell lysate and probed with anti-FLAG antibody.  In

accordance with the in vitro pull down assays [204], only wt-PSMD9 and L173G-

PSMD9 were detected in the IP-complexes. However neither the Q181G mutant nor the

triple mutant of PSMD9 could be detected in the hnRNPA1-IP complexes (Figure-

3.19A).

Figure-3.19 PSMD9 interact with hnRNPA1 via its PDZ-domain (A) HEK293 cells were
transiently transfected with p3xFLAG-CMV-10-PSMD9, p3xFLAG-CMV-10-PSMD9(L173G),
p3xFLAG-CMV-10-PSMD9(Triple mutant) or p3xFLAG-CMV-10-PSMD9(Q181G). Endogenous
hnRNPA1 was immunoprecipitated from the cell lysates of the above transfected cells and
probe with anti-FLAG antibody and analyzed by WB. (B) HEK293 cells were transiently
transfected with p3xFLAG-CMV-10 empty vector/ p3xFLAG-CMV-10-wtPSMD9/ p3xFLAG-
CMV-10-PSMD9(Q181G)/ p3xFLAG-CMV-10-PSMD9(Triple mutant) or. Cell lysates were
incubated with anti-FLAG M2-Agarose beads and pull complexes were probed with anti-
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hnRNPA1, anti-IĸBα antibodies, anti -FLAG and analyzed by WB. (C) Cartoon image represents
the probable mode of tripartite interaction between PSMD9, hnRNPA1 and IκBα.

We next probed for the presence of IκBα in the FLAG-PSMD9-IP-complex from cell

lysates of HEK293 cells overexpressing wt-PSMD9, Q181G or the β2

L124G/Q126G/E128G triple mutant. IκBα was detected only in the wild type PSMD9-

hnRNPA1 complex but not in PDZ Q181G and β2 L124G/Q126G/E128G triple mutant

IP-complexes (Figure-3.19B) suggesting that PSMD9 is probably linked to IκBα

through hnRNPA1.

Figure-3.20 PDZ domain mediated interaction is crucial for IκBα degradation and NF-κB
activity. (A) HEK293 cells were transiently transfected with p3xFLAG-CMV-10-PSMD9,/
p3xFLAG-CMV-10-PSMD9(Q181G)/ p3xFLAG-CMV-10-PSMD9(Triple mutant). After 48h of
transfection cells were treated with TNF-α (20ng/mL of media) for 10, 15, 20, 30min or left
untreated. Cell lysates were prepared and analyzed by WB. (B) HEK293 cells were co-
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transfected with p3xFLAG-CMV-10 empty vector or p3xFLAG-CMV-10-PSMD9 (WT, Q181G,
Triple mutant) and 3x κB ConA luc vector or ConA luc control vector. After 36h cells were either
treated with TNF-α (20ng/mL of media) for 12h or left untreated. Cell lysates were prepared and
NF-ĸB activity was determined by measuring firefly luciferase activity and normalized with renilla
luciferase used as transfection control. Data represents mean luciferase activity/µg of protein ±
SEM of two independent experiments done in duplicates. (C) HEK293 cells were co-transfected
with p3xFLAG-CMV-10 empty vector or p3xFLAG-CMV-10-PSMD9 (WT or L173G) and 3x κB
ConA luc vector or ConA luc control vector. After 36h cells were either treated with TNF-α
(20ng/mL of media) for 12h or left untreated. Cell lysates were prepared and NF-ĸB activity was
determined by measuring firefly luciferase activity and normalized with renilla luciferase used as
transfection control. Data represents mean luciferase activity/µg of protein ± SEM of two
independent experiments done in duplicates. (D) HEK293 cells were transiently transfected
p3xFLAG-CMV-10-PSMD9(L173G). After 24h of transfection cells were treated with TNF-α
(20ng/mL of media) for 12h or left untreated. Cell lysates were prepared and analyzed by WB.

To evaluate the functional relevance of the PDZ mediated interaction we checked

the ability of these PSMD9-mutants in IκBα degradation process. Unlike cells

overexpressing wild type PSMD9, in cells overexpressing PDZ mutants (Q181G and

the β2 Triple mutant), IκBα was not efficiently degraded even after TNF-α treatment

(Figure-3.20A) nor was there a significant change in NF-κB activity (Figure-3.20B). In

addition properties of L173G PSMD9 mutant was similar to that of wt-PSMD9 and

cells expressing this mutant showed faster IκBα degradation and enhanced NF-κB

activation (Figure-3.20C & D). These results confirm that specific residues on the PDZ

domain of PSMD9 forms the interface for binding hnRNPA1 and this domain-motif

interaction plays an important role in the NF-κB activation pathway.

3.3. 11 PSMD9 is linked to IκBα via hnRNPA1.

hnRNPA1 was previously shown to interact with IκBα through its RNA binding domain

[300]. We demonstrated that PSMD9 interacts with hnRNPA1 through its C-terminus.

And the PDZ mutation analysis indicates that interaction between PSMD9 and IκBα is

likely through hnRNPA1. To determine the structural hierarchy of this tripartite

interaction between PSMD9, hnRNPA1 and IκBα, we performed both ex vivo and in

vitro interaction studies. We first verified whether interaction of hnRNPA1 with
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PSMD9 and IκBα is mutually exclusive or not. We trans-expressed HA tagged wild

type hnRNPA1 and the mutant C7hnRNPA1 (7 amino acid deleted from C-terminus)

in HEK293 cells. Using anti-HA antibody we immunoprecipitated the trans-expressed

wt and mutant HA-hnRNPA1 from the cell lysates. When the IP complexes were

probed with anti-IκBα antibody it was detected in both the conditions (Figure 3.21A)

suggesting that C-terminus deletion of hnRNPA1 does not affect binding to IκBα

(Figure 3.21B). In contrast PSMD9 was found only in the wild type hnRNPA1-IP

complex. As inferred from the failure of PDZ mutants to interact with IκBα in the

absence of hnRNPA1 (Results 3.3.10 and Figure-3.19B), these results suggest that wt-

PSMD9 and IκBα interaction is indirect and is through hnRNPA1. To further validate

these observations we overexpressed both the FLAG tagged wt-IκBα and C-terminal

deleted IκBα (253-372aa) in HEK293 cells. As discussed above C-terminal ankyrin

repeats of murine-IκBα are necessary for interaction with hnRNPA1 [300]. When we

immunoprecipitated the trans-expressed FLAG tagged IκBα, PSMD9 was found in the

IP-complex of wild type IκBα where hnRNPA1 was present, but not in the mutant IκBα

(which does not interact with hnRNPA1) IP-complex (Figure-3.21C & D). This

suggested that hnRNPA1 mediates the indirect interaction between IκBα and PSMD9.
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Figure-3.21 PDZ domain mediated interaction is crucial for IκBα degradation and NF-κB
activity. (A) Wild type HA-hnRNPA1 and 7∆C mutant HA-hnRNPA1 were transiently
overexpressed in HEK293 cells and cell lysates were incubated with anti-HA Ab-bound protein-
G sepharose beads. Pull down complexes were probed with anti-PSMD9 and anti-IĸBα
antibodies and analyzed by WB. (B) Cartoon represents the abrogation in interaction of mutant
hnRNPA1 with PSMD9. (C) HEK293 cells were transfected with p3xFLAG-CMV-10-wtIκBα
p3xFLAG-CMV-10-∆CIκBα and cell lysates were incubated with anti-FLAG M2-Agarose beads.
The pull complexes were probed with anti-PSMD9, anti-hnRNPA1 and anti-IĸBα antibodies and
analyzed by WB. (D) Cartoon represents the abrogation in interaction of mutant IκBα with
hnRNPA1.

We performed a series of far western or overlay experiments using Recombinant

proteins to substantiate these observations. Recombinant His-PSMD9, GST-PSMD9,

GST-hnRNPA1 and MBP-IκBα proteins were expressed in bacterial system and

purified following the protocol described in materials and method. Recombinant GST-

PSMD9 and GST-hnRNPA1 were immobilized on a PVDF membrane, followed by

overlay of recombinant MBP-IκBα protein and then probed with anti-IκBα antibody. No

IκBα was detected in the GST-PSMD9 lane but was clearly visible in GST-hnRNPA1

lane (Figure-3.22C). Furthermore, when MBP-IκBα and GST-hnRNPA1 were

immobilized on PVDF membrane, overlaid with His-PSMD9 followed by probing with

antiPSMD9 antibody, PSMD9 was clearly detected in GST-hnRNPA1 lane but not in

MBP-IκBα lane (Figure-3.22D). In a sandwich-dot blot assay we immobilized GST-

PSMD9 on membrane, followed by overlay with GST or GST-hnRNPA1 and then with

MBP-IκBα. When this sandwich was probed with anti-IκBα antibody, MBP-IκBα was

found to interact with GST-PSMD9 only when hnRNPA1 was sandwiched in between

these two proteins (Figure-3.22E). Furthermore this indirect interaction was validated

by reversing the sandwich i.e. by immobilizing MBP-IκBα and overlay of GST-or GST-

hnRNPA1 followed by GST-PSMD9 (Figure-3.22F). These results altogether

confirmed that there is no direct interaction between PSMD9 and IκBα and they can

only interact through hnRNPA1, which uses different structural regions for these

interactions that are not mutually exclusive.
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Figure-3.22 In vitro interaction of PSMD9, hnRNPA1 and IκBα. (A) The cartoon image
represents the mode of protein binding in Far western blot. (B) Different amount of GST, GST-
hnRNPA1 MBP and MBP-IκBα recombinant proteins were spotted on PVDF membrane. The
membrane was overlaid with recombinant His-PSMD9 (100nM), probed with anti-PSMD9, and
analyzed by WB. (C) 2µg of recombinant GST, GST-hnRNPA1 and GST-PSMD9 proteins were
run in a SDS-PAGE, transfer onto a PVDF membrane and denature/renature the proteins on
membrane using Guanidine-HCl AP-Buffer. Then the membrane was overlaid with recombinant
MBP-IκBα (100nM), probed with anti-IκBα, and analyzed by by far western blot. (D) 2µg of
recombinant GST, GST-hnRNPA1 MBP and MBP-IκBα proteins were run in a SDS-PAGE,
transfer onto a PVDF membrane and denature/renature the proteins on membrane using
Guanidine-HCl AP-Buffer. Then the membrane was overlaid with recombinant His-PSMD9
(100nM), probed with anti-PSMD9, and analyzed by WB. (E) 1µg of recombinant GST, GST-
hnRNPA1 and GST-PSMD9 proteins were spotted on equilibrated PVDF membrane, blocked
with 3% BSA-TBST. The membranes were overlaid with recombinant MBP-IκBα (100nM) and
probed with anti- IκBα (Panel-2); overlaid with GST-hnRNPA1 (100nM) and probed with anti-
hnRNPA1 (Panel-3); overlaid with both GST-hnRNPA1 (100nM) & MBP-IκBα (100nM) and
probed with anti-IκBα (Panel-4). Panel-1 corresponds to the respective Coomassie stained
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protein spots on membrane. (F) 1µg of recombinant GST, GST-hnRNPA1 MBP and MBP-IκBα
proteins were spotted on equilibrated PVDF membrane, blocked with 3% BSA-TBST. The
membranes were overlaid with recombinant His-PSMD9 (100nM) (Panel-2) or with both GST-
hnRNPA1 (100nM) & His-PSMD9 (100nM) (Panel-3). Panel-1 corresponds to the respective
Coomassie stained protein spots on membrane.

3.3.12 Interaction between C-terminus of hnRNPA1 and PSMD9 is required for

degradation of IκBα as well as NF-κB activity:

The involvement of hnRNPA1 in IκBα degradation was previously shown by Hay et.

al., group in 2001 [300]. We have demonstrated here a novel role of PSMD9 in NF-κB

signaling pathway and a specific interaction between PDZ domain of PSMD9 and a

SLIM at the C-terminus of hnRNPA1. Then we asked if hnRNPA1 had any independent

role to play in IκBα degradation/NF-κB activation when interaction with PSMD9 is lost

or in the absence of endogenous PSMD9. When HA-WT-hnRNPA1 was trans-

expressed in HEK293 cells, degradation of IκBα was considerably enhanced after 10

minutes of TNF-α treatment. But, HA-7∆C-hnRNPA1 mutant on the other hand had no

influence on the degradation of IκBα (Figure-3.23A). Correspondingly, only the HA-

WT-hnRNPA1 trans-expression in cells showed significant increase in NF-κB activity

after TNF-α treatment. On the contrary cells expressing HA-7∆C-hnRNPA1 mutant

showed a lower NF-κB activity as compared to the control cells (Figure-3.23B).

Furthermore when we silenced PSMD9 by PSMD9-siRNA in the background of wild

type HA-hnRNPA1 overexpression, TNF-α mediated IκBα degradation was

significantly reduced (Figure-3.22C). In addition, a considerable decrease (upto 40%) in

NF-κB activity was also observed in these PSMD9 cells (Fig. 9D). These results suggest

that both PSMD9 and hnRNPA1 are in the same pathway and only hnRNPA1 is not

sufficient to exhibit the function; PSMD9 is essential for it. Moreover it further supports

the role of PSMD9-hnRNPA1 interaction in IκBα degradation and NF-κB activation.
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Figure-3.23 Interaction between hnRNPA1 and PSMD9 is essential for degradation of
IκBα as well as NF-κB activity (A) Wild type HA-hnRNPA1 and 7∆C mutant HA-hnRNPA1
were transiently overexpressed in HEK293 cells and after 48h cells were treated with TNF-α
(20ng/mL of media) for 10 min or left untreated. Cell lysates were prepared along with vector
control and subjected to WB analysis. (B) HEK293 cells were co-transfected with pCDNA3.1-
HA-empty vector or pCDNA3.1-HA-hnRNPA1 (WT or 7∆C mutant) and 3x κB ConA luc vector
or ConA luc control vector. After 36h cells were either treated with TNF-α (20ng/mL of media)
for 12h or left untreated. Cell lysates were prepared and NF-ĸB activity was determined by
measuring firefly luciferase activity and normalized with renilla luciferase used as transfection
control. Data represents mean luciferase activity/µg of protein ± SEM of three independent
experiments done in duplicates. (C) HEK293 cells were transfected with PSMD9-siRNA/Control-
siRNA (100µM) and after 48h cells were again transfected with pCDNA3.1-HA-wt-hnRNPA1.
After 72h of siRNA transfection cells were either treated with TNF-α (20ng/mL of media) for
20min left untreated. Cell lysates were prepared and analyzed by WB. (D) HEK293 cells were
transfected with PSMD9-siRNA/Control-siRNA (100µM) and after 48h cells were again
transfected with pCDNA3.1-HA-wt-hnRNPA1 and 3x κB ConA luc vector or ConA luc control
vector. After 60h of siRNA transfection cells were either treated with TNF-α (20ng/mL of media)
for 12h or left untreated. Cell lysates were prepared and NF-ĸB activity was checked by
measuring luciferase activity using dual luciferase substrate. Luciferase activity from firefly
luciferase was normalized with renilla luciferase used as a transfection control. Data represents
mean luciferase activity/µg of protein, ± SEM of two independent experiments done in duplicate.
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3.3.13 PSMD9 anchors hnRNPA1-IκBα complex on 26S proteasome that facilitates

proteasomal degradation of IκBα:

PSMD9 is known to be a chaperone of proteasome assembly and is reported to

dissociate before the mature complex [243, 307, 308]. Nas2, the yeast homolog was not

found in any of the cryo EM studies of the proteasome [20, 21, 202].  Like other

classical chaperones PSMD9 or its homologs may only be transiently associated with

the assembled proteasome. But we hypothesized that PSMD9 by virtue of its interaction

with the proteasome on one hand and its interaction with hnRNPA1 on the other, would

recruit IκBα to the proteasome for degradation. We first asked if endogenous or trans-

expressed FLAG-PSMD9 could be located in the proteasome complex. We pulled down

the whole 26S proteasomal complex using β7-subunit antibody.  When probed for anti-

PSMD9 antibody we found both endogenous and FLAG tagged PSMD9 in the complex

(Figure-3.24A). To ensure that PSMD9 is associated with the intact 26S mature

complex, we probed the complex for the presence of ATPase subunit (Rpt6), a marker

for the base sub-complex and α5 subunit, a marker of 20S core particle. Results showed

that β7-subunit antibody pulls down the intact 26S complex and PSMD9 is indeed

associated with the mature proteasome. TNF-α treatment did not alter the levels of

either endogenous or trans-expressed PSMD9 on proteasome. In addition the total

protein levels of hnRNPA1 was not influenced either by the levels of PSMD9 or TNF-α

treatment (Figure-3.24B & C). But, there was a definitive increase in the levels of

proteasome bound hnRNPA1 in PSMD9 overexpressing cells which was further

enhanced upon TNF-α treatment (Figure-3.24A). In contrast, when PSMD9 was

silenced, no hnRNPA1 was found in the proteasome pull down complex even after

TNF-α treatment. These results together indicate that recruitment of hnRNPA1 to the
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proteasome requires the presence of PSMD9 and the levels of hnRNPA1 on proteasome

positively correlate with the rate of IκBα degradation so as NF-κB activation.

Figure-3.24 PSMD9 is crucial for the recruitment of hnRNPA1-IĸBα complex on 26S
proteasome (A) Both the overexpression (P9) and knockdown (sh) HEK293 inducible stable
clones of PSMD9 were either treated with doxycycline for 48h and/or with TNF-α (20ng/mL of
media) for the next 30 min or left untreated. Cell lysates were prepared with ATP-Buffer as
described in the materials and methods. Whole 26S proteasome was pull down from the above
cell lysates using β7 antibody and probed with different antibodies and analyzed by WB. Symbol
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► corresponds to trans-expressed FLAG-PSMD9 and symbol ∆ corresponds to the
endogenous PSMD9. (B, C) The cell lysates prepared in the experiments described in Figure
3B and Figure 4B were probed with anti-hnRNPA1. (D) The P9-iOE cells were either treated
with doxycycline or left untreated and MG132 (50μg/ml) for 1hr, with TNF-α (20ng/ml) for 30
min. Cell lysates were prepared with ATP-Buffer as described in the materials and methods.
Whole 26S proteasome was pull down from the above cell lysates using β7 antibody and
probed with different antibodies and analyzed by WB. (E) HEK293 cells were transfected with
pCDNA3.1empty vector or pCDNA3.1-HA-wt-hnRNPA1 and after 48h of transfection cells were
treated with TNF-α for 30min. Cell lysates were prepared in ATP-buffer (as described in the
materials and methods),  26S proteasome was pulled down from the above cell lysates using β7
antibody and analyzed by WB. Symbol ► corresponds to trans-expressed HA-hnRNPA1 and
symbol ∆ corresponds to the endogenous hnRNPA1.

Since we found increased IκBα degradation and increased association of

hnRNPA1 on proteasome upon overexpression of PSMD9, we wanted to check if IκBα

recruitment increases under these conditions. We treated the P9-iOE cells with MG132

for 1hr and with TNF-α for 30 minute. Then 26S proteasome was pulled down using β7

antibody and the complex was probed with phospho-IκBα antibody. Results showed an

increased levels of proteasome bound polyubiquitinated phospho-IκBα upon PSMD9

overexpression. These results indicate that PSMD9 might be providing a binding site on

proteasome for polyUb-phospho-IκBα bound hnRNPA1. Furthermore, previous

experiments suggested that hnRNPA1 overexpression enhances TNF-α mediated IκBα

degradation in PSMD9 background. Hence we wanted to determine whether the

overexpressed hnRNPA1 would have been recruited more on 26S proteasome. HA-

hnRNPA1 was overexpressed in HEK293 cells and treated with TNF-α (20ng/ml of

media for 30min). Cell lysates were prepared in ATP-Buffer and 26S proteasome was

pulled down using β7 antibody. When the  pull down complexes were probed with anti-

hnRNPA1, both endogenous and trans-expressed hnRNPA1 levels were found to be

increased upon TNF-α treatment, which correlates with the IκBα degradation (Figure-

3.24E). These results are strongly suggestive of a mechanism which involves

recruitment of hnRNPA1 to the proteasome complex during TNF-α signaling that would
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result in more and more IκBα degradation by the proteasome. And most importantly

hnRNPA1 was not degraded during this process. Hence, taken together these results

suggest that hnRNPA1 either recruits or represents IκBα to the proteasome where

hnRNPA1 act as a shuttle receptor which is transiently anchored by PSMD9 on the

proteasome. While ubiquitinated IκBα is degraded, hnRNPA1 in all probability is

released intact. Moreover, it is possible that PSMD9-hnRNPA1 interaction shortens the

distance between the substrate and the proteasomal ATPases or ensures that IκBα is not

prematurely released from the proteasome.

Figure-3.25 PDZ-domain of PSMD9 is not involved in proteasome and PSMD9 interaction.
(A) HEK293 cells were transiently transfected with pCMV10 empty vector or pCMV10-PSMD9
(WT or mutants D157P/Q181G) and cell lysates were prepared in ATP-buffer in the materials
and methods. 26S proteasome was pull down from the above cell lysates using β7 antibody and
probe with different antibodies as indicated and analyzed by WB. (B) Proteasomal activity of the
above mentioned (in (B)) cell lysates was measured as described in the materials and methods.
Data represents Suc-LLVY-AMC-proteasomal activity in arbitrary units (AU/μg of lysate) ± SEM
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of two independent experiments done in duplicates. The WB showing the expression of FLAG-
PSMD9 in above cell lysates and PSMB4 is taken as the loading control. (C) HEK293 cells were
co-transfected with pCDNA3.1-PSMC6 and p3X-FLAG-CMV-10, p3X-FLAG-CMV-10-wt-
PSMD9 or p3X-FLAG-CMV-10-Q181G-PSMD9. After 48h of transfection cell lysates were used
for pull down with anti-FLAG-M2Agarose beads and analysed by WB.

Furthermore, to enable degradation of IκBα by the proteasome, PSMD9 not only

has to interact with hnRNPA1 but should also interact with the proteasome as

demonstrated in previous experiments. However based on current evidence PSMD9

seems to harbour only the PDZ like domain for protein-protein interaction. Therefore it

was important to test whether the PDZ mutations affect association of PSMD9 with the

proteasome. Affinity pull down of the 26S proteasome in cells over expressing PDZ

mutant Q181G, indicated that this association was unimpaired (Figure-3.25A), so as the

proteasomal activity (Figure-3.25B). Probably there are other regions in PSMD9 that

can interact with the proteasome. Although PSMD9 mutants cannot bind to hnRNPA1,

because of the endogenous PSMD9 some hnRNPA1 could be still detected in the pull

down complex as shown in the image (Figure-3.24A). These results further validate the

role of PSMD9-PDZ domain in recruiting hnRNPA1 on proteasome for IκBα

proteasomal degradation. In addition these results indicate that PSMD9 functions as an

anchor rather than a chaperone and bridges IκBα bound hnRNPA1 to the proteasome.

This specific interaction enables regulated degradation of IκBα and consequently

modulates NF-κB activity.

While there is no clear evidence for the presence of PSMD9 on mature

proteasomes or for the role of PDZ-domains in interaction with ATPase subunits in

mammalian cells, the lack of any detectable effect of PDZ domain mutations on the

association of PSMD9 with intact 26S proteasomes requires further explanation. To

address this we analysed the primary sequence of PSMC6 (Rpt4) and PSMC3 (Rpt5).



184

CHAPTER-III    PSMD9

GRRF was present in PSMC6 as an internal sequence. Intrigued we co-expressed wt-

PSMD9 or PSMD9-Q181G mutant with wt-PSMC6 and performed co-

immunoprecipitation studies. Results showed that Q181G mutation which inhibits

binding to hnRNPA1 does not affect binding to PSMC6 (Figure-3.24D). This result in

conjunction with the observation that the PDZ-mutations do not affect PSMD9

association with proteasome indicates that interaction with the mature proteasome may

not involve Rpt4. Moreover Rpt5 C-terminus is known to interact with PSMD9-PDZ

domain during assembly [208] and also play a key role in interaction with the 20S α

subunit which opens the gate and activates the proteasome. Therefore, Rpt5 on mature

proteasome is unlikely to interact with PSMD9. Hence further investigation is necessary

to find out the interacting sites on PSMD9 and on proteasome for this whole

degradation process to carry out.

3.4 DISCUSSION:

Protein-protein interactions are seminal to signal transduction. They are involved in

spatio temporal regulation of cellular functions. Therefore identification of novel

interactions can help in deciphering unknown functions of a protein. We have

established a bioinformatic based methods for identification of unknown interacting

partners of 19S subunits of the proteasome [204]. Using one such method we had

identified hnRNPA1, a RNA binding protein involved in RNA metabolism and

transport [301], as a novel interacting partner of PSMD9, a PDZ domain containing

subunit of the proteasome. To test whether this interaction is physiologically relevant

and to identify functions associated with this interaction, we searched for the reported

functions of hnRNPA1. A singular report showed that N-terminal of hnRNPA1 binds to

ankyrin repeats in IκBα and this interaction somehow influences the processing of IκBα,

the nature or mechanism of which is unclear and enhanced NF-κB activity [300]. Here
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we reported a novel role of a proteasomal subunit- “PSMD9” in NF-κB signaling

pathway and a detail mechanism of how IκBα is brought onto proteasome for

degradation by a novel interaction between PSMD9 and hnRNPA1.

In this study we demonstrate that PSMD9 overexpression enhances both basal and

TNF-α mediated NF-κB transcriptional activation in HEK293 cells. It increases the

nuclear translocation as well as the DNA binding activity of NF-κB and regulates the

transcription of some NF-κB target genes. This enhanced NF-κB activity was found to

be the consequence of accelerated IκBα proteasomal degradation which falls in the

category of canonical signaling pathway [253, 270, 273]. Furthermore, PSMD9 neither

influence the phosphorylation nor the ubiquitination of IκBα to achieve this accelerated

degradation. This suggests that, PSMD9 may not affect the kinase activity of IKK

complex and the ligase activity of β-TrCP E3-ligase, indicating its role in the

downstream not in the upstream events of the signaling pathway. However, further

experimentation is required for a concrete conclusion. In addition, we demonstrate that

PSMD9 also does not influence the basal proteasomal activity at all as reported

previously [305]. Thereupon we performed a series of in vitro and ex vivo interaction

studies which revealed the detail mechanistic overview of “how PSMD9 could enhance

the rate of IκBα degradation on proteasome”. We establish that, PSMD9 through its

PDZ domain interacts with hnRNPA1 C-terminus and this domain-motif interaction is

necessary for the proteasomal degradation of IκBα. We report a new role for hnRNPA1

as a shuttle receptor for the degradation of IκBα in HEK293 cells. PSMD9 contrary to

its expected role as a chaperone, acts as a part of the 19S recognition module to

facilitate delivery of ubiquitinated IκBα to the proteasome via hnRNPA1 as depicted in

the model (Figure-3.26).
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While our studies show how PSMD9 directly affects degradation of IκBα by the

proteasome which helps in NF-κB activation, there are several upstream events that

process IκBα for degradation. Possible role of PSMD9 in these processes have been

somewhat addressed in this study. Since in the absence of any external stimuli, PSMD9

overexpression results in an increased basal activity of NF-κB, it remains to be seen

whether PSMD9 acts as an “internal signal” for NF-κB activation. These may be

dependent or independent of its interaction with hnRNPA1. Previously it is reported

that, cells lacking hnRNPA1 (mouse leukemic cells) have a defective NF-κB activity

[300]. And in this current study we have demonstrated that cells lacking PSMD9 show a

lower NF-κB activity. Taken together, these studies suggest that PSMD9 and hnRNPA1

are probably not mutually exclusive in the context of NF-κB signaling pathway which

may be explained by their ability to interact with each other.

Figure-3.26 Model for the mechanism of IĸBα presentation and degradation by 26S
proteasome. Signal activated and modified IĸBα binds to hnRNPA1 and this complex interacts
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with PSMD9 on 26S proteasome. IĸBα get degraded through proteasomal activity, hnRNPA1
shuttles back to bind with free IĸBα and the cycle repeats.

Although degradation of IκBα by the proteasome has been long established, the

mechanism of how it is recruited to the proteasome is not well defined. Here we show

how ubiquitinated IκBα is targeted to the proteasome for degradation. This is important

because how ubiquitinated substrates in general are recruited to the proteasome is an

active area of research. So far two modes of substrate recognition have been well

defined. In the direct mode, substrates are recognized by the ubiquitin binding motifs in

19S subunits like Rpn10 containing UIM domain, while Rpn13 binds via the pleckstrin

motif [94, 95]. In the indirect mode of recognition, Rad23, Dsk2, and Ddi1 proteins

called as ‘shuttle receptors’ bind proteasome through their UBL domains present at the

N-terminus while their C-terminal ubiquitin association domain (UBA) bind to

ubiquitin chains on the substrates [96, 309]. These shuttle receptors bind to the Rpn1

subunit of the proteasome in non-stoichiometric amounts and apparently dissociate with

fast kinetics. In an in depth study, Deshaies group showed that Ddi1 is a proteasomal

shuttle receptor that binds to the LRR1 domain of Rpn1 [49] and facilitates the

degradation of Ufo1, a Ddi1 substrate. A UBA domain containing protein, p62 interacts

with K63 ubiquitin chains of ubiquitinated tau and facilitates its proteasomal

degradation by interacting with Rpt1 through its N-terminal PB1 domain [310]. HSP27

may also act as a shuttle receptor that recruits ubiquitinated IκBα to the proteasome for

degradation in cancer cells in response to stress signals [311]. In this report HSP27 was

shown to bind ubiquitinated IκBα and to the 19S regulatory particle of the proteasome

to mediate this degradation. HSP27 recognizes covalently linked ubiquitin on IκBα but

how it interacts with the proteasome is unclear.
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We describe our findings in the context of these reported mechanisms of

substrate recognition and highlight unique features that are an outcome of our study.

PSMD9 unlike HSP27 does not directly bind to ubiqutinated IκBα. This interaction is

mediated by hnRNPA1 and therefore Ub-IκBα is targeted to the proteasome through the

indirect pathway. Since hnRNPA1 level doesn’t change under any conditions tested

here, we argue that it acts as a shuttle receptor that brings in Ub-IκBα. Since hnRNPA1

lacks a UBL like domain, it does not bind to the proteasome in a classical manner like

other shuttle receptors. Instead this function is mediated by a C-terminal region of the

protein which acts as a recognition signal for the PDZ-domain of PSMD9 bound to the

proteasome. PDZ domains can recognize native sequences in proteins typically through

the C-terminal residues. Such a classical domain motif interaction for PSMD9-

hnRNPA1 is established by our study. Nevertheless, the exact mechanism of hnRNPA1

release, the mode of binding of PSMD9 to the proteasome and molecular basis of this

recognition remain to be investigated.

It will be important to see whether the mechanism of IκBα degradation and NF-

κB activity is general to other cell types. While hnRNPA1 is a ubiquitous protein,

PSMD9 may be expressed in cell or tissue specific manner [193]. Although PSMD9

deletion is not lethal in yeast [201], loss of PSMD9 expression may have phenotypic

consequences in mammalian cells due to inhibition of NF-κB activity. Interestingly,

preliminary data from our lab also suggest that PSMD9 modulate the cell proliferation

and anchorage independent growth through this pathway. However, detail phenotypic

study in mammalian cells has to be performed to corroborate the findings. Nevertheless,

we have demonstrated that the PDZ domain mutants do not bind to hnRNPA1 and

therefore their overexpression does not affect NF-κB activity. Thus small molecules that

can target the interaction sites on PDZ domain of PSMD9 are likely to act as inhibitors
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of NF-κB activity. Such molecules may be useful in targeting cancer cells that are

dependent on a consistent high NF-κB activity for their survival [312, 313]. First step in

this direction however, is to establish the role of PSMD9-hnRNPA1 interaction in this

pathway in such cancer cells.

Based on our findings about the molecular details of interaction between the

PDZ-domain of PSMD9 and hnRNPA1, we speculate a general role for PSMD9 in

substrate recognition by the proteasome. For example IκBα may be one of the many

examples of how substrates may converge on the proteasome through the PDZ domain

of PSMD9. It is possible that other substrates are brought to the proteasome by a similar

mechanism either through hnRNPA1 or other shuttle receptors that may carry a similar

recognition motif. In addition by virtue of its binding to ATPase subunits, PSMD9 may

be uniquely positioned on the surface of the 19S regulatory particles to ensure rapid

unfolding, prevention of premature release of the substrates and translocation of the

unfolded protein through the central channel that lines the ATPase ring. Another aspect

of our finding is the nature and origin of the components involved in IκBα degradation –

a chaperone from the proteasome pathway and a RNA binding protein. Thus it is

speculated that there may be other functions mediated by this domain-motif interaction

between PSMD9 and hnRNPA1 relevant to their respective network and/or the cross

talk between different functional modules.

Regarding the involvement of the PDZ domain in interaction with the ATPase

subunits, we find that mutations in the PDZ-domain that affect hnRNPA1 binding do

not affect association with the proteasome. While we do not find any literature evidence

for the role of PDZ domains in interaction with the ATPases in mammalian cells, Nas2

in yeast has been shown to interact with Rpt5 or PSMC3 via the C-terminal residues

[208]. Although we have not tested the interaction of PSMD9 with PSMC3, interaction
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of PSMD9 with PSMC6 is unaffected by the PDZ-mutations (current study). It is

possible that the association of PSMD9 with the mature proteasome is different from its

interaction with the ATPase subunits in the modular structure. It is obvious that we are

from a clear understanding of the role of PSMD9 in the functioning of holo 26S

proteasome and its interaction with the different subunits.  More studies with detailed

molecular characterization as reported in this current study would be necessary to

clarify the complexity associated with these supramolecular structures.

3.5 SUMMARY AND CONCLUSION:

In summary, we establish that PSMD9, a proteasomal subunit, involve in the canonical

NF-κB signaling pathway. PDZ domain of PSMD9 interacts with the C-terminus of

hnRNPA1, a novel interacting partner and this interaction regulates degradation of IκBα

and therefore NF-κB activity in HEK293 cells. PSMD9 without influencing the

phosphorylation and ubiquitination of IκBα, degrade it by enhancing the rete of

recruitment on proteasome. In this process hnRNPA1 acts as a shuttle receptor while

PSMD9 is the docking site on the 19S regulatory particle. IκBα may be one of the many

examples of how ubiquitinated substrates may be recruited on the proteasome through

the PDZ domain of PSMD9. It is possible that features of the C-terminal sequence

found in hnRNPA1 may be conserved in other shuttle receptors. Our study opens up

new areas of investigation on the role of PSMD9 in cellular homeostasis. The generality

of this interaction between hnRNPA1 and PSMD9 may propose the interface as a

potential drug target in tumor cells relying on high NF-κB activity.

3.6 SIGNIFICANCE OF THE STUDY:

For the first time we have reported a novel function of a proteasomal subunit-PSMD9 in

NF-κB signaling pathway. This is the first report where we explicate a novel interacting
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partner of PSMD9 i.e. hnRNPA1 and the functional significance of this interaction. For

the first time we have reported that PSMD9 found in the 26S proteasome holocomplex.

“For IκBα proteasomal degradation, PSMD9 act as adaptor protein and hnRNPA1 as a

shuttle receptor” may be one of the many example of how protein brought to

proteasome for degradation. This study can be taken as an example for finding more

proteins which follow same mechanism of substrate presentation to proteasome. Since

the interaction site between PSMD9 and hnRNPA1 shown to be key determinant NF-κB

activity, this hot spot site can be targeted for cancer therapy.
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4.1 INTROUDUCTION AND REVIEW OF LITRATURE

PSMD10, the proteasome (prosome, macropain) 26S subunit, non-ATPase10, is a non-

ATPase subunit of 19S regulatory particle of human proteasome. It is commonly called

as Gankyrin: Gann + ankyrin; “Gann” means cancer in Japanese. Initially it was

identified as the p28 component (Nas6/PSMD10) of the 19S regulatory subunit of the

26S proteasome, which could function in the proteasome-mediated degradation in yeast

[314]. Gankyrin was also discovered independently by constructing cDNA libraries

from non-cancerous liver and hepatocellular carcinoma (HCC) in 2000 by Jun Fujita

group [315]. Since this protein was reported for its tumorigenic potential in

Hepatocellular carcinoma and was containing ankyrin repeats, given the name

“Gankyrin” [315]. Since then PSMD10/gankyrin called as an oncoprotein and was

found to be overexpressed in many cancers. However, studies indicated that, nas6 the

yeast homolog of PSMD10 is not essential for cell-cycle progression or not required for

spore germination in yeast [314]. PSMD10 expression in human tissue is ubiquitous in

nature however, its mRNA levels are particularly high in pancreas, placenta, testis, heart

and skeletal muscle [314]. Nas6 (PSMD10) acts as a chaperon during the assembly of

19S regulatory particle on the 20S-core particle [244, 316, 317]. In the assembly

process it interacts with two ATPase subunits PSMC4 and PSMC5. Although PSMD10,

a non-ATPase subunit of 19S-RP, is considered as the part of 26S proteasome (unlike

PSMD9) [318], experimentally it has not yet been found in matured proteasome

complex, rather found either free form or bound with the 19S sub-complex [319].

4.1.1 Structure of PSMD10:

PSMD10 is a 226 amino acid long protein, approx. MW is 24.7 KDa. The yeast

homolog Nas6, was identified, cloned and sequenced for the first time during 1998 by

Keiji Tanaka group [314]. Nas6 shares high sequence similarity with PSMD10.
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Sequence comparison studies showed that PSMD10 possesses 35% identity and 52%

similarity with Nas6 [320]. The sequence homologies between human and other

mammals are higher than 90%, which is consistent with the fact that the proteasome

system is highly conserved among mammals. While there is a homology of 72%

between human and zebrafish gankyrin, the sequence homology between human and

yeast is relatively low, 29%, however, most of residues important for the sketch

structure of ankyrin repeats are conserved, implying that human and yeast gankyrin

(Nas6) proteins could have a structural similarity higher than the sequence homology.

The tertiary structure and the crystal structure of Nas6 or PSMD10 have been solved

either alone or with their interacting partners by many independent groups during the

period 2002-2007 [320-327].

4.1.1.1 Nas6 (yeast gankyrin) crystal structure:

Nas6 structure was solved for the first time in 2002 with a resolution of 2.3Å [320,

321]. The crystal structure of Nas6 composed of 228 residues was solved by the MIR

method at 2.7-Å resolution and was refined to 2.3-Å resolution (Figure-4.1A). The

tertiary structure of Nas6p is an elongated structure with overall dimensions 74 Å-36 Å-

33 Å (Figure-4.1A). Nas6 consists of seven ankyrin repeats (ANK1 to ANK7 in Figure-

4.1), each ankyrin repeat is formed by ~30 amino acid residues with a β-hairpin and

helix-loop-helix motif (the only exception is ANK1, which lacks the β-strand β1). The

seven ankyrin repeats in Nas6p possess uniform backbone conformations, as expected

from the relatively high degree of sequence similarity between the motifs except for

ANK7. ANK1 possesses a shorter linker region that connects ANK2 compared with the

other repeats (ANK2–7). In ANK2, -3, and -5, the linker chain is relatively longer

compared with that found in ANK1, -4, and -6. This insertion of a longer chain causes
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more bending, and thus, the overall shape of Nas6p resembles a concave structure

(called “banana-shaped” structure) [320].

Figure-4.1: Crystal Structures of the Nas6. (A) structure-based sequence alignment of the
seven ankyrin repeats of Nas6p. Positions of α-helices and β-strands are indicated above the
sequences. Red letters indicate the conserved PLH motif except for AED in ANK7. Green letters
indicate other identical or similar residues between each ankyrin repeat. (B) Ribbon
representation of the tertiary structure of Nas6p. Each ankyrin repeat is indicated by ANK1–7.
(C) Topological diagram of the secondary structure elements of the Nas6p protein. ANK1–7
indicates the seven ankyrin repeats. α-helices and β-strands are indicated by circles and
arrows, respectively. Residue numbers are indicated at the start and end of each secondary
structural element. (D) The “banana shaped structure” of nas6. The surfaces color-coded for
calculated electrostatic surface potentials calculated by GRASP. Red, blue, and white represent
acidic, basic, and neutral, respectively. Left panel is the same orientation as in (B). The
orientation of the right panel is a 90° rotation about the vertical axis. [Adopted from:
Padmanabhan B., et. al., 2004 [320]]

To better understand the molecular mechanism of protein interaction with nas6 and

to elucidate the functional relevance of nas6 interaction, Nakamura group solved the co-

crystal structure of nas6 with its novel interacting partner Rpt3 in 2007 [319, 326]. In



198

CHAPTER-IV    PSMD10

this study full length nas6 with the c-terminal domain of the ATPase-Rpt3 were

crystalized with a resolution of 2.2Å. The modelled structure suggests that almost all of

the ankyrin repeats of Nas6, ANK1-7, are involved in association with the Rpt3 protein

(Figure-4.3A). Moreover, the structure of Nas6 in complex with Rpt3 uncovered the

mechanisms for the exclusive interaction between Nas6 and the hetero-hexameric

ATPase ring of the proteasome through the C-terminal domain of Rpt3. It also revealed

that the recognition for a complex formation between Nas6 and Rpt3 occurred mainly

through salt links and polar interactions. Structural and biochemical evidences presented

in the study confirmed that Nas6 was indeed a subunit of the 26S proteasome, through

its association with the Rpt3 subunit of the ATPase ring of the 19S regulatory particle

[318]. The structural basis will aid in identification and characterization of possible

substrates for 26S proteasome dependent protein degradation in yeast.

4.1.1.2 PSMD10 (Gankyrin) crystal structure:

Human PSMD10/gankyrin crystal structure was solved in two independent groups

independently (2.0Å and 2.8Å resolution respectively) in the year 2003-2004 [322-324].

PSMD10 structure is very similar to that of nas6 (root mean square deviation = 1.7 Å

for 224 common Cα atoms). The crystal structure reveals that the entire 226-residue

gankyrin polypeptide folds into seven ankyrin repeat elements. Similar to nas6 structure

the ankyrin repeats, consisting of an antiparallel β-hairpin followed by a perpendicularly

oriented helix-loop-helix, stacked side-by-side together near linearly to form a helix

bundle, and neighboring ankyrin repeats are linked by loops of varied size, which

orientate perpendicularly to the axes of the helices of ankyrin repeats (Figure-4.2).

While it is generally described as “linearly stacked”, a slight bending of the repeat stack

toward the β-hairpin loop creating an extended curved structure with a groove running

across the long concave surface. Like most of ankyrin repeat proteins, there is no
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disulfide bond or long-range intramolecular interaction present in gankyrin, and the

elongated structure is mainly stabilized through inter- and intra-ankyrin repeat

hydrophobic interactions predominantly associated with conserved nonpolar residues in

the helical regions as well as hydrogen bonding interactions between polar residues and

the main chain atoms from adjacent ankyrin repeats [328, 329]. Furthermore, a solution

structure of gankyrin is almost superimposable to that of gankyrin in complex with the

C-terminal domain of S6 ATPase, implying that free gankyrin is in a biologically active

conformation. [325].
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Figure-4.2: Crystal Structures of the PSMD10 (Gankyrin). (A) Ribbon diagram of human
gankyrin. The N-terminal domain is coloured, and the six ankyrin repeats are colored
individually. [Adopted from: Babu A. Manjasetty et al., 2004 [324]]. (B) Alignment of the five full
ankyrin repeat sequences (ANK1-5) together with sequences at the N (ANK0) and C (ANK6)
termini of the molecule, which in the structure adopts the ankyrin repeat fold (Reported by
Szymon Krzywda et. al., 2004 [323]). The schematic below the alignment indicates the span of
the α-helical and β-strand segments of the structure. A consensus ankyrin repeat sequence
[330], is shown below the structure. Residues that match the consensus are in blue. (C)
Sequence of human gankyrin reported by Babu A. Manjasetty et al., 2004 [324]. The six ankyrin
repeats are aligned with the ankyrin consensus sequence [331]. In the fifth ankyrin repeat, the
potentially Rb-interacting LXCXE sequence motif is highlighted. Below the sequence, the
position of the α-helices are indicated.

Apart from these structural studies, mouse gankyrin was co-crystalized with its

interacting partners S6-ATPase to elucidate the binding interface and relevant functions

[326, 327]. The crystal structure of gankyrin in complex with the C-terminal domain of

the S6-ATPase reveals that, gankyrin binds to the S6-ATPase through its concave

region of ankyrin repeats. The structure of the complex suggested that all of the ankyrin

repeats in

Figure-4.3: Structure of the Nas6/Rpt3 and Gankyrin/S6-C Complex. (A) Tertiary structure
of the Nas6–Rpt3-C complex by ribbon diagram. Each ankyrin repeat of the gankyrin is
indicated by ANK1-7 (blue to red). The Rpt3-C tertiary structure is in pink. The N and C termini
of both molecules are indicated. (B) Ribbon representation of the mouse gankyrin/S6-C
complex. Each ankyrin repeat of the gankyrin is indicated by ANK1-7 (blue to red). The S6-C
tertiary structure is coloured orange. The N and C termini of both molecules are indicated.
Structural figures were generated with PyMOL [Adopted from: Nakamura Y, et al., 2007 [318,
327]].
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gankyrin are essential for the interaction with S6 ATPase which is consistent with a

previous biochemical study that full-length nas6 is essential for the Rpt3 interaction

[326], whereas the C-terminal domain of S6 ATPase alone is sufficient for association

with its partner, gankyrin. (Figure-4.3A & B). A comparison of the structures between

the gankyrin/S6-C complex and native gankyrin [323] indicated that gankyrin slightly

bends to interact with the surface of S6-C [327]. The structure of the yeast homolog

[320], Nas6p, also shows similar behaviour, as compared with that of the gankyrin in

the gankyrin/S6-C complex. These results indicate that the gankyrin structure (and those

of its homologs) is quite rigid and does not change much when it binds to S6 ATPase.

4.1.1.3 Comparison between Nas6 and PSMD10 structures:

The overall structures of the two homolog protein complexes; nas6 and PSMD10,

as well as the mode of interactions with their counterparts, are similar (Fig. 4) [318].

The charged patches on the interface and the number of salt links are nearly conserved

between these complexes. Most of the interacting residues responsible for making the

complexes are also substantially conserved between them (Figs. 3 and 4A and B).

Hence, the recognition modes for the interaction of these two complexes are essentially

the same. A superposition of the two complexes with respect to ANK4 revealed that

Nas6 in the Nas6–Rpt3 complex possesses more bent form as compared to gankyrin in

the gankyrin–S6 ATPase complex (Fig. 4C). A comparison of the C-terminal domains

of Rpt3 and S6 showed that the overall tertiary structures of these two domains are

similar, and the interacting regions for complex formation with their partners also

superposed well. However, the substantial bent observed in the Nas6 structure may

influence in significant changes in the conformation and orientation of the side chains

with respect to that found in the gankyrin structure of the gankyrin–S6C complex. Also,

because of this bent, the Nas6 molecule appears to squeeze the Rpt3-C molecule
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slightly downward when compared to the structure of the gankyrin–S6C complex. Thus,

the variation in the curvature of the elongated structures observed in Nas6/gankyrin and

the structural deviation in the loop region of Rpt3/S6 are likely to be unique features for

selecting their specific partners in different species.
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Figure-4.4: Comparison between Nas6 and PSMD10 (Gankyrin) structures. (A) Sequence
alignment of Nas6p and gankyrin. Accession numbers of the amino acid sequences are P50086
(Nas6p) and O75832 (gankyrin). The α-helices and β-strands are indicated as helices and
arrows, respectively, and ANK1–7 repeats are indicated by blue bars. Residues 1–27 and 200–
228 in Nas6p are newly identified in this study as ANK1 and -7, respectively. Residues 1–138 in
gankyrin (cyan box) are required for interaction with CDK4/6. Residues 178–182 in gankyrin
(LXCXE motif (green bar)) are required for interaction with Rb (2, 3). The figure was generated
by Espript (22). Identical or similar residues are defined as G; A, V, I, L; M; F, Y, W; P; C; S, T;
N, Q; D, E; and H, K, R. [Adopted from: Padmanabhan B., et. al., 2004 [320]] (B) Charge
distribution on the surfaces of Nas6, gankyrin, Rpt3-C and S6ATPase-C. The complementary
surface patches responsible for complex formation are indicated by circles (labeled as A, B and
C in Nas6/Gankyrin, and as A0, B0 and C0 in Rpt3-C/ S6ATPase-C, respectively). Red, blue
and white represent acidic, basic, and neutral, respectively. An arrow indicates a proposed
potential site for another Nas6 partner. (C) Superposition of ANK4 of the Nas6–Rpt3-C complex
with that of the Gankyrin–S6C complex. The colouring code for the Nas6–Rpt3-C complex is the
same as in Figure-4.3A, and for gankyrin and S6C are shown in yellow and violet, respectively.
[Adopted from: Nakamura Y, et al., 2007 [318, 327]].

A sequence comparison between Nas6 and gankyrin revealed about 52 %

sequence similarity (Figure-4.4A) [318, 320]. This relatively low similarity reflects the

charge distribution on their surface regions. Although the charge distributions on the

ATPase interacting surface (regions A, B and C) are well conserved, some other regions

differ considerably. For instance, the N-terminal part of Nas6 is highly negative

(indicated by an arrow in Figure-4.4B), whereas the corresponding region in gankyrin is

relatively positive. As this region possesses a large charged surface patch, and the

charge distribution in this region is quite different, it is possible that this may be another

site for specific recognition of distinct protein partners for Nas6 and gankyrin.

4.1.2 Interacting partners of PSMD10:

As described earlier, gankyrin belongs to the ankyrin repeat protein class, and proteins

in this class are involved in numerous physiological processes exclusively through

mediating protein-protein interactions [328, 329]. A number of important proteins have

been identified as physiological targets for gankyrin binding and modulating, some of

which, such as pRb [315], MDM2 (HDM2 in human) [332], cyclin-dependent kinase-4

(CDK4) [319, 333], NF-κB-RelA [334], melanoma antigen (MAGE)-A4 [335] and
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RhoGDI1 [336]; play pivotal roles in cell cycle progression, apoptosis, and

tumorigenesis. Recently in our lab we reported seven novel interacting partners of

gankyrin in vitro and ex vivo [337].

In 2000 Jun Fujita group reported that gankyrin binds to pRb through a conserved

pRb binding motif LxCxE at its C-terminus, and such binding is essential for gankyrin-

induced transformation of NIH 3T3 fibroblasts [315]. This was the first report for

gankyrin interaction with its binding partner, here it is pRb. More importantly,

overexpression of gankyrin led to increased pRb hyperphosphorylation (loss of

suppressor activity), activation of the E2F transcription factors (activating the

expression of DNA synthesis genes) and accelerated the degradation of pRb, suggesting

that increased expression of gankyrin could promote tumorigenicity by targeting pRb to

the proteasome (Figure-4.5) [338]. Interestingly, it has been shown that gankyrin is able

to modulate the pRb pathway through an alternative mechanism. That is, gankyrin

competes with p16 as well as other INK4 proteins for binding to CDK4 and preludes the

INK4 inhibition to the kinase activity of CDK4, resulting in enhanced pRb

phosphorylation and concomitant deregulation of E2F1-mediated transcription and cell

cycle progression. Evidently, these studies indicate that gankyrin deregulate the pRb, a

tumor suppressor, pathway at multiple levels, and facilitate tumorigenicity.

In 2005 the Jun Fujita group again reported another break-through finding, about

the role of gankyrin, where it’s tumorigenecity has been expanded to the disruption of

the P53 tumor suppressor pathway [332, 338]. It has been shown that gankyrin binds to

HDM2, an E3 ubiquitin ligase, enhances the ability of HDM2 to ubiquitinate P53 [332,

339]. Consequently, gankyrin recruits the HDM2 and P53 complex to the protease and

fosters the turnover of P53 in an HDM2-dependent manner. In addition, it has been

reported that pRb inhibits MDM2-mediated P53 ubiquitination in a gankyrin dependent



205

CHAPTER-IV   PSMD10

manner and the Rb-gankyrin interaction is critical for pRb-induced P53 stabilization

[340]. Taken together, gankyrin functions as a dual-negative regulator in both pRb and

P53 pathways hence consider as very potent oncoprotein (Figure-4.5).

Figure-4.5 Current understanding of the activities of gankyrin in cell cycle regulation and
apoptosis. In the absence of gankyrin (a) pRb is not hyperphosphorylated and (b) p53 is
inefficiently ubiquitylated by MDM2 and poorly degraded. In the presence of gankyrin (c) pRb is
hyperphosphorylated and degraded, whereas E2F transcription factors are released to trigger
expression of DNA synthesis genes and (d) p53 is extensively ubiquitylated and degraded to
inhibit p53 dependent apoptosis. Abbreviations: P, phosphate; Ub, ubiquitin. [Adopted from:
Dawson, S. et. al., 2006 [338]]

In a pioneer work, Dawson et al., reported two novel interaction of gankyrin with

cyclin dependent kinase-4 (CDK4) and proteasomal ATPase subunit-S6 (Rpt3) in a

yeast-two hybrid screen [319]. Although gankyrin binds to CDK4, it is unlikely to

interact with CDK4 and S6 ATPase simultaneously, as gankyrin uses the same region to
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interact with CDK4 and S6 ATPase. Now as a proteasomal subunit, and interacting with

C-terminal domain of the S6-ATPases gankyrin appears to be a shuttle protein for

transporting ubiquitinated proteins, such as P53 to the proteasome for degradation

[339]. Gankyrin structure suggests that, C-terminal region of gankyrin extends and

bends toward the active center of CDK4. This free C-terminal region might interact with

some target molecules and recruit them to CDK4 as substrates. The C-terminal region

of gankyrin contains an LXCXE motif, which is responsible for the binding of Rb in

vivo [315]. Again biochemical studies indicate that the LXCXE motif region of

gankyrin is sufficient for Rb binding in vitro [333]. It has also been shown that the

binding of CDK4/6 and Rb with gankyrin is independent to each other and occur at N-

and C-terminal regions of gankyrin, respectively. [325, 333]. In addition the binding site

for CDK4 and the phosphorylation site on pRb and the active site of CDK4 lies on the

same site while both of them bind gankyrin simultaneously. And also studies have

suggested that, the binding affinity between pRb and gankyrin was not influenced by

the presence or absence of S6 ATPase and both shows different binding affinities to

gankyrin [327]. Rb also interacts with E2F but opposite to its LXCXE binding motifs

[341, 342]. Furthermore, overexpression of gankyrin enhances pRb phosphorylation and

proteasomal degradation. Taken together the mode of interactions between Gankyrin,

CDK4, S6-ATPase, pRb and E2F it can be hypothesized that, “upon overexpression,

gankyrin functions to carry pRb, which is phosphorylated by CDK4, to the 26S

proteasome site. Then, gankyrin binds to S6 ATPase and subsequently releases pRb for

its degradation at the 26S proteasome. And E2F gets free to transcribe cell cycle

initiating genes” (as depicted in Figure-4.6). However, the structure of the

gankyrin/pRb complex and gankyrin/CDK4 complex are required to further understand

the molecular mechanism of pRb degradation in detail.
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Figure-4.6 Prediction of gankyrin interaction with Rb and CDK4/6 based on the tertiary
structure of Nas6p and biochemical and mutational studies. (A) Two different binding site
for CDK4 and pRB on gankyrin. Amino acid residues mentioned are important for the binding.
[Adopted from: Yuan C., et. al., 2004 [325]] (B) Structural model for the interaction among
gankyrin homolog (Nas6p), CDKcyclin (PDB code: 1FIN), and Rb (PDB code: 1GUX).
Corresponding regions to Thr-373 and Ser-780 in Rb are circled in orange and cyan,
respectively. C and D were generated by GRASP (25). (C) Schematic representation of the Rb-
phosphorylation pathway. Gankyrin interacts with CDK4/6 by competing with INK4 and then
interacts with Rb and CDK4/6 simultaneously and promotes site-specific phosphorylation of Rb
by CDK4/6. [Adopted from: Padmanabhan B., et. al., 2004 [320]].

In addition to the above mentioned role in the P53 and pRb pathways, gankyrin

has been found to be able to interact with melanoma antigen (MAGE)-A4, a tumor

specific antigen with potential in antitumor immunotherapy [335]. This interaction is

mediated by the C-terminal half of MAGE-A4, and is very specific since other MAGE

family proteins structurally similar to MAGE-A4, i.e. MAGE-A1, MAGE-A2, and

MAGE-A12 do not bind to gankyrin. Studies suggested that gankyrin is also involved in
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the regulation of the IκBα/NF-κB pathway [334, 343] but unlike PSMD9 it supress the

activity of NF-κB. On one hand, gankyrin directly binds to NF-κB/RelA and exports

RelA from nucleus through a chromosomal region maintanence-1 (CRM-1) dependent

pathway, thus suppressing the nuclear translocation of NF-κB/RelA as well as its

activity [334]. On the other hand, gankyrin can bind to NF-κB and negatively regulates

its activity at the transcription level through modulating acetylation via SIRT1, a class

III histone deacetylase [343].

Recently in our lab by a high through-put screening method we have reported

seven novel interacting partners of PSMD10 (gankyrin) such as; NCK2, G-rich RNA

sequence binding factor 1 (GRSF1), chloride intracellular channel protein 1 (CLIC1),

eukaryotic initiation factor 4A-III (EIF4A3), dimethylarginine dimethylaminohydrolase

1 (DDAH1), and mitogen-activated protein kinase 1 (MAP2K1), heat shock protein 70

(Hsp70) and heat shock protein 90 (Hsp90) and the probable hotspot site for the

interaction interface [337]. Taking the clue from the interaction interface sequence

(EEVD in S6-ATPase) of the crystal structure of gankyrin/S6-ATPase, we screened the

whole genome for EEVD containing proteins. By various in-silico screening (high

rSASA value, and availability of crystal structure) and by in vitro and ex vivo studies,

we proved seven novel interactions. Three of these interactions occur in HEK293 cells

only when gankyrin is overexpressed but occur in breast cancer cells at endogenous

levels. Furthermore, we experimentally showed the relevance of one of the interaction

CLIC1-gankyrin in breast cancer. However, the rest of the interactions are to be

validated for their functional significance further. Although we showed the importance

of the consensus sequence for the interaction, further crystal structure of gankyrin with

those proteins will shed light on the structural basis of the function of human gankyrin.
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Since the discovery of the first gankyrin interacting partner in 2000, substantial

number of interacting proteins has been identified during the one and half decade.

Furthermore, two imperative characters make gankyrin a vital hub protein for protein

interaction network in cancer and normal cells; such as (a) gankyrin has recently

discovered as an oncoprotein and (b) it has potential ankyrin repeats (known for protein-

protein interactions). Although many of the interactions were validated for their

functional relevance lot more have to be elucidated. Hence there is a lot of scope to

explicate novel interactions (including cancer specific interactions) and their functional

significance, which might contribute towards therapeutic investigation for many

diseases including cancer.

4.1.3 PSMD10 (gankyrin) in cancer:

Gankyrin appears to be one of few oncogenic proteins negatively modulating

both pRb and P53 tumor suppressive pathways. Considering the fact that more than

90% of cancer cells have inactivated pRB and P53 pathways either directly or indirectly

[338], the status of gankyrin in cells could be associated with the development of human

cancers. “Gankyrin”, the non-ATPase subunit of 19S-RP, was in fact first identified as

an oncoprotein in hepatocellularcarcinoma in 2000, and hence given the name

accordingly [315]. The overexpression of this protein in HCC resulted in enhanced

tumerogenic property in vivo. Moreover, overexpression of gankyrin was very often

observed in many cancers like; esophageal squamous cell carcinoma (ESCC) [344],

pancreatic cancer [345], colorectal cancer [346], cervical cancer [347], liposarcoma

[348], middle ear cholesteatoma [349] and also in testicular germ cell tumor [350].

Gankyrin is frequently overexpressed in breast cancer and is associated with ErbB2

expression [351]. It has also been reported that, up-regulated gankyrin correlates with

proliferation and poor prognosis of human glioma [352].
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Gankyrin is not only overexpressed in cancer conditions but also modulate

various signaling pathways in cancer. Gankyrin enhances Ras-mediated activation of

Akt through interacting with RhoGDI. This interaction inturn increases RhoA-RhoGDI

interaction and inhibits ROCK activity thereby decreases PTEN activity. That is how

gankyrin plays an essential role in Ras-induced tumorigenesis [336]. Gankyrin promotes

PI3K/Akt activation leading to enhanced HIF1α signaling pathway thereby increase

HCC progression and metastasis [353]. Gankyrin promotes breast cancer cell metastasis

via accelerating focal adhesion turnover by regulating Rac1 activity [354]. Gankyrin

activates IL-8 to promote hepatic metastasis of colorecteal cancer [355]. Gankyrin plays

an essential role in estrogen-driven and GPR30-mediated endometrial carcinoma cell

proliferation via the PTEN/PI3K/AKT signaling pathway [356]. Gankyrin promotes

tumor growth and metastasis through activation of IL-6/STAT3 signaling in human

cholangiocarcinoma [357]. Our lab reported that, gankyrin by interacting with CLIC1,

enhances migratory potential of breast cancer cells [337].

However, despite its oncogenic role, gankyrin also exhibits some normal

functions in cells. As described earlier PSMD10 binds to RelA and retains NF-κB in the

cytoplasm thus decreasing NF-κB activity [334]. Gankyrin reportedly stabilizes β-

catenin cytoplasmic levels and also enhances the transcriptional activity of β-

catenin/TCF3 complex [358]. Since, β-catenin/wnt signaling pathway is crucial for

cellular differentiation,it can speculated that gankyrin may play some role in normal

signaling pathways. In addition our recent study suggested an array of different proteins

which interact with gankyrin both in normal and cancer scenario. Hence, although

speculative, gankyrin might be modulating different signaling pathways for cellular

homeostasis in normal cells.
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4.1.4 NEURAL STEM CELLS (NSCs):

Neural stem cells (NSCs) are primary progenitor cells that give rise to neurons and glia

in the embryonic, neonatal and adult brain [359]. The term “neural stem cell” is used to

describe cells that; (1) can generate neural tissue or are derived from the nervous

system, (2) have some capacity for self-renewal, and (3) can give rise to cells other than

themselves through asymmetric cell division [360]. Moreover, central nervous system

(CNS) development starts from a small number of highly plastic cells that proliferate,

acquire regional identities and produce different cell types. These cells have been

defined as neural stem cells on the basis of their ability to self-renew in vitro and to

generate three major cell types such as neurons, oligodendrocytes and astrocytes. NSCs

are specified in a space- and time-related manner , becoming spatially heterogeneous

and generating progressively restricted repertoire of cell types [361]. Mammalian NSCs

produce different cell types at different time points during development under the

influence of multiple signaling pathways.

In recent years, we have learned three important things about these cells. First,

NSCs correspond to cells previously thought to be committed glial cells. Second,

embryonic and adult NSCs are lineally related: they transform from neuroepithelial cells

into radial glia, then into cells with astroglial characteristics. Third, NSCs divide

asymmetrically and often amplify the number of progeny they generate via

symmetrically dividing intermediate progenitors [359]. The discovery of adult

mammalian neural stem cells marks a milestone in the journey of our current

understanding of adult brain plasticity. A previously long-held dogma maintained that

neurogenesis in the adult mammalian CNS was complete, rendering it incapable of

mitotic divisions to generate new neurons, and therefore lacking in the ability to repair

damaged tissue caused by diseases (e.g. Parkinson’s disease, multiple sclerosis) or
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injuries (e.g. spinal cord and brain ischemic injuries). However, there is now strong

evidence that multipotent NSCs do exist, although only in specialized

microenvironments, in the mature mammalian CNS. This discovery has fuelled a new

era of research into understanding the tremendous potential that these cells hold for

treatment of CNS diseases and injuries.

4.1.4.1 Identification of Neural Stem Cells:

Neurobiologists routinely use various terms interchangeably to describe undifferentiated

cells of the CNS. The most commonly used terms are “stem cell”, “precursor cell” and

“progenitor cell”. The inappropriate use of these terms to identify undifferentiated cells

in the CNS has led to confusion and misunderstandings in the field of NSC and neural

progenitor cell research. However, these different types of undifferentiated cells in the

CNS technically possess different characteristics features and fates. For clarity, the

terminology used here is:

Neural Stem Cells (NSCs): Multipotent cells which are able to self-renew and

proliferate without limit, to produce progeny cells which terminally differentiate into

neurons, astrocytes and oligodendrocytes. The non-stem cell progeny of NSCs are

referred to as neural progenitor cells.

Neural Progenitor Cells: Neural progenitor cells have the capacity to proliferate and

differentiate into more than one cell type. Neural progenitor cells can therefore be

unipotent, bipotent or multipotent. A distinguishing feature of a neural progenitor cell is

that, unlike a stem cell, it has a limited proliferative ability and does not exhibit self-

renewal.

Neural Precursor Cells: As used here, this refers to a mixed population of cells

consisting of all undifferentiated progeny of neural stem cells, therefore including both
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neural progenitor cells and neural stem cells. The term neural precursor cells is

commonly used to collectively describe the mixed population of NSCs and neural

progenitor cells derived from embryonic stem cells and induced pluripotent stem cells.

Prior to 1992, numerous reports demonstrated evidence of neurogenesis and

limited in vitro proliferation of neural progenitor cells isolated from embryonic tissue in

the presence of growth factors [362-364]. While several sub-populations of neural

progenitor cells had been identified in the adult CNS, researchers were unable to

convincingly demonstrate the characteristic features of a stem cell, namely self-renewal,

extended proliferative capacity and retention of multi-lineage potential. In vivo studies

supported the notion that proliferation occurred early in life, whereas the adult CNS was

mitotically inactive, and unable to generate new cells following injury. In the early

1990s, cells that responded to specific growth factors and exhibited stem cell features in

vitro were isolated from the embryonic and adult CNS [365, 366]. With these studies,

Reynolds and Weiss demonstrated that a rare population of cells in the adult CNS

exhibited the defining characteristics of a stem cell: self-renewal, capacity to produce a

large number of progeny and multilineage potential. The location of stem cells in the

adult brain was later identified to be within the striatum [367], and researchers began to

show that cells isolated from this region, and the dorsolateral region of the lateral

ventricle of the adult brain, were capable of differentiating into both neurons and glia

[368].

4.1.4.2 Neural Stem Cell Culture (in vitro) Systems:

In vitro culture methodologies develop to isolate, grow and functionally characterize

NSC populations have revolutionized the understanding of neural stem cell biology, and

increased our knowledge of the genetic and epigenetic regulation of NSCs [369]. Over

the past several decades, a number of culture systems have been developed that attempt
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to recapitulate the distinct in vivo developmental stages of the nervous system, enabling

the isolation and expansion of different NPC populations at different stages of

development. Here the commonly used culture systems are mentioned, for generating

NPCs from pluripotent stem cells (PSCs), and for isolating and expanding NSCs from

the early embryonic, postnatal and adult CNS.

4.1.4.2.1 Neural induction and differentiation of pluripotent stem cells: Early NPCs

can be derived from mouse and human PSCs, which include embryonic stem cells

(ESCs) and induced pluripotent stem cells (iPSCs), using appropriate neural induction

conditions at the first stage of differentiation. While these neural differentiation

protocols vary widely, a prominent feature in popular embryoid body-based protocols is

the generation of neural “rosettes”, morphologically identifiable structures containing

NPCs, which are believed to represent the neural tube. The NPCs present in the neural

rosette structures are then isolated, and can be propagated to allow NPC expansion,

while maintaining the potential to generate neurons and glial cells. More recently,

studies have shown that neural induction of PSCs can also be achieved in a monolayer

culture system, wherein human ESCs and iPSCs are plated onto a defined matrix, and

exposed to inductive factors [370]. A combination of specific cytokines or small

molecules, believed to mimic the developmental cues for spatiotemporal patterning in

the developing brain during embryogenesis, can be added to cultures at the neural

induction stage to promote regionalization of NPCs. These “patterned” NPCs can then

be differentiated into mature cell types with phenotypes representative of different

regions of the brain [371-376].

4.1.4.2.2 Neurosphere culture: The neurosphere culture system has been widely used

since its development as a method to identify NSCs [377-380]. A specific region of the

CNS is microdissected, mechanically or enzymatically dissociated, and plated in a
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defined serum-free medium in the presence of a mitogenic factor, such as epidermal

growth factor (EGF) and/or basic fibroblast growth factor (bFGF). In the neurosphere

culture system, NSCs, as well as neural progenitor cells, begin to proliferate in response

to these mitogens, forming small clusters of cells after 2 – 3 days. The clusters continue

to grow in size, and by day 3 - 5, the majority of clusters detach from the culture surface

and begin to grow in suspension. By approximately day seven, depending on the cell

source, the cell clusters, called neurospheres, typically measure 100 - 200 μm in

diameter and are composed of approximately 10,000 - 100,000 cells. At this point, the

neurospheres should be passaged to prevent the cell clusters from growing too large,

which can lead to necrosis as a result of a lack of oxygen and nutrient exchange at the

neurosphere center. To passage the cultures, neurospheres are individually, or as a

population, mechanically or enzymatically dissociated into a single cell suspension and

replated under the same conditions as the primary culture. NSCs and neural progenitor

cells again begin to proliferate to form new cell clusters that are ready to be passaged

approximately 5 - 7 days later. By repeating the above procedures for multiple passages,

NSCs present in the culture will self-renew and produce a large number of progeny,

resulting in a relatively consistent increase in total cell number over time. Neurospheres

derived from embryonic mouse CNS tissue treated in this manner can be passaged for

up to 10 weeks with no loss in their proliferative ability, resulting in a greater than 100-

fold increase in total cell number. NSCs and neural progenitors can be induced to

differentiate by removing the mitogens and plating either intact neurospheres or

dissociated cells on an adhesive substrate, in the presence of a low serum-containing

medium. After several days, virtually all of the NSCs and progeny will differentiate into

the three main neural cell types found in the CNS: neurons, astrocytes and

oligodendrocytes. While the culture medium, growth factor requirements and culture
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protocols may vary, the neurosphere culture system has been successfully used to

isolate NSCs and progenitors from different regions of the embryonic and adult CNS of

many species including mouse, rat and human.

4.1.4.2.3 Adherent monolayer culture: Alternatively, cells obtained from CNS tissues

can be cultured as adherent cultures in a defined, serum-free medium supplemented

with EGF and/or bFGF, in the presence of a substrate such as poly-L-ornithine, laminin,

or fibronectin. When plated under these conditions, the neural stem and progenitor cells

will attach to the substrate-coated cultureware, as opposed to each other, forming an

adherent monolayer of cells, instead of neurospheres. The reported success of

expanding NSCs in long-term adherent monolayer cultures is variable and may be due

to differences in the substrates, serum-free media and growth factors used [369].

Recently, protocols that have incorporated laminin as the substrate, along with an

appropriate serum-free culture medium containing both EGF and bFGF have been able

to support long-term cultures of neural precursors from mouse and human CNS tissues

[381-383]. These adherent cells proliferate and become confluent over the course of 5 -

10 days. To passage the cultures, cells are detached from the surface by enzymatic

treatment and replated under the same conditions as the primary culture. It has been

reported that NSCs cultured under adherent monolayer conditions undergo symmetric

divisions in long-term culture [381, 384]. Similar to the neurosphere culture system,

adherently cultured cells can be passaged multiple times and induced to differentiate

into neurons, astrocytes and oligodendrocytes upon mitogen removal and exposure to a

low serum-containing medium.

Several studies have suggested that culturing CNS cells in neurosphere cultures

does not efficiently maintain NSCs and produces a heterogeneous cell population,

whereas culturing cells under serum-free adherent culture conditions does maintain
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NSCs [369]. In our lab for the current study we have used adherent monolayer culture

of NPCs (procured from “Millipore”) and culture them following the protocol describe

in materials and methods (Chapter-III).

4.1.4.3 In vivo differentiation of neural stem cells:

In vivo differentiation of NSCs or the active neurogenesis occurs during embryogenesis

as well as in adult brain. In adult it primarily occurs in two regions of the adult

mammalian brain: the subventricular zone (SVZ) of the lateral ventricles and the

subgranular zone (SGZ) of the dentate gyrus (DG). During mammalian embryogenesis,

CNS development begins with the induction of the neuroectoderm, which forms the

neural plate and then folds to give rise to the neural tube. Within these neural structures

there exists a complex and heterogeneous population of neuroepithelial progenitor cells

(NEPs), the earliest neural stem cell type to form [385, 386]. As CNS development

proceeds, NEPs give rise to temporally and spatially distinct neural stem/progenitor

populations. During the early stage of neural development, NEPs undergo symmetric

divisions to expand neural stem cell (NSC) pools. In the later stage of neural

development, NSCs switch to asymmetric division cycles and give rise to lineage-

restricted progenitors. Intermediate neuronal progenitor cells are formed first, and these

subsequently differentiate to generate to neurons. Following this neurogenic phase,

NSCs undergo asymmetric divisions to produce glial-restricted progenitors, which

generate astrocytes and oligodendrocytes (Figure-4.7). The later stage of CNS

development involves a period of axonal pruning and neuronal apoptosis, which fine

tunes the circuitry of the CNS.
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Figure-4.7 Model of neural stem cell differentiation process. [Adopted from: Jason T. Huse
& Eric C. Holland, Nature, 2010 and Dragan Maric et al, Molecular Neurobiology, 2004].

4.1.4.4 Factors affecting differentiation of neural stem cells:

Neurogenesis in adults is dynamically regulated by a number of intrinsic as well as

extrinsic factors [387]. Endogenous extrinsic factors in the local microenvironment,

often referred to as the “neurogenic niche” or “stem cell niche”, include neural

precursor cells, surrounding mature cells, cell-to-cell interactions, cilia, secreted factors,

and neurotransmitters [388, 389]. Microenvironments of the subventricular zone (SVZ)

and subgranular zone (SGZ), but not other brain regions, are thought to have specific

factors that are permissive for the differentiation and integration of new neurons, as

evidenced by a pivotal study showing that adult hippocampal astrocytes promote
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neuronal differentiation of adult-derived hippocampal progenitor cells in vitro [390].

The importance of the stem cell niche in determining the fate of adult NSCs is

highlighted by several different transplantation experiments [391].

Recently developed tools allowing inducible alteration of gene expression

specifically within adult NSCs have provided new insights in the mechanisms

regulating neurogenesis in vivo. Viral-mediated gene transfer in vivo enable inducible

and cell-specific knock-out, knockdown, or overexpression of a specific gene of

interest. With these and other techniques, several soluble and membrane-bound

extracellular factors and their intracellular signaling cascades have recently been

identified as determinants of the local microenvironment of the SVZ and SGZ,

including Wnt, sonic hedgehog, Notch, BMPs, neurotrophins, and neurotransmitters

[391]. Furthermore, cell-intrinsic mechanisms including transcription factors and

epigenetic regulators of neurogenesis have recently been shown to be crucially involved

in modulating neurogenesis in the adult brain (Table-4.1). Although the above

mentioned signaling transduction pathways are critical for overall neural differentiation

process, some of them are predominantly favours a particular lineage differentiation

(Figure-4.8).
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Figure-4.8 Signaling pathways biasness for particular lineage in neural stem cell
differentiation process.

4.1.4.4.1 Regulatory Factors in Neuronal Fate Determination:

Main signaling pathways for neuronal fate determination:

Wnt signaling: During both NPCs expansion and neurogenic phases, Wnt ligands and

receptors are expressed and impact drastically in the process [392]. β-catenin, a central

player of Wnt signaling, exerts effects on proliferation and differentiation or both,

depending on the context of other signaling cascades [393, 394]. Wnt signaling exhibits

its neurogenic effects on late NPCs, because it causes cell cycle arrest and neuronal

differentiation in developing neocortex.[392, 395]. The neurogenic effect of Wnt

signaling is powerful in terms of induction of neuronal differentiation since nuclear

accumulation

Figure-4.9 The involvement of Notch and Wnt signaling pathways and their relevant
transcription factors in neurogenesis. The blue arrows indicate activating effects and the red
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lines represent repressive effects. Notch is a negative signal while Wnt is a positive signal in
neurogenesis through the mediation by bHLH and SOX transcription factors.

of β-catenin alone is sufficient to induce neuronal lineage commitment. Canonical Wnt

pathway increases the expression of neurogenin1 (Ngn1) and Ngn2, a sort of proneural

basic helix-loophelix (bHLH) proteins, through direct activation of their promoters by

the β-catenin/TCF complex [392, 395]. In a subsequent study it was also shown that

NeuroD1, a pro-neurogenic basic helix–loop–helix (bHLH) transcription factor,

functions as a downstream mediator of Wnt-induced neurogenesis from adult

hippocampal neural progenitors [396]. Moreover, these results indicate the instructive

role of Wnt pathway in neurogenesis.

Figure-4.10: Regulation of adult neurogenesis in the dentate gyrus of the hippocampus
of the lateral ventricle. Schematic diagram is illustrating the sequential steps underlying the
process of neurogenesis in the adult hippocampus. Image shows the transition from a radial-like
glia cell to neural progenitor cell in the adult SGZ, as well as subsequent stages of neuronal
differentiation, maturation and migration.
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Notch signaling: Notch receptors are single-pass trans-membrane heterodimers that are

activated upon forming a binding complex with their membrane-bound ligands on the

neighbouring cell, Delta and Jagged. Ligand binding results in gamma-secretase

mediated cleavage of the trans-membrane domain, and subsequent release of the notch

intracellular domain (NICD) into the cytosol. NICD is then translocated to the nucleus

where it forms a complex with the DNA-binding protein RBPj. The NICD–RBPj

complex in turn acts as a transcriptional activator and induces the expression of bHLH

transcription factors, such as the hairy and enhancer of split (HES) and others [48].

While the role of Notch signaling in neurogenesis has previously been studied

mainly during development, recent reports suggest that Notch has distinct roles in the

maintenance and differentiation of NSCs in the adult nervous system. This signaling

pathway maintains a NSCs pool in SVZ and regulates neuronal differentiation in a

spatiotemporal manner. By a delimited mechanism called “lateral inhibition” Notch

signals keep neurons in an appropriate proportion and initiate gliogenesis in time [397].

In this mechanism during vertebrate neurogenesis, proneural genes such as Mash1 and

Ngns trigger transcriptional activation of the Notch receptor ligand Delta. This ligands

activate the notch signaling in the neighbouring progenitor cells which resulting in the

expression of Hes/ Her/Esr genes which, in turn, directly downregulate proneural gene

expression, hence inhibit the cells to become neuron [397]. Therefore, the commitment

to a neural fate by one cell had the consequence of inhibiting its neighbours to follow

the same fate. Thus, Notch signaling is required to maintain a reservoir of

undifferentiated cells and ensure ongoing neurogenesis during adult life. That’s how

notch singling regulates neurogenesis.

Sonic Hedgehog signaling: Sonic hedgehog (Shh) is a soluble extracellular signaling

protein that was first discovered to have a role in cell differentiation in the neural tube
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and limb bud [398]. Shh signaling has since been found to be crucial in regulating

various processes during development of the nervous system, such as ventral forebrain

neuronal differentiation, midbrain dopaminergic differentiation, and cerebellar neuronal

precursor proliferation [399-401]. The Shh receptors Ptc and Smo are expressed in the

adult hippocampus and in progenitors derived from this region. Furthermore, various

components of the Shh signaling cascade are expressed in the early postnatal as well as

the adult SVZ [402, 403]. This suggests the involvement of Shh in neurogenesis and

neuronal progenitor cell proliferation. In addition Shh was recently found to serve as an

important regulator of neuronal migration in the adult mammalian brain [404].

Neurotrophic factors, Growth factors and transcription factors: Neurotrophic

factors are extracellular signaling proteins that play important roles in both the

embryonic and adult neurogenesis. In mammals, four neurotrophic factors have been

identified, namely nerve growth factor (NGF), brain-derived neurotrophic factor

(BDNF), neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5) [405]. Among the

growth factors Fibroblast growth factor-2 (FGF-2), Insulin-like growth factor-1 (IGF-1),

and Vascular endothelial growth factor (VEGF) contribute substantially towards

neurogenesis. Several recent studies have implicated FGF-2 as a regulator of

neurogenesis in the adult brain [406], IGF-1 increases the rate of neurogenesis in the

adult hippocampus in vivo [407] and infusion of VEGF into the lateral ventricle of adult

rats increases neurogenesis in the SVZ and the SGZ [408]. Among the transcription

factors proneural gene encoding bHLH family transcription factors like; Mash1, NGN1,

NGN2 and NGN3 play an important role in neurogenesis [397]. Neurogenin1 reportedly

promote neuronal differentiation by transcribing the NeroD1 family genes and

supressing the activity of STAT3 [409].
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Table-4.1: Overview of signaling in adult neural stem cells: [Adopted from: Roland Faigle et al., Biochimica et Biophysica Acta 1830 (2013) 2435–
2448]
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4.1.4.4.2 Regulatory Factors in astrocyte Fate Determination:

Main signaling pathways for astroglial fate determination: Signaling pathways involved

in the induction of astrocyte specification are thought to be induced via cytokines such

as CNTF, LIF and IL-6 as well as the signaling mediated by BMP and Notch proteins

[410, 411].

STAT3 signaling: The typical effect of STAT3 signaling is to promote GFAP

expression, a specific biomarker of glial cells. As a transcription factor, STAT3 induces

GFAP expression via binding with STAT-responsive element in GFAP promoter region

when activated by CNTF and LIF [412]. Among the genes activated by STAT1/3 in late

embryonic NEPs, there are several composition elements of the Jak-Stat pathway itself,

including gp130, Jak1, Stat1 and Stat3. Thus, STAT signaling triggers an auto-

regulatory loop that reinforces itself and presumably tends to consolidate and stabilize

the astrocyte phenotype [413].

BMP signaling: Bone morphogenetic proteins have been implicated in the development

of gliocytes. It has been proved that BMPs are involved in astrocytic differentiation of

neural precursor cells. In the nuclei, BMP-downstream transcription factors, i.e., Smad

proteins, induce expression of astrocyte-specific genes in cooperation with another

cytokine signaling [414].

Notch signaling: Notch directly promotes the differentiation of many glial subtypes

except oligodendrocytes in an instructive manner. Notch1 could be detected in the

nuclei of radial glial cells but not in neuronal precursor cells of the embryonic forebrain

[415]. Various data suggest that Notch activation is essential for astrogenesis by

inhibiting the tendency of neuronal formation. Notch appears to promote the astrocytic

phenotype through its downstream effectors Hes1 and Hes5 which are known to
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promote astrocytic differentiation via suppressing the function of proneural bHLHs

[392].

Growth factors and transcription factors: The above mentioned factors like CNTF,

LIF, IL6, the BMP family proteins including the TGF-β superfamily and to some extent

growth hormone (GH) promote astrocyte differentiation over neuronal differentiation

from the progenitor cells. Among the transcription factors STAT3, STAT1, smad1and

Hes-5 are the major players for astroglial differentiation.

4.1.4..3 Regulatory Factors in Oligodendrocyte Fate Determination:

Main signaling pathways for astroglial fate determination:

Shh Pathway: Several studies demonstrated that sonic hedgehog (Shh) signaling was

specificly required during oligodendrocyte development. For instance, Shh promotes

NSCs to transform to oligodendrocyte progenitor/OLP [416, 417] and induces pMN-

derived OLPs (progenitor of motor neurons derived oligodendrocyte progenitor) in

primary cultures of dissociated forebrain NPCs [418, 419].

Notch signaling: Notch signaling is essential at the early stages of specification of the

oligodendrocyte lineage, because constitutive activation of Notch signaling results in

excess OLPs at the expense of motor neurons [420]. On the other hand, persistent Notch

signaling can inhibit in vitro oligodendrocyte maturation, and loss of Notch signaling

leads to premature differentiation of OLPs to oligodendrocytes in vivo [421]. These data

thus suggest that Notch signaling might regulate both the specification of OLPs and

oligodendrocytes maturation.

Opposite effects of BMPs signaling: BMP signaling is another element that influences

oligodendrocytic fate determination but in an opposite way of Shh signaling. The

members of the BMP family have been proposed to act as negative regulators of
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oligodendrocyte specification because BMPs induce expression of Id proteins that

interact with OLIG proteins to inhibit OLP differentiation and maturation [422].

Growth factors and transcription factors: Among the growth factors FGF2, insulin-

like growth factor I (IGF-I), and IGF-II or Insulin has also been implicated to influence

oligodendrocyte specification. The transcription factors like; neural basic helix-loop-

helix (bHLH) transcription factors, Olig1 and Olig2 [418] along with Mash1 known to

be involved in oligodendrocyte differentiation. In addition Nkx 6.1 and Nkx 6.2 the two

homeodomain transcription factors which are induced by Shh in the ventral spinal cord

[423] also regulate oligodendrocyte differentiation by regulating the expression of Olig2

in a dose dependent manner. Nkx2.2 is another homeobox transcription factor induced

by shh signaling involved in oligodendrogenesis in the neural tube [424]. Moreover, the

Sox E family transcription factors comprising Sox 9, Sox 8 and Sox 10, has a prominent

role in oligodendrocyte development [425, 426].

4.1.4.5 Role ubiquitin proteasome system (UPS) in neural stem cell differentiation:

Increasing evidence suggests that the ubiquitin proteasome system (UPS) plays an

important role in neural stem and progenitor cell differentiation and neurogenesis.

Neural differentiation requires coordinated gene and protein regulation for controlled

progression of neurons, astrocytes or oligodendrocytes formation. In this process, the

neural stem cells either proliferate to maintain a pool of neural stem cells or exit the cell

cycle to mature into neurons or glia. The neural stem cells are characterized by

symmetrical cell division [427] and the expression of neural stem cell maintenance

genes such as the SoxB1s [428], RE-1 silencing transcription factor (REST) [429] and

Notch [430]. To form neurons or glia, neural stem cells undergo asymmetric cell

divisions and a subset of proteins segregate differentially between the two daughter
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cells, one of which remains a stem cell while the other cell differentiates [431-434]. In

the differentiating cell, the levels of REST [435-437], Notch signaling and SoxB1s

[438-441] are down-regulated by repression of their gene expression and post-

translational modifications. As the interactions between proteins and signaling pathways

restructure the proteome of the differentiating cell, the abundance of many proteins is

regulated by targeted degradation by the ubiquitin–proteosome system.

If we revisit the detail progression of neural stem cell differentiation process, we

will come across those five critical signaling pathways such as; Wnt, Shh, Notch, BMP

and STAT3 signaling pathways controlling the whole process. All these pathways more

or less regulated by spatio-temporal protein synthesis and degradation to modulate the

differentiation process, and hence an involvement of UPS is attributed for the

differentiation progression. For degradation point of view E3 ligases in UPS plays a

pivotal role in this complex phenomenon of neural differentiation process.

4.1.4.5.1 Proteasomal degradation in the signaling pathways of differentiation

process:

Notch signalling: In Notch signaling at least five E3 ubiquitin ligases: suppressor of

deltex/ Itch [442], SCFFbxw7 [443, 444], ligand of numb-protein X (LNX) [445],

neuralized [446, 447] and Mind bomb (MIB) [448, 449] fine-tune Notch-Delta signaling

pathway. The HECT-type Ub ligase, neuralized, and the RING-type Ub ligase, MIB, are

enriched at the plasma membrane of the differentiating cell and target the Notch ligands

Delta and Serrate for ubiquitination and internalization In the differentiating cell, Notch

signaling is down-regulated by ubiquitination and degradation of NICD and the NICD

effector, Hes1, allowing for transient up-regulation of Delta. The decrease in Notch

signaling is accomplished in part by degradation of the effector protein Hes1, which

allows for the expression and stabilization of proneural genes, Neurogenin (Ngn).
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Wnt signaling: In canonical Wnt signaling pathway the central player β-catenin get

degraded via a destruction complex through proteasomal pathway while no extrinsic

signal trigger the pathway for neurogenesis. In addition the β-catenin target genes such

as NGN1 levels are regulated by proteasome in the nucleus during neuronal

differentiation [450, 451].

Shh signaling: In Shh pathway the two critical transcription factors Gli2 and Gli3 get

ubiquitinated, degraded and prevention of transcriptional activation in absence of Shh

signal. Hence proteasomal degradation ensures the Gli-mediated target gene activation

only occurs when Shh is present.

FGF signaling: In FGF pathway, which has a prominent role in anterior–posterior

patterning of the neuroectoderm, the sprouty enhances the signaling by binding to and

dissociating c-Cbl, a RING-type ubiquitin ligase, from the FGF receptor, thereby,

allowing signaling to occur [452]. However, when Sprouty is ubiquitinated and

degraded by NEDD4 ubiquitin ligase, c-Cbl interacts with the receptor, resulting in

ubiquitination and degradation of the FGF receptor [453-455].

BMP signaling: In BMP signaling pathway three HECT-type E3 ligases smurf1, smirf2

(Smad ubiquitin regulatory factors), NEDD-4 regulate the proteasomal degradation of

smard proteins; R-smard, smard-2, TGF- β-1 receptor and negatively regulate the

pathway. Conversely other reports suggest, another RING-type ubiquitin ligase,

Arkadia, enhances BMP signaling by inducing ubiquitination and degradation of

inhibitory Smad7 transcription factor [456, 457].

Stem cell markers degradation: It has been reported that nestin the neural stem cell

marker is degraded by UPS during the differentiation process. Another key player in

neurogenesis REST, which regulates cell fate by preventing premature expression of

neuronal genes in neural progenitors, get ubiquitinated by SCFTRCP E3 ligase, whose
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levels increases during neurogenesis, and consequently degraded by proteasome during

neuronal differentiation. [429]. The SoxB1 group transcription factors, Sox1, Sox2, and

Sox3, are important for the maintenance of neural progenitors [458-460]. Reports

suggest as cells differentiate sox2 and sox3 expressions are down-regulated and their

decrease promotes cell cycle exit and neuronal differentiation [439]. Conversely,

constitutive expression of sox2 or sox3 maintains the proliferative capacity and inhibits

neuronal differentiation of progenitors. Although SoxB1 degradation seems critical for

differentiation, a very little literature exists about its post translational modification and

proteasomal degradation. Not only SoxB1 many other stem cell markers must have been

controlled by the UPS, which are still unrevealed.

All the above reports cumulatively suggest that there is a critical role of UPS exists

in neural differentiation process by degrading cell fate deciding regulators in the

progenitor cells. This is how; targeted protein degradation and ubiquitin E3 ligases

provide a specific mechanism to eliminate key transcription factors and signaling

pathways components important for neurogenesis and the development of the nervous

system. Proteasomal regulation at the protein level allows for a rapid change in the

proteome of the cells and the timely and ordered progression of neurogenesis, adding

another layer of complexity to this already complex process. Nevertheless, this key role

of proteasome seems critical for this differentiation process and appears a rapidly

growing area of research. In comparison to the vast complexity of neural stem cell

biology current knowledge about UPS role is in its infant stage. Hence there exist a lot

of scopes for elucidating more about proteasomal role in neural stem cell maintenance

and differentiation process.
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4.2 RATIONALE OF THE STUDY AND HYPOTHESIS:

As we know from the review of literature, gankyrin is considered as a very potent

oncoprotein which degrade pRb and p53. It contains ankyrin repeats, a potential protein-

protein interacting domain and reportedly interacts with many proteins in many

signalling pathways. Gankyrin acts as a hub protein which can rewire many signaling

networks in cancer and may be important for regulating signaling cascades in normal

cell to primarily regulate tissue development and differentiation, such as; NF-κB and

Wnt/β-catenin signaling pathways. Reported studies (as mentioned in the section 4.1

Review of literature) and our preliminary data suggest that, gankyrin enhances the β-

catenin transcriptional activity by stabilizing the protein. Upon overexpression of

gankyrin a substantial increase of β-catenin protein levels are seen in HEK293 cells

(Unpublished data from our lab). Wnt/β-catenin pathway predominantly influences

neurogenesis in NSCs a. Furthermore, gankyrin influence IL6/STAT3 signaling

pathway in cancer cells and perhaps in specific context in normal cells Indeed reports

suggest a major role of STAT3 signaling pathway in gliogenesis of NSCs. Gankyrin is

also involved in pathogenesis and poor prognosis of glioma. Glioma, is a product of

disregulation in the genesis of glial cells and are dedifferentiatied glial progenitor cells.

These literature reports speculate a probable role of gankyrin in neural differentiation

process.

Preliminary results to develop our hypothesis:

As mentioned above we have shown a significant correlation between gankyrin

and β-catenin. We observed a significant increase in IL8 mRNA expression and

corresponding decrease in STAT3 mRNA levels upon gankyrin overexpression in

HEK293 cells (Figure-4.9). These results suggest that, gankyrin may be influencing

STAT3 activity negatively. Although increase in IL8 expression goes according to a
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reported study [355] but the decrease in STAT3 activity is paradoxical to the report

about the role of gankyrin in cholangiocarcinoma [357]. Whereas it has been reported

that, gankyrin correlates with proliferation and poor prognosis of human glioma [352]

and in glioblastoma STAT3 activity is inhibited and IL8 expression has increased [461]

which correlates with our preliminary results. The both studies suggest, these

contradictory fallouts could be a tissue specific response. However, these results

altogether give an indication for the probable role of gankyrin mediated STAT3 activity

for gliogenesis.

Figure-4.11 PSMD10 influence STAT3 signaling pathway in HEK293 cells.

Furthermore, microarray analysis of HEK293 cells over expressing gankyrin

shows up regulation of at least 8 genes associated with neuronal differentiation (upto to

4-20 fold; Table-4.2). In the validation study two of these up-regulated genes NGN1 and

NRG1 were confirmed to be over expressed by real-time qRT-PCR. According to

literature NGN1 (Neurogenin1) is a basic helix-loop-helix transcription factor that

predominantly promotes neurogenesis of the neural progenitor cells. In addition a

positive correlation between β-catenin, which regulate NGN1 expression during
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neurogenesis, and PSMD10 was observed in an independent experiment. One of the

major interests in the lab is to understand the role of ubiquitin proteasome pathway in

development and differentiation. We had chosen the human neural progenitor cells from

Millipore the ReNcells to explore this possibility. Based on the literature evidence above

and our own observations on gene regulation of PSMD10 in HEK293 cells, my

hypothesis was to explore the potential role for PSMD10 in neural differentiation.

Table.4.2 Up-regulated gene list from the microarray data.

Hence collectively basing upon the available literature and from our initial data

(Figure-4.12) we hypothesize that, “PSMD10 might be playing role in neural stem

cell differentiation”.
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Figure-4.12 Hypothesis: PSMD10 might be playing role in Neural stem cell differentiation.

To test this hypothesis we put forth the following fundamental questions:

1. Whether endogenous PSMD10 levels vary during differentiation process?

2. Whether the levels of PSMD10 in progenitor cells influence the cell fate?

3. Is PSMD10 involved in the differentiation process process?

4. What may be the probable mechanism?
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4.3 RESULTS:

4.3.1 In vitro culture of the human Neural Progenitor cells (hNPCs):

Human neural progenitor cells (hNPC) were commercially procured from

Millipore. Since they grow in adherent fashion, we use Laminin for coating the culture

plate. They grow on the coated plate in a mono layer fashion (Figure-4.13) in a

specialized Neural stem cells maintenance media when supplemented with two growth

factors; EGF and FGF. The doubling time of these cells is 20/30 hours and these cells

maintain a proper diploid karyotype. They are sub-cultured for the next passage by an

enzymatic de-adhesion method using acutase.

Figure-4.13 Phase Contrast image of human Neural progenitor cell. Cells were grown on
Laminin coated plate in Neural stem cells maintenance media with supplement EGF (20ng/mL)
and FGF (20ng/mL) for 72hr. Image shows >90% confluent mono layer cells.

4.3.2 Characterization of the human Neural progenitor cells (hNPCs):

Human neural progenitor cells (hNPC) were grown on laminin coated plate in

Neural stem cells maintenance media with EGF and FGF supplements till 80%

confluency. Expression of neural stem cell markers viz. Sox2 (a transcription factor),

Nestin (a type VI intermediate filament (IF) protein) and Musashi (a RNA binding

proteins) was confirmed by immunofluorescence. The IF-image showed nestin as

filamentous structure, sox2 as nuclear localization and musashi as pan-cellular
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localization, predominantly in cytoplasm. To validate the stemness we check the

expression of some terminal differentiated cell markers such as a β-III tubulin a

Neuronal marker –, and GFAP (Glial fibrilliary acidic protein) an astrocyte marker –.

We did not detect cells expressing these differentiation markers within this pool of

progenitor cells. These result suggested these progenitor cells retain the stem cell like

characteristics in vitro.

Figure-4.14 Expression of neural stem cells markers in human Neural progenitor cells
(hNPCs). Progenitor cells were grown on Laminin coated glass coverslips till they reached
~80% confluence. Immunofluorescence was done following the protocol described in materials
and methods. Cells are showing expression of (A) Nestin (in red) (B) Sox2 (in green) and (C)
Mushashi (in green), but not showing the expression of (D) either GFAP or β-III tubulin. DAPI
was (in blue) used for nuclear staining. Images were acquired in Laser confocal microscope
(Nikon-Meta510).

4.3.3 In vitro differentiation of the human Neural progenitor cells:
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Human neural progenitor cells (hNPC) were grown on laminin coated plate in

Neural stem cells maintenance media with EGF and FGF supplements till 80%

confluency. Then the media was replaced by fresh Neural stem cells maintenance media

without any growth factors. When cells were allowed to grow in such condition for 12-

14 days we observed microscopically that they stop dividing from the very first. During

this process they started changing their morphology just after 24hr of growth factor

withdrawn. The well-structured mono layer, flattened phenotype was changed to partial

network like structure at the end of 48hr (Figure-4.16B). And at the end of 10th day

(from growth factor withdrawn) of differentiation process, cells showed a completely

elongated network like structure with an altered N/C ratio (Figure-4.16A & B). It was

observed that during the initial days of the differentiation process (by 3rd day) ~20-30%

cell died, but at the later period (till the end of differentiation process) cell death was not

observed and the cell no remained constant. Hence if we started with 80-90% confluent

plate of progenitor cells, we end up with ~55-65% of differentiated cells. This

phenomena was not confluency/cell number dependent. Furthermore the differentiation

process occurs at both low and high confluency (at ~50% or ~90% of hNPC) (Figure-

4.16A).

When the differentiated cells were observed under phase contrast microscope the

three phenotypically different types of cell astrocytes, neurons and oligodendrocytes

were detected as expected (Figure-4.16C, D & E). In the differentiated population

oligodendrocytes seems favourably developed in low density confluency and found in

clusters in the area where other two types of cells were present less in number. No such

detectable behaviour was observed for neurons or astrocytes.
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Figure-4.15 Differentiation of human Neural progenitor cells (hNPCs). Progenitor cells were
grown on Laminin coated plates till they reached ~80% confluence. Then media was replaced
with fresh media containing no EGF/FGF. In every alternative day media was changed. Images
were taken by a phase-contrast microscope. (A) hNPCs differentiates in both low and high
density conditions. (B) Day wise differentiation status of the hNPCs. (C) Astrocytes showing the
network like structure, (D) Neurons showing the axon and cell body with dendritic processes, (E)
Oligodendrocytes dendritic net like phenotype.

4.3.4 Characterization of the differentiated hNPCs:

Differentiated cell were characterized with Nuronal marker – β-III tubulin,

astrocyte marker – GFAP (Glial fibrilliary acidic protein) and oligodendrocyte marker –

O1 by immunofluorescence and western blot analysis. IF-image showed that out of all

the differentiated population ~80-90% cells were astrocytes (GFAP+ve), ~10-15% cells

are neurons (β-III tubulin+ve) and rest ~5% cells are oligodendrocytes (Figure-4.16A).
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This suggests that, progenitor cells (hNPCs) predominantly give rise to astrocyte and

less no of oligodendrocytes. WB shows predominant expression of stem cell markers in

the progenitor cells and differentiated marker in the differentiated cells (Figure-4.16B).

In contrast we did not see any changes in protein levels of O1 in both cell types.

Figure-4.16 Characterization of Differentiated human Neural progenitor cells (hNPCs).
Progenitor cells were grown on Laminin coated glass coverslips till they reached ~80%
confluence. Then media was replaced with fresh media containing no EGF/FGF. In every
alternative day media was changed. Immunofluorescence was performed following the protocol
described in materials and methods. Cells are showing expression of (A) β-III tubulin (in red),
and GFAP (in green). (B) WB showing the expression of stem cell markers and differentiation
markers in the progenitor cells and differentiated cells. Differentiated cell shows (C) aberrant
expression of nestin (in green) (D) less sox2 (in green). DAPI was (in blue) used for nuclear
staining. Images were acquired in Laser confocal microscope (Nikon-Meta510).

4.3.5 Differential expression of Proteasomal subunits in hNPCs:
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Literature study suggested that, proteasome plays a very critical role in neural stem cell

biology. We prepared cell lysates and isolated RNA from the progenitor cells and 14

days differentiated cells. Transcript and protein levels of different proteasomal subunits

were analysed in these cells. The protein levels of proteasomal subunits such as; (one α

subunit) α4, (one β subunit) β7 and (one 19S ATPase subunit) Rpt6 were checked and

found to be decreased in the differentiated cells (Figure-4.17A). PSMD10 levels were

found to be increased in differentiated cells while PSMD9 levels remained unchanged.

Similarly the mRNA levels of β1, β5, PSMD9 and PSMD4 were found to be decreased,

β2 levels remained unchanged but PSMD10 transcript levels were also found to be

increased to 5-6 fold in differentiated cells (Figure-4.17B & D). These results suggest

the overall proteasome levels might be decreasing in the differentiated cells, although

further investigation for all the 68 subunits is necessary. Paradoxically the level of

PSMD10 is increased, which indicate there must be some proteasome independent role

that PSMD10 is playing in the differentiated cells. This also suggests that, PSMD10

may be one of the crucial molecules which is essential for maintenance of cell

physiology in differentiated cells.

Apart from the proteasomal subunits we also checked the expression levels of

some important transcription factors in progenitor cells and differentiated cells. WB and

real time QRT-PCR showed that protein levels of β-catenin (2-3 fold) and mRNA levels

of Neurogenin-1 (NGN1) (>30 fold) was found to be increased in differentiated cells.

But the levels of STAT3 mRNA levels were decreased (50%) in the differentiated cells.

These results again validated the role of β-catenin and NGN1 in neurogenesis. In

contrast decreased levels of STAT3 suggest that, in 14days differentiated cells the

activity of STAT3 may not be essential. However further validation is necessary to

confirm these results.
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Figure-4.17 Differential protein levels in human Neural progenitor cells (hNPCs) and
differentiated cells. (A) Progenitor cells were grown and allowed to differentiate for 14 days
following the protocol described in Materials and methods. Cell lysates were prepared from both
progenitor cells and differentiated cells and analysed by WB. (B), (C) mRNA was isolated from
the above mentioned cells and semi-Q RT-PCT was carried out. Image shows the mRNA levels
of different subunits of proteasome and transcription factors. (D), (E), (F) Real-time qRT-PCR
was carried out showing the mRNA levels of PSMD10, NGN1 and STAT3 in those cells.

4.3.6 PSMD10 protein expression increases during differentiation process:

Since we specifically observed the high expression levels of PSMD10 in the 14 days

differentiated cells, we then monitored its expression pattern during the time course of

differentiation (from day 1-day 14). Because of the proposed relationship between

PSMD10, β-catenin and STAT3 we monitored the expression of these proteins as well.

This would establish a strong correlation between these proteins in the differentiation

process and provide clues towards the players that may be required early during the

differentiation process ie the commitment step and distinguish those that are required at

later stages and perhaps associate these correlation with the cell type hNPCs cells were

grown Laminin coated plates and were allowed for differentiation for 10 days. We

collected cells at 8 different time-points in-days (from 8 plates) as mentioned in Figure-

4.18 and analysed by WB.
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Figure-4.18 Differential protein expression during differentiation process in human Neural
progenitor cells (hNPCs). Progenitor cells as well as the differentiated cells of 7 different time-
points such as Day-1 to Day-10 were culture as described earlier. Cell lysate were prepared at
each time points and analyses by WB. The line graph represents a correlation of the average
protein levels at each time points during the differentiation process. Data represents mean
intensity of proteins, ± SEM of three independent experiments.

The day-wise studies of hNPCs differentiation indicated that the stem cell marker;

nestin expression gradually decreases. The differentiation marker GFAP (for astrocytes)

was observed at the very first day (Day1) of the differentiation process and continued to

oncrease till Day-4 and reamained stable during later stages. The neuronal marker β-III

tubulin was detected at Day-4 of the differention process then increased gradually till

the end of Day-10 (Figure-3.18). These results suggests while astrocyte differentiation is

an early event and neuronal differentiation requires transcriptional changes that are

either triggered late or is a slow cumulative response.

Results showed increase levels of β-catenin on the very first day of differentiation

commensurate with the appearance of the astrocyte marker and remain constant

presumably till the end of differentiation process (Figure-3.18). This suggests that,

although β-catenin essential for neuronal differentiation, it also necessary for both

initiation and progression of the overall differentiation process. Both STAT3 and p-

STAT3 (transcriptional active STAT3) levels increased gradually till Day-6, and
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subsequently STAT3 levels are stabilized but, pSTAT3 levels decrease (Figure-3.18).

This indicates that for the initial differentiation stages (presumably for gliogenesis)

STAT3 activity is required, as seen by increase in pSTAT3 levles in parallel with the

GFAP expression. But after Day-6 decreased levels of pSTAT3 indicate that later stage

of differentiation process (probably during neurogenesis) STAT3 activity may not

essential. Since STAT3 itself is a target gene for STAT3 signaling pathway there was a

corresponding increase of total STAT3 levels detected during the process. It is possible

that STAT3 may be active in other post translationally modified form.

Most importantly, when we monitored PSMD10 in all these time-points, we

observed a gradual increase in the expression of PSMD10 till Day-6 and remains stable

for the next 8 days. Levels of PSMD9 did not change throughout the differentiation

process. These results indicate that PSMD10 might be important for the later

differentiation stages when neurogenesis begins, detected by β-III tubulin expression at

the later part. However, there is a positive correlation observed between PSMD10,

STAT3 expression and phosphorylation of STAT3 during Day-1 to Day-6. But, after

Day-6 STAT3 phosphorylation (activity) decreases while PSMD10 expression reached

to a high level. This might be indicating the probable role of PSMD10 in STAT3

pathway at initial stage (inducing) and at the later stage (inhibitory) as well. However, to

validate of these results further experimentation is necessary.

4.3.7 Virus production and viral titre calculation (for Flag-PSMD10 construct):

Since, PSMD10 seems to be essential for the hNPCs differentiation process from the

previous experiments; we wanted to check the direct effect of PSMD10 on this process

by transexpressing it in the hNPCs and monitored the any alteration in differentiation.

For transexpressing PSMD10 in hNPCs we generate lentiviral particle of pTRIPZ-

FLAG-PSMD10, expressed under doxycycline inducible condition, in HEK293FT cells

and concentrate it for better transduction efficiency. After concentration virus titer was
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found to be 1.2-1.5 X 108 TU/mL. The detail method of virus production and virus titer

calculation is described in materials and methods (Chapter-III).

4.3.8 Transduction of Flag-PSMD10 in hNPCs:

The hNPCs were grown on laminin coated plate in Neural stem cells maintenance media

with EGF and FGF supplements. At a confluence of ~30-40%, progenitor cells were

transduced with pTRIPZ-FLAG-PSMD10 virus. Then the transexpression of PSMD10

was induced by doxycycline (1μg/mL) and checked via immunofluorescence using anti-

FLAG antibody and also validated by WB. IF-images showed nNPCs were successfully

transduced and ~20-30% of cells were expressing FLAG-PSMD10.

Figure-4.19 Trans-expression of FLAG-PSMD10 by transduction in human Neural
progenitor cells (hNPCs). Progenitor cells were grown on Laminin coated glass coverslips till
they reached ~30% confluence. Then cells were transduced with virus particle of pTRIPZ-FLAG-
PSMD10 and cell were either treated with doxycycline (1μg/mL) for 48hr or left untreated. (A)
Immunofluorescence was performed after 48h of transduction following the protocol described in
materials and methods. Cells show expression of FLAG-PSMD10 (in green). DAPI was (in blue)
used for nuclear staining. Images were acquired in Laser confocal microscope (Nikon-Meta510).
(B) Cell lysate were prepared after 48h of transduction and analysed by WB.

4.3.9 Effect of overexpression of Flag-PSMD10 on differentiation of hNPCs:

Since we could successfully trans-express FLAG-PSMD10 by transduction method in

hNPCs, we wanted to determine the effect of this trans-expression on differentiation

process by tracing the FLAG-PSMD10 overexpressing cells in the differentiated
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population (Figure-3.20A). So we transduced the hNPCs at ~30% confluency,

maintained them in culture until they ~80% confluency, and allowed the progenitor cells

to differentiate in presence doxycycline for 14 days. Immunofluorescence experiments

indicated that, after the complete differentiation of the hNPCs, while ~60% of FLAG-

PSMD10 overexpressing differentiated hNPCs (green cells) were co-localized with

GFAP (red cells) rest of the PSMD10 overexpressing cells (~40%) were not co-

localized  with the GFAP staining. These results suggests that these ~40% cells may be

neurons which could not be confirmed by tubulin staining due to other constraints. The

ratio of astrocytic and neuronal population (3:2) was altogether different from what we

observed in Dox-untreated cells (not expressing FLAG-PSMD10) i.e., ~80-90%

astrocytes and ~10-20% neurons. These results indicated that PSMD10 overexpressing

hNPCs acquired the tendency or the driving force to differentiate toward neuronal fate.

However we did not find any oligodendrocyte population differentiating from the

PSMD10 overexpressing cells.
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Figure-4.20 FLAG-PSMD10 trans-expression enhances neuronal differentiation. (A) A
model for the for the experimental design to determine role of PSMD10 in the differentiation
process. (B), (C) Progenitor cells were grown on Laminin coated glass coverslips till they
reached ~30% confluence. Then cells were transduced with virus particle of pTRIPZ-FLAG-
PSMD10, cell were either treated with doxycycline (1μg/mL) for 48hr or left untreated and
allowed to differentiate for 14 days. Immunofluorescence was performed using anti-GFAP and
anti-FLAG antibodies. The circle in (B) and the arrow in (C) are showing the co-localization of
red and green. DAPI was (in blue) used for nuclear staining. Images were acquired in Laser
confocal microscope (Nikon-Meta510). (D) Graph shows the average neuron to astrocyte ratios
in both conditions, calculated by number of FLAG-PSMD10 expressing cells co-localizing with
GFAP. Data represents the average number of cells from 10 different fields, done in three
different experiments (10 X 3 = 30 fields).
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Furthermore, we checked the overall effect of PSMD10 overexpression in the total

pool of hNPCs, on the differentiation process. hNPCs were transduced with the virus,

treated with doxycycline for 48h and then immunofluorescence was performed.

Figure-4.21 Overexpression of PSMD10 increases overall neuronal population. (A)
Progenitor cells were grown on Laminin coated glass coverslips till they reached ~30%
confluence. Then cells were transduced with virus particle of pTRIPZ-FLAG-PSMD10 and cell
were either treated with doxycycline (1μg/mL) for 48hr or left untreated. (A)
Immunofluorescence was performed after 48h of transduction following the protocol described in
materials and methods. Cells show expression of FLAG-PSMD10 (in green). DAPI was (in blue)
used for nuclear staining. Images were acquired in Laser confocal microscope (Nikon-Meta510).
(B) Cell lysate were prepared after 48h of transduction and analysed by WB.

IF image showed upon PSMD10 overexpression neuron counts in the total differentiated

population increased to ~20-25% from 10% (Dox-untreated) i.e. 2-2.5 fold increase

(Figure-4.21A & B). In addition WB of Dox-treated/untreated differentiated cell lysate

showed a significant increase in βIII-tubulin levels upon PSMD10 overexpression.

These results altogether suggests PSMD10 overexpression somehow was triggering the
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neuronal differentiation in hNPCs. However, further validation is required to substantial

prove the effect of PSMD10 in neurogenesis.

4.4 DISCUSSION:

Over expression of PSMD10 in HEK 293 resulted in large scale changes in gene

expression with the substantial number of significantly over expressed genes associated

with neuronal differentiation. To investigate the possible involvement of  PSMD10 in

differentiation of stem cells into neurons, we established a  model system using a

human neural progenitor cell line (procured from Millipore) which grows as an

adherent monolayer culture method, maintains stemness and has the capacity to

generate all three terminally differentiated populations such as astrocytes, neurons and

oligodendrocytes. Majority of the differentiated population were astrocytes (~80-90%)

followed by neurons (~10-20%) and rest ~5% was oligodendrocytes. Using this model

system we checked the endogenous levels of PSMD10 in progenitor cells before

differentiation and after 14 days differentiation. Other proteasomal subunits and key

proteins that are associated with differentiation were also measured. The protein levels

as well as RNA levels of PSMD10 were found to be high in differentiated cells. Most of

the other proteasomal subunits showed a decrease or no change (PSMD9 and β2) in

their levels in going from the progenitor population to the differentiated cells.

There is a clear positive correlation between PSMD10 and markers of neuronal

differentiation such as β-catenin and NGN1. PSMD10 reportedly stabilize the levels of

β-catenin and vice-versa [358]. And β-catenin promotes neuronal differentiation

through NGN1 expression [395]. We had also observed a substantial increase of NGN1

expression upon PSMD10 overexpression and upon trans-expression of PSMD10 in

progenitor cells; we observed a significant enhancement of neuronal population. All

these findings support the fact that PSMD10 favours neuronal differentiation of the
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hNPCs.  At the same time during early stages of differentiation process, a distinct

correlation is seen between STAT3 activity and PSMD10 levels. And during this

process PSMD10 seems to be negatively correlated with STAT3 signaling pathway,

although it is too early to comment.

Considering the fact that, the hNPC differentiated population is a mix population

of more astrocytes and less neurons, a role for PSMD10 in neuronal differentiation

based on protein levels detected by western blot is speculative. Some of these are (a) a

direct role for PSMD10 by modulating transcription; (b) activating signals in lateral

progenitor cells within the niche to promote neurogenesis and inducing them to respond

to paracrine and autocrine signals as is observed normally. We also observed that not all

PSMD10 trans-expressing cells become neurons and all neurons are not positive for the

trans expressed protein. This probably corroborates a role for PSMD10 in the above

mentioned processes.

Although this current study provides a preliminary idea about the probable role of

PSMD10 in the differentiation process, additional experiments are essential to achieve a

concrete conclusion. Knock down of PSMD10 in the hNPC cells, challenging with

different growth factors and neurotrophins, using inhibitors for either gliogenesis and

neurogenesis and regulating some vital protein levels, it can be explicated the molecular

mechanism behind the involvement of PSMD10 in neural differentiation process.

4.5 SUMMARY AND CONCLUSION:

In summary, we could establish some preliminary results which suggest a possible role

of PSMD10 in human neural progenitor cell differentiation process. PSMD10 might be

promoting astrocyte differentiation by regulating STAT3 activity in the early days of

differentiation process. However, the Co-expression of PSMD10, β-catenin and NGN1

in the latter part of differentiation process and increase in neuron counts suggest the
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possible involvement of PSMD10 in neuronal differentiation. Hence PSMD10 may be

involved both in astrocyte as well as neuronal differentiation process of hNPC in a

spatio-temporal manner. Gankyrin although established as an oncoprotein, our data

imply a role for PSMD10 in a developmental/differentiation process. Some of the

pertinent and provocative questions from this study are; (a) how does one explain the

role of an oncoprotein, that normally leading to dedefferniation, in differentaion

process? (b) the role of proteasome activity which is reportedly high during

differentiation and therefore expected to show increase in levels of the subunits actually

shows a reduction in this example. Hence further investigation is essential to decipher

the molecular details of PSMD10 involvement in neural stem cell biology.

4.6 SIGNIFICANCE OF THE STUDY:

Although preliminary our results point towards a role for PSMD10 in neural

differentiation process. If these observations are confirmed and if we can use PSMD10

to generate neurons in vivo, we may have a strategy to replenish neurons in in

neurodegenerative disorders.
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PSMD9 is a PDZ domain containing chaperone of proteasome assembly.

Based on the ability of PDZ-like domains to recognize C-terminal residues

in their interactors, we recently predicted and identified heterogeneous

nuclear ribonucleoprotein A1 (hnRNPA1) as one of the novel interacting

partners of PSMD9. Contingent on the reported role of hnRNPA1 in

nuclear factor jB (NF-jB) activation, we tested the role of human PSMD9

and hnRNPA1 in NF-jB signaling. We demonstrated in human embryonic

kidney 293 cells that PSMD9 influences both basal and tumor necrosis factor

a (TNF-a) mediated NF-jB activation through inhibitor of nuclear factor

jB a (IjBa) proteasomal degradation. PSMD9 mediates IjBa degradation

through a specific domain–motif interaction involving its PDZ domain and a

short linear sequence motif in the C-terminus of hnRNPA1. Point mutations

in the PDZ domain or deletion of C-terminal residues in hnRNPA1 disrupt

interaction between the two proteins which has a direct influence on NF-jB
activity. hnRNPA1 interacts with IjBa directly, whereas PSMD9 interacts

only through hnRNPA1. Furthermore, hnRNPA1 shows increased associa-

tion with the proteasome upon TNF-a treatment which has no such effect in

the absence of PSMD9. On the other hand endogenous and trans-expressed

PSMD9 are found associated with the proteasome complex. This association

is unaffected by PDZ mutations or TNF-a treatment. Collectively, these

interactions between IjBa, hnRNPA1 and proteasome bound PSMD9 illus-

trate a potential mechanism by which ubiquitinated IjBa is recruited on the

proteasome for degradation. In this process, hnRNPA1 may act as a shuttle

receptor and PSMD9 as a subunit acceptor. The interaction sites of PSMD9

and hnRNPA1 may emerge as a vulnerable drug target in cancer cells which

require consistent NF-jB activity for survival.

Introduction

Mammalian PSMD9 is known to form a stable subcom-

plex with PSMC3 and PSMC6, two of the AAA-ATP-

ases, assisting in the assembly of the 20S and 19S

particles to form the holo complex [1,2]. Structurally

PSMD9 contains an 88 amino acid long (108–195)
PDZ-like domain [3]. Many PDZ domain containing

Abbreviations

CHX, cycloheximide; COX-2, cyclooxygenase-2; EMSA, electrophoretic mobility shift assay; HEK293 cells, human embryonic kidney 293

cells; hnRNPA1, heterogeneous nuclear ribonucleoprotein A1; ICAM-1, intercellular adhesion molecule 1; IL, interleukin;

IP, immunoprecipitation; IjBa, inhibitor of nuclear factor jB a; MBP, maltose bonding protein; NF-jB, nuclear factor jB; PVDF, poly(vinylidene

difluoride); shRNA, small hairpin RNA; SLIM, short linear sequence motif; TNF-a, tumor necrosis factor a; WB, western blot; wt, wild type.
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proteins act as scaffolds to form supramolecular assem-

blies which allow them to function in signaling, mediat-

ing adhesive properties of cells, and in ion transport

[4,5]. Bridge-1, the PSMD9 homolog in rats, has been

shown to act as a coactivator of insulin gene transcrip-

tion through interaction of its PDZ-like domain with

transcription factors E12 and histone acetyl transferase,

p300 [3,6]. In ovarian cells, changes in the levels of

PSMD9 are known to alter activin signaling [7]. Overex-

pression of Bridge-1 increases pancreatic apoptosis with

a reduction in the number of insulin-expressing b-cells
leading to insulin deficiency and diabetes [8].

Based on the classical property of some PDZ domains

to recognize 4–7 C-terminal residues or short linear

sequence motifs (SLIMs) in proteins, we recently identi-

fied several novel interacting partners of PSMD9 (FEBS

Open Bio, submitted). Such SLIMs have been identified

as functionally relevant recognition motifs in SH2, SH3

domain containing proteins [9]. We recently showed that

a 13 residue A-helix acts as an anchor while a floppy

F-helix acts as an initiator of ubiquitin independent deg-

radation of apomyoglobin by the proteasome [10]. We

also identified novel interacting partners of gankyrin, a

chaperone of the proteasome and an oncoprotein, by

recognizing proteins which share EEVD, a conserved

SLIM seen at the interface of gankyrin-S6 ATPase com-

plex [11]. In addition we predicted the structure of the

PDZ domain of PSMD9 and identified residues at

the PDZ interface which are important for recognizing

the C-terminal residues of four novel interacting partners

(FEBS Open Bio, submitted). Heterogeneous nuclear

ribonucleoprotein A1 (hnRNPA1), an RNA binding

protein involved in mRNA export, splicing and protein

translation, was one of the novel interacting partners.

This protein in the mouse CB3 cells was reported to be

responsible for inhibitor of nuclear factor jB a (IjBa)
degradation by an unknown mechanism leading to tran-

scriptional activation of nuclear factor jB (NF-jB) [12].
This observation formed the premise of this work which

aims to establish the functional relevance of the newly

found PSMD9–hnRNPA1 interaction.

NF-jB is a family of transcription factors that regu-

late expression of various genes involved in inflamma-

tory, anti-apoptotic and immune responses [13,14].

The NF-jB family or the Rel family of proteins

includes p50 (p105), p52 (p100), p65 (RelA), c-Rel and

Rel-B [15,16]. If cells are not stimulated, heterodimeric

NF-jB complexes remain in the cytoplasm, where they

are associated with an inhibitory molecule of the IjB
family [17]. In mammalian species, six structural ho-

mologs of IjB have been identified: IjBa, IjBb, IjBe,
IjBc, Bcl-3 and IjBf [18]. Among these, IjBa, the

prototypical member of the IjB family, has been

extensively studied. The canonical NF-jB p65/p50

heterodimer is largely, although not exclusively, found

in complex with its inhibitor IjBa in cytoplasm. In

response to stimulation by various agents such as

phorbol esters (e.g. phorbol 12-myristate 13-acetate),

pervanadate, tumor necrosis factor a (TNF-a), inter-

leukin-1a (IL-1a), c-radiation and lipopolysaccharide,

IjBa undergoes phosphorylation by the IKK complex

at Ser32, Ser36 and/or Tyr42 followed by polyubiquiti-

nation at Lys21 and Lys22 [19–22]. This leads to pro-

teasomal degradation of the phosphorylated and

ubiquitinated IjBa and nuclear translocation of free

p50/p65, resulting in NF-jB transcription activity

[13,19,23,24]. Apart from proteasomal degradation

some reports suggest that in uninduced cells IjBa
undergoes non-proteasomal, calcium dependent prote-

olysis resulting in high and consistent NF-jB activity

[25–28]. Among the other IjB proteins, IjBb, IjBe,
p100 (precursors of p52) and p105 (precursors of p50)

also undergo proteasomal degradation/endoproteolytic

processing under induced and uninduced conditions

[29–33]. Although the upstream processes of IjBa deg-

radation are extensively deciphered, the detailed mech-

anism of proteasomal degradation is still not clear.

It is with this background that we were intrigued by

the reports of Hay et al., who demonstrated interac-

tion between ankyrin repeats of IjBa and hnRNPA1

which somehow seemed necessary for IjBa degrada-

tion and NF-jB transcriptional activity [12]. But the

identity of the protease involved and the role of protea-

some in this process were not established. Since the big-

ger and fundamental question of how IjBa is recruited

to the proteasome for degradation remains largely un-

addressed, it would be interesting to investigate

whether hnRNPA1, well known for its role in mRNA

processing and transport [34], cross-talks with the pro-

teasomal degradation pathway in human cells. The

mechanism by which ubiquitinated proteins are

recruited to proteasome remains an active area of

research. Based on our finding that PSMD9 interacts

with hnRNPA1 in vitro (FEBS Open Bio, submitted)

and the reported role of hnRNPA1 in IjBa degrada-

tion and NF-jB activity, we hypothesized that PSMD9

may have a role in the degradation of IjBa by the pro-

teasome and influence NF-jB activity in human cells.

Here we provide evidence that in human embryonic

kidney 293 (HEK293) cells, PSMD9 through its PDZ

domain interacts with the C-terminus of hnRNPA1

and this tripartite interaction subjects ubiquitinated

IjBa to proteasomal degradation enhancing both basal

and signal mediated NF-jB activity. By a series of

experiments we identify a novel role for hnRNPA1 as a

shuttle receptor that recruits IjBa for degradation and
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recognizes PSMD9 as a novel subunit receptor on the

proteasome. Our results demonstrate an atypical func-

tion of hnRNPA1 which seems to integrate into the

ubiquitin proteasome pathway through a specific inter-

action with proteasome bound PSMD9. We speculate

about the general role of this interaction and the utility

of the PDZ domain interface as a potential drug target.

Results

PSMD9 interacts with the C-terminus of

hnRNPA1

Using a bioinformatics approach (FEBS Open Bio, sub-

mitted) and the knowledge that some PDZ domains

interact with C-terminal regions of proteins [5], we pre-

dicted putative interacting partners of PSMD9, from

the human proteome. This prediction was validated by

screening C-terminal peptides for their ability to bind to

pure recombinant PSMD9. Using this strategy we iden-

tified hnRNPA1 as a novel interacting partner of

PSMD9 and further proved that this interaction is med-

iated by the C-terminal residues of hnRNPA1 (FEBS

Open Bio, submitted). To test if PSMD9 and hnRNPA1

interact endogenously, as this would be physiologically

and functionally relevant, we used PSMD9 antibody to

immunoprecipitate PSMD9 from HEK293 cell lysates

and probed for the presence of hnRNPA1 using

hnRNPA1 antibody. As expected, hnRNPA1 was

found in the immunoprecipitation (IP) complex

(Fig. 1A). We further validated this endogenous inter-

action by performing a reverse IP where hnRNPA1

antibody was used for IP and the complex was probed

with PSMD9 antibody (Fig. 1B). We reconfirmed our

earlier observation that only wild type (wt) hnRNPA1

and not the C-terminal mutant can interact with

PSMD9 (Fig. 1C).

Overexpression of PSMD9 enhances basal and

TNF-a mediated NF-jB activity

In CB3 cells, hnRNPA1 reportedly interacts with IjBa
and overexpression of hnRNPA1 in these cells enhances

NF-jB transcriptional activity [12]. No such role has

been reported for hnRNPA1 in human cells. Since we

found that PSMD9 interacts with hnRNPA1 ex vivo

and hnRNPA1 reportedly influences NF-jB activity,

we asked if PSMD9 was involved in this pathway. If so,

changes in the levels of PSMD9 must influence NF-jB
activity. PSMD9 was overexpressed under doxycycline

inducible conditions in three different stable clones

(Fig. 2A), and NF-jB transcriptional activity was mea-

sured by luciferase reporter assay. In all three inducible

clones, NF-jB activity was found to be 3–4-fold higher

than that of the uninduced control cells (Fig. 2B). In

addition, we regulated the expression of PSMD9 using

an inducible system in HEK293 cells (Fig. 2C) and

found that doxycycline induced the expression of

PSMD9 in a concentration dependent manner, which

led to a corresponding increase in NF-jB transcrip-

tional activity monitored using the luciferase reporter

assay (Fig. 2D).

The influence of PSMD9 overexpression on NF-jB
activity was further validated by demonstrating nuclear

translocation of NF-jB (p65) and by electrophoretic

mobility shift assay (EMSA). In PSMD9 overexpressing

HEK293 cells, there was a significant increase in nuclear

p65 in comparison with control cells (Fig. 2E). Upon

A

B

C

Fig. 1. PSMD9 interacts with wt-hnRNPA1 but not with the 7ΔC
mutant of hnRNPA1 ex vivo. (A) HEK293 cell lysates were

incubated either with PSMD9 antibody-bound Protein-G Sepharose

beads or mouse IgG (isotype control) bound Protein-G Sepharose

beads. Pull-down complexes were probed with hnRNPA1 and

PSMD9 antibodies. (B) HEK293 cell lysates were incubated with

either hnRNPA1 antibody-bound Protein-G Sepharose beads or

mouse IgG isotype bound Protein-G Sepharose (isotype control).

Then pull-down complexes were probed with PSMD9 and

hnRNPA1 antibodies and analyzed by WB. (C) HA-wt-hnRNPA1 or

7ΔC mutant HA-hnRNPA1 was transiently overexpressed in

HEK293 cells and cell lysates were incubated with HA antibody-

bound Protein-G Sepharose beads. Pull-down complexes were

probed with PSMD9 antibodies and analyzed by WB.
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PSMD9 overexpression binding of NF-jB to the jB
enhancer element was increased. This binding was com-

peted out by unlabeled wt jB-oligos but not by mutant

jB-oligos (Fig. 2F, lanes 4 and 5) [35]. Furthermore

when the reaction mixture was incubated with p65 anti-

body, a supershift band was obtained which confirms

the presence of p65 and its DNA binding activity

(Fig. 2F, lane 10). In addition, five of the NF-jB target

genes, namely intercellular adhesion molecule 1

(ICAM-1), IL-6, IjBa, A20 and cyclooxygenase-2

(COX-2) [36], were several-fold upregulated in PSMD9

overexpression cells compared with vector control cells

(Fig. 2G,H). When doxycycline induced or uninduced

cells were treated with TNF-a, a potent signal for NF-

jB activation [37], both NF-jB DNA binding capacity

and its transcriptional activity were increased. This

increase was more pronounced in PSMD9 overexpress-

ing cells (Fig. 3A,B, lane 5). These results suggest that

PSMD9 is involved in both basal and the signal medi-

ated NF-jB pathway.

PSMD9 overexpression increases NF-jB activity

by enhancing degradation of IjBa by proteasome

In the classical NF-jB pathway, upon signal induc-

tion, NF-jB bound IjBa is degraded by the 26S pro-

teasome. Since NF-jB activity increased with increase

in the levels of PSMD9 in HEK293 cells (current

study), we hypothesized that PSMD9 may accelerate

the degradation of IjBa by the proteasome. Accord-

ingly when PSMD9 expression was induced by doxycy-

cline there was a visible decrease in IjBa protein after

4–6 h of cycloheximide (CHX) treatment, whereas in

uninduced cells reduction in the levels of IjBa was

A

B

C

D

E F

G

H
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seen only after 18–24 h of treatment (Fig. 4A). Simi-

larly signal mediated IjBa degradation was consider-

ably enhanced 10 min post TNF-a treatment in cells

induced to overexpress PSMD9 (Fig. 4B). These

results indicate that PSMD9 is involved in modulating

IjBa levels presumably through proteasomal degrada-

tion in both basal as well as the signal mediated NF-

jB signaling pathway.

To determine the role of proteasome in PSMD9

mediated degradation of IjBa, we treated PSMD9

overexpressing HEK293 cells with proteasome inhibi-

tors. Treatment with MG132 or Velcade significantly

inhibited both basal and TNF-a mediated IjBa degra-

dation in cells overexpressing PSMD9 (Fig. 4C,D). In

further support of proteasomal degradation, ubiquiti-

nated IjBa was also seen to accumulate when PSMD9

overexpressing cells were treated with the proteasomal

inhibitors (Fig. 4C). It is well established that degrada-

tion of IjBa by the proteasome, upon signal induc-

tion, requires phosphorylation at sites S32 and S36

[13]. To determine whether the processing of IjBa
occurs through the same way in the case of PSMD9

mediated degradation, we overexpressed IjBa super-

repressor (S32A–S36A) in control cells as well as in

PSMD9 overexpressing cells. After 30 min of TNF-a
induction, super-repressor IjBa was not degraded even

under PSMD9 overexpression conditions whereas

endogenous IjBa got degraded significantly (Fig. 4E).

In accordance with this, NF-jB activity is decreased

significantly in the cells upon overexpression of the

super-repressor irrespective of PSMD9 overexpression

(Fig. 4F). These results indicate that the phosphoryla-

tion at S32 and S36 residues is necessary for the

PSMD9 mediated IjBa degradation by the proteasome.

Endogenous PSMD9 is involved in basal and

signal mediated activation of NF-jB and IjBa
degradation

In order to demonstrate the role of endogenous

PSMD9 in NF-jB activation, we knocked down

PSMD9 in HEK293 cells using small hairpin RNA

(shRNA) under inducible conditions. Upon knock-

down of PSMD9, IjBa levels were found to be stable

even after 24 h of CHX treatment (Fig. 5A). In the

same cells, a reduction in TNF-a induced IjBa degra-

dation was observed whereas in control cells IjBa deg-

radation was already apparent after 20 min of TNF-a
treatment (Fig. 5B). Concomitantly a decrease in NF-

jB DNA binding activity was observed by EMSA

both in TNF-a treated and untreated PSMD9 knock-

down cells (Fig. 5C). This was further confirmed by

semi-quantitative RT-PCR and real-time PCR of five

different NF-jB target genes, namely ICAM-1, IL-6,

IjBa, A20 and COX-2, the levels of which decreased

in PSMD9 knockdown cells compared with control

cells (Fig. 5D,E). These results indicate that endoge-

nous PSMD9 is indeed responsible for the basal and

signal induced degradation of IjBa and subsequent

increase in NF-jB activity.

Fig. 2. Basal NF-jB activity increases upon PSMD9 overexpression in HEK293 cells. (A) Three clones of HEK293 cells inducibly expressing

FLAG-PSMD9 were either treated with doxycycline or left untreated, and the cell lysates were analyzed by WB. (B) The above clones were

transfected with 3x jB ConA luc vector or ConA luc control vector and induced with doxycycline (1 lg�mL�1 of medium). After 48 h of

induction NF-jB activity was checked by measuring luciferase activity using dual luciferase substrate. Luciferase activity from firefly luciferase

was normalized with renilla luciferase used as a transfection control. Data represent mean luciferase activity per microgram of protein � SEM

of two independent experiments done in triplicate. (C) HEK293 cells inducibly expressing FLAG-PSMD9 were transfected with 3x jB ConA luc

vector or ConA luc control vector. Cells were induced with different concentrations (0–1000 ng�mL�1 of medium) of doxycycline. After 48 h of

induction, levels of FLAG-PSMD9 were analyzed by WB. (D) NF-jB activity was checked by measuring luciferase activity of the above

described (in C) cell lysates, using dual luciferase substrate. Luciferase activity from firefly luciferase was normalized with renilla luciferase

used as a transfection control. Data represent mean luciferase activity per microgram of protein � SEM of two independent experiments

done in triplicate. (E) HEK293 cells inducibly expressing FLAG-PSMD9 were either treated with doxycycline (1 lg�mL�1 of medium for 48 h) or

left untreated. Nuclear fractions were prepared as described in Materials and methods and analyzed by WB. The graph represents the mean

fold increase of p65 nuclear translocation � SEM of two independent experiments in three different stable clones. (F) HEK293 inducible

FLAG-PSMD9 stable clones were either treated with doxycycline (1 lg�mL�1 of medium for 48 h) or left untreated. The nuclear fractions were

subjected to EMSA (following the protocol described in Materials and methods). Lane 1 indicates biotinylated oligos only. The black arrow

indicates NF-jB DNA binding activity in doxycycline untreated (lanes 2 and 7) and treated (lanes 3 and 8) cells. NF-jB DNA binding specificity

is shown by competing it with 2009 unlabeled mutant oligos (lane 4) or wt oligos (lane 5). In lanes 9 and 10 p65 antibody was incubated with

the binding reaction mix (with/without lysate) and the white arrow indicates the resulting supershift band. (G) HEK293 inducible FLAG-PSMD9

stable clones either treated with doxycycline for 48 h or left untreated. RNA was isolated and semi-quantitative RT-PCR was performed for

five different target genes; the PCR products were run in a 2% agarose gel. (H) Real-time PCR was performed for the same five different

target genes. The graph represents glyceraldehyde-3-phosphate dehydrogenase (GAPDH) normalized mean fold increase in mRNA level of the

genes � SEM for three independent experiments done in duplicate.
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PSMD9 does not affect the IjBa ubiquitination

and proteasomal activity

Given its role as an assembly chaperone, PSMD9

expression may influence proteasomal activity which in

turn may dictate the overall IjBa levels. We tested the

activity of proteasome upon overexpression of PSMD9

and upon silencing the endogenous PSMD9. Proteaso-

mal activity was unaltered in these cells and remained

uninfluenced by TNF-a treatment (Fig. 6A). Our

observation that PSMD9 does not influence proteaso-

mal activity is in line with a previous report by Shim

et al. [38]. Here similar to our method the authors

used total cell lysates for monitoring proteasomal

activity. In another study Keneko et al. showed that

knocking down PSMD9 results in reduced proteaso-

mal activity [1]. Here, in contrast to our method and

those by Shim et al., cell lysates were fractionated by

glycerol gradient centrifugation and the fractions were

monitored for proteasomal activity. Increase in prote-

asomal activity is seen in the presence of p27 modula-

tor complex in reconstitution experiments involving

subcomplexes of the proteasome [39]. The role of this

modulator seems to involve rescue of improperly

assembled or damaged 19S particles to ensure correct

orientation of the ATPase rings [40].

Due to the importance of ubiquitination in IjBa
degradation by the proteasome, we checked the

requirement of PSMD9 in this process. We treated

both doxycycline induced and uninduced cells with

MG132 for 2 h followed by CHX treatment for 6, 12

and 24 h. The initial 2 h of MG132 treatment resulted

in a 75% decrease in proteasomal activity. To ensure

that after removal of MG132 and during the CHX

treatment (used to follow degradation of ubiquitinated

IjBa) proteasomes were functional, activity was moni-

tored at every assay point. Then, 12 h following

removal of MG132, proteasomal activity was restored

almost completely both in PSMD9 knockdown cells

and in control cells. Coincident with the time period

of CHX treatment and upon PSMD9 gene silencing,

levels of ubiquitinated IjBa did not change signifi-

cantly. Rather an increased accumulation of ubiquiti-

nated IjBa was seen in these PSMD9 knockdown

cells. In control cells there was a clear decrease in lev-

els of ubiquitinated IjBa (Fig. 6B). These results indi-

cate that PSMD9 does not affect ubiquitination of

IjBa and confirm that cells fail to degrade ubiquitinat-

ed IjBa efficiently not because of impaired proteaso-

mal activity but due to the absence of PSMD9.

A

B

Fig. 3. TNF-a mediated NF-jB activity increases upon PSMD9

overexpression in HEK293 cells. (A) HEK293 inducible FLAG-PSMD9

stable clones were treated with doxycycline (1 lg�mL�1 of medium

for 48 h) and/or with TNF-a (20 ng�mL�1 of medium for 12 h) or left

untreated. The nuclear fractions were subjected to EMSA (following

the protocol described in Materials and methods). Lane 1 indicates

biotinylated oligos only. The black arrow indicates NF-jB DNA

binding activity in doxycycline untreated (lanes 2 and 4) and treated

(lanes 3 and 5) cells. Upon TNF-a treatment NF-jB DNA binding

activity increased, shown by the thick gel shift band (in lanes 4 and

5). (B) HEK293 cells inducibly expressing FLAG-PSMD9 were

transfected with 3x jB ConA luc vector or ConA luc control vector.

Transfected cells were treated with doxycycline (1 lg�mL�1 of

medium for 48 h) and/or with TNF-a for 12 h or left untreated. NF-jB

activity was measured as described in Fig. 2B. Data represent mean

luciferase activity per microgram of protein � SEM of two

independent experiments done in triplicate. WB shows the level of

PSMD9 expression in these cell lysates. Symbol ► corresponds to

trans-expressed FLAG-PSMD9 and ⊳ symbol corresponds to the

endogenous PSMD9.
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A

B
C

D

E

F

Fig. 4. PSMD9 overexpression accelerates basal and TNF-a mediated IjBa degradation. (A) HEK293 inducible FLAG-PSMD9 stable clones

were treated with doxycycline (1 lg�mL�1 of medium for 48 h) and/or CHX (50 lg�mL�1 of medium for 1, 2, 4, 6, 8, 12, 18 and 24 h) or left

untreated. Cell lysates were prepared and analyzed by WB. (B) Both doxycycline treated or untreated HEK293 inducible FLAG-PSMD9

stable clones were stimulated with TNF-a (20 ng�mL�1 of medium) for 0, 10, 20 and 30 min. Cell lysates were subjected to WB. (C) The

above doxycycline induced stable clones were treated with CHX (50 lg�mL�1 of medium for 8 h) (where indicated) and with MG132

(10 lM), Velcade (10 lg�mL�1 of medium) or 0.1% dimethylsulfoxide for 6 h and analyzed by WB. LE, long exposure; SE, short exposure.

At LE accumulation of polyubiquitinated IjBa is observed in the case of Velcade and MG132 treatment. (D) Cells were treated as described

in (C) and either stimulated with TNF-a (20 ng�mL�1 of medium) for 30 min or left unstimulated and the lysates were analyzed by WB.

Cropped image blots for each antibody are of the same exposure and from the same experiment, represented in a convenient manner.

Symbol ► corresponds to trans-expressed FLAG-PSMD9 and symbol M corresponds to the endogenous PSMD9. (E) HEK293 FLAG-PSMD9

stable clones and pCMV-10 empty vector stable clones were transiently co-transfected with pTRIPZ-IjBa-SR and pEGFPN3 vector. Cells

were induced with doxycycline (1 lg�mL�1 of medium) for 48 h and treated with TNF-a (20 ng�mL�1 of medium) for 0, 10, 20 and 30 min.

Cell lysates were prepared and analyzed by WB. Symbol ► corresponds to trans-expressed FLAG-IjBa-SR or FLAG-PSMD9 and symbol ⊳
corresponds to the endogenous IjBa or PSMD9. (F) HEK293 FLAG-PSMD9 stable clones and pCMV-10 empty vector stable clones were

co-transfected with pTRIPZ-IjBa-SR and 3x jB ConA luc vector or ConA luc control vector and induced with doxycycline (1 lg�mL�1 of

medium). After 36 h of induction cells were treated with TNF-a (20 ng�mL�1 of medium) for 12 h. Cell lysates were prepared and NF-jB

activity was measured as described in Fig. 2B. Data represent mean luciferase activity per microgram of protein � SEM of two independent

experiments done in duplicate.
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The PDZ domain of PSMD9 interacts with

hnRNPA1

Point mutations in the PDZ domain of PSMD9

inhibit in vitro binding of hnRNPA1 (FEBS Open

Bio, submitted). Since hnRNPA1 interacts with

PSMD9 through its C-terminal residues, this interac-

tion represents a typical PDZ domain–motif interface.

We checked if this domain–motif recognition is also a

key determinant of interaction inside the cells. We

recently showed that Q181G and the b2 L124G/

Q126G/E128G triple mutant (all in the PDZ domain)

abolished interaction with PSMD9 while L173G (also

in the PDZ domain) did not affect binding (FEBS

Open Bio, submitted). To check the functional

relevance of these mutations, we overexpressed FLAG-

tagged wt-PSMD9, Q181G-PSMD9, L173G-PSMD9

or the b2 L124G/Q126G/E128G triple mutant in

HEK293 cells. Endogenous hnRNPA1 was immuno-

precipitated from each cell lysate and probed with

FLAG antibody. In accordance with the in vitro pull-

down assays, wt-PSMD9 and L173G-PSMD9 were

detected in the IP complexes. However, neither the

Q181G mutant nor the triple mutant of PSMD9 could

be detected in these IP complexes (Fig. 7A).

Presence of IjBa was tested in the IP complex from

cell lysates of HEK293 cells overexpressing wt-PSMD9,

Q181G or the b2 L124G/Q126G/E128G triple mutant.

IjBa was detected only in the wt-PSMD9–hnRNPA1

A

B

C D E

Fig. 5. PSMD9 knockdown reduces basal and TNF-a mediated IjBa degradation and NF-jB activation. (A) HEK293 inducible stable clones

expressing PSMD9-shRNA were treated with doxycycline (4 lg�mL�1 of medium for 48 h) and/or CHX (50 lg�mL�1 of medium for 1, 2, 4, 6,

8, 12, 18 and 24 h) or left untreated. Cell lysates were prepared and analyzed by WB. (B) Both doxycycline treated or untreated PSMD9

knockdown inducible stable clones were stimulated with TNF-a (20 ng�mL�1 of medium) for 0, 5, 10, 20 and 30 min. Cell lysates were

subjected to WB. (C) Nuclear fractions of both doxycycline and TNF-a treated or untreated PSMD9 knockdown stable inducible clones were

subjected to EMSA. The upper band corresponds to NF-jB DNA binding activity in doxycycline positive (lanes 1 and 2) and doxycycline

negative (lanes 3 and 4) cells. (D) PSMD9 knockdown inducible stable clones either treated with doxycycline for 48 h or left untreated. RNA

was isolated and semi-quantitative RT-PCR was performed for five different target genes; the PCR products were run in a 2% agarose gel. (E)

Real-time PCR was performed for the same five different target genes. The graph represents the glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) normalized mean fold decrease in mRNA level of the genes � SEM for three independent experiments done in duplicate.

8 FEBS Journal (2014) ª 2014 FEBS

Novel role of PSMD9 PDZ domain in NF-jB activity I. Sahu et al.



complex but not in PDZ Q181G and b2 L124G/

Q126G/E128G triple mutant IP complexes (Fig. 7B)

suggesting that PSMD9 is probably linked to IjBa
through hnRNPA1. Unlike cells overexpressing wt-

PSMD9, in cells overexpressing PDZ mutants (Q181G

and the b2 triple mutant) IjBa was not efficiently

degraded even after TNF-a treatment (Fig. 7C) nor

was there a significant change in NF-jB activity

(Fig. 7D). In addition, properties of L173G PSMD9

mutant were similar to those of wt-PSMD9 and cells

expressing this mutant showed faster IjBa degradation

and enhanced NF-jB activation (Fig. 7E,F). These

results confirm that specific residues on the PDZ

domain of PSMD9 form the interface for binding

hnRNPA1 and this domain–motif interaction plays an

important role in the NF-jB activation pathway.

PSMD9 is linked to IjBa via hnRNPA1

hnRNPA1 was previously shown to interact with

IjBa through its RNA binding domain [12]. We dem-

onstrated that PSMD9 interacted with hnRNPA1

through its C-terminus. And the PDZ mutation analy-

sis indicates that the interaction between PSMD9 and

IjBa is probably through hnRNPA1. To determine

the structural hierarchy of this tripartite interaction

between PSMD9, hnRNPA1 and IjBa, we performed

both ex vivo and in vitro interaction studies. We first

verified whether interaction of hnRNPA1 with

PSMD9 and IjBa is mutually exclusive or not. When

HA-tagged wt-hnRNPA1 and CD7hnRNPA1 mutant

were pulled down, IjBa was detected in both the

pull-down complexes (Fig. 8A) suggesting that C-ter-

minus deletion of hnRNPA1 does not affect its inter-

action with IjBa. In contrast, PSMD9 was found

only in the wt-hnRNPA1–IjBa complex. As inferred

from the failure of PDZ mutants to interact with

IjBa in the absence of hnRNPA1, these results sug-

gest that wt-PSMD9 and IjBa interaction is indirect

and is through hnRNPA1. To further validate these

A

B

Fig. 6. PSMD9 does not affect proteasomal activity and IjBa

ubiquitination. (A) Both the overexpression (FLAG-PSMD9) and

knockdown (shRNA) HEK293 inducible stable clones of PSMD9

were treated with doxycycline for 48 h and/or with TNF-a

(20 lg�mL�1 of medium) for 30 min or left untreated. Cell lysates

were prepared with ATP buffer as described in Materials and

methods. Proteasomal activity was measured as described in

Materials and methods. The Control panel in the graph represents

the average value of doxycycline untreated control cells of both the

stable clones. Data represent Suc-LLVY-AMC proteasomal activity

in arbitrary units (AU�lg�1 of lysate) � SEM of two independent

experiments done in duplicate. The WB shows the level

expression of PSMD9 in the above cell lysates and PSMB4 is

taken as the loading control. Symbol ► corresponds to trans-

expressed FLAG-PSMD9 and symbol ⊳ corresponds to the

endogenous PSMD9. (B) HEK293 inducible stable clones

expressing PSMD9-shRNA were either treated with doxycycline

(4 lg�mL�1 of medium for 48 h) or left untreated. In addition cells

were treated with MG132 (5 lM) for 2 h followed by treatment

with CHX (50 lg�mL�1 of medium) for 0, 6, 12 and 24 h. Cell

lysates were prepared and analyzed by WB. The graph represents

the proteasomal activity, measured as described in Materials and

methods, of cells for the above experimental conditions.
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observations we overexpressed both the FLAG-tagged

wt-IjBa and C-terminal deleted IjBa (amino acids

253–372) in HEK293 cells. As discussed above, C-ter-

minal residues in the ankyrin repeats of murine IjBa
are necessary for interaction with hnRNPA1 [12].

When we pulled down the overexpressed FLAG-

tagged IjBa, PSMD9 was found in the pull-down

complex of wt protein where hnRNPA1 was present

and not in the mutant IjBa (which does not interact

with hnRNPA1) complex (Fig. 8B). This suggests that

A

B

C

E

D
F

Fig. 7. The PDZ domain of PSMD9 is important for NF-jB activation and IjBa degradation. (A) HEK293 cells were transiently transfected

with p3xFLAG-CMV-10-PSMD9, p3xFLAG-CMV-10-PSMD9(L173G), p3xFLAG-CMV-10-PSMD9(triple mutant) or p3xFLAG-CMV-10-PSMD9

(Q181G). Endogenous hnRNPA1 was immunoprecipitated from the cell lysates of the above transfected cells, probed with FLAG antibody

and analyzed by WB. (B) HEK293 cells were transiently transfected with p3xFLAG-CMV-10 empty vector/p3xFLAG-CMV-10-wt-PSMD9/

p3xFLAG-CMV-10-PSMD9(Q181G)/p3xFLAG-CMV-10-PSMD9(triple mutant). Cell lysates were incubated with anti-FLAG M2 agarose beads

and pull complexes were probed with hnRNPA1, IjBa, FLAG antibodies and analyzed by WB. (C) HEK293 cells were transiently transfected

with p3xFLAG-CMV-10-PSMD9/p3xFLAG-CMV-10-PSMD9(Q181G)/p3xFLAG-CMV-10-PSMD9 (triple mutant). After 48 h of transfection cells

were treated with TNF-a (20 ng�mL�1 of medium) for 10, 15, 20, 30 min or left untreated. Cell lysates were prepared and analyzed by WB.

(D) HEK293 cells were co-transfected with p3xFLAG-CMV-10 empty vector or p3xFLAG-CMV-10-PSMD9 (wt, Q181G, triple mutant) and 3x

jB ConA luc vector or ConA luc control vector. After 36 h cells were either treated with TNF-a (20 ng�mL�1 of medium) for 12 h or left

untreated. Cell lysates were prepared and NF-jB activity was measured as described in Fig. 2B. Data represent mean luciferase activity per

microgram of protein � SEM of two independent experiments done in duplicate. (E) HEK293 cells were transiently transfected with

p3xFLAG-CMV-10-PSMD9(L173G). After 24 h of transfection cells were treated with TNF-a (20 ng�mL�1 of medium) for 12 h or left

untreated. Cell lysates were prepared and analyzed by WB. (F) HEK293 cells were co-transfected with p3xFLAG-CMV-10 empty vector or

p3xFLAG-CMV-10-PSMD9 (wt or L173G) and 3x jB ConA luc vector or ConA luc control vector. After 36 h cells were either treated with

TNF-a (20 ng�mL�1 of medium) for 12 h or left untreated. Cell lysates were prepared and NF-jB activity was measured as described in

Fig. 2B. Data represent mean luciferase activity per microgram of protein � SEM of two independent experiments done in duplicate.
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the interaction between IjBa and PSMD9 is mediated

by hnRNPA1.

We performed a series of far western or overlay

experiments to substantiate these observations.

Recombinant glutathione S-transferase (GST) PSMD9

and GST-hnRNPA1 were immobilized on a poly

(vinylidene difluoride) (PVDF) membrane followed by

overlay of recombinant maltose binding protein

(MBP)-IjBa protein and were then probed with IjBa
antibody. No IjBa was detected in the GST-PSMD9

lane but it was clearly visible in the GST-hnRNPA1

lane (Fig. 8C). Furthermore, when MBP-IjBa and

GST-hnRNPA1 were immobilized on a PVDF mem-

brane, overlaid with His-PSMD9 followed by probing

A B

C D

E F

Fig. 8. PSMD9 is linked to IjBa via hnRNPA1. (A) HA-wt-hnRNPA1 and 7ΔC mutant HA-hnRNPA1 were transiently overexpressed in

HEK293 cells and cell lysates were incubated with HA antibody-bound Protein-G Sepharose beads. Pull-down complexes were probed with

PSMD9 and IjBa antibodies and analyzed by WB. (B) HEK293 cells were transfected with p3xFLAG-CMV-10-wt-IjBa p3xFLAG-CMV-10-

ΔCIjBa and cell lysates were incubated with anti-FLAG M2 agarose beads. The pull-down complexes were probed with PSMD9, hnRNPA1

and IjBa antibodies and analyzed by WB. (C) 2 lg of recombinant GST, GST-hnRNPA1 and GST-PSMD9 proteins were run on SDS/PAGE,

transferred onto a PVDF membrane and the proteins on the membrane were denatured/renatured using guanidine-HCl AP buffer. Then the

membrane was overlaid with recombinant MBP-IjBa (100 nM), probed with IjBa antibody and analyzed by WB. (D) 2 lg of recombinant

GST, GST-hnRNPA1 MBP and MBP-IjBa proteins were run on SDS/PAGE, transferred onto a PVDF membrane and the proteins were

denatured/renatured on the membrane using guanidine-HCl AP buffer. Then the membrane was overlaid with recombinant His-PSMD9

(100 nM), probed with PSMD9 antibody and analyzed by WB. (E) 1 lg of recombinant GST, GST-hnRNPA1 and GST-PSMD9 proteins were

spotted on equilibrated PVDF membrane, blocked with 3% BSA-TBST. The membranes were overlaid with recombinant MBP-IjBa (100 nM)

and probed with IjBa antibody (panel 2); overlaid with GST-hnRNPA1 (100 nM) and probed with hnRNPA1 antibody (panel 3); overlaid with

both GST-hnRNPA1 (100 nM) and MBP-IjBa (100 nM) and probed with IjBa antibody (panel 4). Panel 1 corresponds to the respective

Coomassie stained protein spots on the membrane. (F) 1 lg of recombinant GST, GST-hnRNPA1 MBP and MBP-IjBa proteins were

spotted on equilibrated PVDF membrane, blocked with 3% BSA-TBST. The membranes were overlaid with recombinant His-PSMD9

(100 nM) (panel 2) or with both GST-hnRNPA1 (100 nM) and His-PSMD9 (100 nM) (panel 3). Panel 1 corresponds to the respective

Coomassie stained protein spots on the membrane.
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with PSMD9 antibody, PSMD9 was clearly detected

in the GST-hnRNPA1 lane but not in the MBP-IjBa
lane (Fig. 8D). In a sandwich dot blot assay, we

immobilized GST-PSMD9 on the membrane, followed

by overlay with GST or GST-hnRNPA1 and then with

MBP-IjBa. When this sandwich was probed with

IjBa antibody, MBP-IjBa was found to interact with

GST-PSMD9 only when hnRNPA1 was sandwiched in

between these two proteins (Fig. 8E). Furthermore,

this indirect interaction was validated by reversing the

sandwich, i.e. by immobilizing MBP-IjBa and overlay

of GST or GST-hnRNPA1 followed by GST-PSMD9

(Fig. 8F). These results altogether confirmed that there

is no direct interaction between PSMD9 and IjBa and

they can only interact through hnRNPA1, which uses

different structural regions for these interactions that

are not mutually exclusive.

Interaction between C-terminus of hnRNPA1 and

PSMD9 is required for degradation of IjBa as

well as NF-jB activity

The involvement of hnRNPA1 in IjBa degradation

was shown previously [12]. We have demonstrated here

a novel role of PSMD9 and a specific interaction

between the PDZ domain of PSMD9 and a SLIM at

the C-terminus of hnRNPA1. We asked if hnRNPA1

has any role to play in IjBa degradation/NF-jB acti-

vation when interaction with PSMD9 is lost or in the

absence of PSMD9. When HA-wt-hnRNPA1 was

trans-expressed in HEK293 cells, degradation of IjBa
was considerably enhanced after 10 min of TNF-a
treatment (Fig. 9A). HA-7ΔChnRNPA1 mutant, on

the other hand, had no influence on the degradation

of IjBa. Correspondingly, only the HA-wt-hnRNPA1

A

B

C

D

Fig. 9. C-terminus deleted hnRNPA1 mutant fails to enhance TNF-a mediated IjBa degradation and NF-jB activation. (A) HA-wt-hnRNPA1

and 7ΔC mutant HA-hnRNPA1 were transiently overexpressed in HEK293 cells and after 48 h cells were treated with TNF-a (20 ng�mL�1 of

medium) for 10 min or left untreated. Cell lysates were prepared along with vector control and subjected to WB analysis. (B) HEK293 cells

were co-transfected with pCDNA3.1-HA-empty vector or pCDNA3.1-HA-hnRNPA1 (wt or 7ΔC mutant) and 3x jB ConA luc vector or ConA

luc control vector. After 36 h cells were either treated with TNF-a (20 ng�mL�1 of medium) for 12 h or left untreated. Cell lysates were

prepared and NF-jB activity was measured as described in Fig. 2B. Data represent mean luciferase activity per microgram of

protein � SEM of three independent experiments done in duplicate. (C) HEK293 cells were transfected with PSMD9-siRNA/control-siRNA

(100 lM) and after 48 h cells were again transfected with pCDNA3.1-HA-wt-hnRNPA1. After 72 h of siRNA transfection cells were either

treated with TNF-a (20 ng�mL�1 of medium) for 20 min or left untreated. Cell lysates were prepared and analyzed by WB. (D) HEK293 cells

were transfected with PSMD9-siRNA/control-siRNA (100 lM) and after 48 h cells were again transfected with pCDNA3.1-HA-wt-hnRNPA1

and 3x jB ConA luc vector or ConA luc control vector. After 60 h of siRNA transfection cells were either treated with TNF-a (20 ng�mL�1 of

medium) for 12 h or left untreated. Cell lysates were prepared and NF-jB activity was measured as described in Fig. 2B. Data represent

mean luciferase activity per microgram of protein � SEM of two independent experiments done in duplicate.
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transfected cells showed a significant increase in

NF-jB activity after TNF-a treatment (Fig. 9B). In

contrast, cells expressing HA-7ΔChnRNPA1 mutant

showed a lower NF-jB activity compared with the

control cells. Furthermore, when we silenced PSMD9

and overexpressed HA-wt-hnRNPA1, TNF-a medi-

ated IjBa degradation was significantly reduced

(Fig. 9C). In addition, a considerable decrease (up to

40%) in NF-jB activity was also observed in these

cells (Fig. 9D). These results suggest that both PSMD9

and hnRNPA1 are in the same pathway and further

support the role of PSMD9–hnRNPA1interaction in

IjBa degradation and NF-jB activation.

PSMD9 anchors hnRNPA1–IjBa complex on 26S

proteasome which facilitates proteasomal

degradation of IjBa

PSMD9 is known to be a chaperone of proteasome

assembly and is reported to dissociate before the

mature complex [1,2,41]. Nas2, the yeast homolog,

was not found in any of the cryo EM studies of the

proteasome [42–44]. Like other classical chaperones,

PSMD9 or its homologs may only be transiently asso-

ciated with the assembled proteasome. We hypothe-

sized that PSMD9, by virtue of its interaction with the

proteasome on one hand and its interaction with

hnRNPA1 on the other, would recruit IjBa to the

proteasome for degradation. We first asked if endoge-

nous or trans-expressed FLAG-PSMD9 could be

located in the proteasome complex. We pulled down

the whole 26S proteasomal complex using b7-subunit
antibody. When probed for PSMD9 antibody we

found both endogenous and FLAG-tagged PSMD9 in

the complex. To ensure that PSMD9 is associated with

the intact 26S mature complex, we probed the com-

plex for the presence of ATPase subunit (Rpt6), a

marker for the base subcomplex, and a5-subunit, a

marker of 20S core particle. The results showed that

b7-subunit antibody pulls down the intact 26S com-

plex and PSMD9 is indeed associated with the mature

proteasome (PSMD9 is not shown to interact with

Rpt6). TNF-a treatment did not alter the levels of

either endogenous or overexpressed PSMD9 in stable

clones. But there was a definite increase in the levels

of proteasome bound hnRNPA1 in PSMD9 overex-

pressing cells which were further enhanced upon TNF-

a treatment (Fig. 10A). In contrast, when PSMD9

was silenced, no hnRNPA1 was found in the protea-

some pull-down complex even after TNF-a treatment.

These results together indicate that recruitment of

hnRNPA1 to the proteasome requires the presence of

PSMD9.

To enable the degradation of IjBa by the protea-

some, PSMD9 not only has to interact with hnRNPA1

but should also interact with the proteasome as demon-

strated above. However, based on current evidence

PSMD9 seems to harbor only the PDZ-like domain for

protein–protein interaction. Therefore it was important

to test whether the PDZ mutations affect association of

PSMD9 with the proteasome. Affinity pull-down of the

26S proteasome in cells overexpressing PDZ mutant

Q181G indicated that this association was unimpaired

(Fig. 10B). Proteasomal activity was also unaffected by

this mutant (Fig. 10C). Probably there are other regions

in PSMD9 that can interact with the proteasome.

Although PSMD9 mutants cannot bind to hnRNPA1

because of the endogenous PSMD9, some hnRNPA1

could still be detected in the pull-down complex

(Fig. 10B). These results further validate the role of the

PDZ domain in proteasomal degradation of IjBa
through interaction of PSMD9 with hnRNPA1. In

addition these results indicate that PSMD9 functions as

an anchor rather than a chaperone and bridges IjBa
bound hnRNPA1 to the proteasome. This interaction

enables regulated degradation of IjBa and modulates

NF-jB activity.

While there is no clear evidence for the presence of

PSMD9 on mature proteasomes or for the role of PDZ

domains in interaction with ATPase subunits in mam-

malian cells, the lack of any detectable effect of PDZ

domain mutations on the association of PSMD9 with

intact 26S proteasomes requires further explanation.

To address this we analysed the primary sequence of

PSMC6 (Rpt4) and PSMC3 (Rpt5). GRRF was pres-

ent in PSMC6. Intrigued we co-expressed wt-PSMD9

or PSMD9-Q181G mutant with wt-PSMC6 and per-

formed co-immunoprecipitation studies. The results

showed that the Q181G mutation which inhibits bind-

ing of PSMD9 to hnRNPA1 does not affect PSMD9

binding to PSMC6 (Fig. 10D). This result in conjunc-

tion with the observation that the PDZ mutations do

not affect PSMD9 association with proteasome indi-

cates that the interaction with the mature proteasome

may not involve Rpt5. Moreover Rpt5 C-terminus is

known to play a key role in interaction with the 20S a-
subunit necessary for gate opening and activation of

the proteasome. Therefore, Rpt5 on mature protea-

some is unlikely to interact with PSMD9.

Since we found increased IjBa degradation upon

hnRNPA1 overexpression with TNF-a treatment, we

wanted to check the recruitment of overexpressed

hnRNPA1 on 26S proteasome. HA-hnRNPA1 was

overexpressed in HEK293 cells and treated with TNF-

a (20 ng for 30 min). Cell lysates were prepared in

ATP buffer and 26S proteasome was pulled down
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using b7 antibody. When the pull-down complexes

were probed with hnRNPA1 antibody, both endoge-

nous and trans-expressed hnRNPA1 levels were found

to be increased upon TNF-a treatment, which corre-

lates with the IjBa degradation (Fig. 10E). Further-

more levels of hnRNPA1 remain unaltered upon

PSMD9 overexpression (Fig. 4B) or downregulation

(Fig. 5B) or after TNF-a treatment. These results are

strongly suggestive of a mechanism which involves

recruitment of hnRNPA1 to the proteasome complex

A

B C

D E

Fig. 10. PSMD9 is crucial for the recruitment of hnRNPA1-IjBa complex on 26S proteasome. (A) Both the overexpression (P9) and

knockdown (sh) HEK293 inducible stable clones of PSMD9 were treated with doxycycline for 48 h and/or with TNF-a (20 ng�mL�1 of

medium) for the next 30 min or left untreated. Cell lysates were prepared with ATP buffer as described in Materials and methods. Whole

26S proteasome was pulled down from the above cell lysates using b7 antibody and probed with different antibodies and analyzed by WB.

Symbol ► corresponds to trans-expressed FLAG-PSMD9 and symbol ⊳ corresponds to the endogenous PSMD9. (B) HEK293 cells were

transiently transfected with pCMV-10 empty vector or pCMV-10-PSMD9 (wt or mutants D157P/Q181G) and cell lysates were prepared in

ATP buffer as in Materials and methods. 26S proteasome was pulled down from the above cell lysates using b7 antibody and probed with

different antibodies as indicated and analyzed by WB. (C) Proteasomal activity of the above mentioned (in B) cell lysates was measured as

described in Materials and methods. Data represent Suc-LLVY-AMC proteasomal activity in arbitrary units (AU�lg�1 of lysate) � SEM of two

independent experiments done in duplicate. The WB shows the expression of FLAG-PSMD9 in the above cell lysates and PSMB4 is taken

as the loading control. (D) HEK293 cells were co-transfected with pCDNA3.1-PSMC6 and p3X-FLAG-CMV-10, p3X-FLAG-CMV-10-wt-PSMD9

or p3X-FLAG-CMV-10-Q181G-PSMD9. After 48 h of transfection cell lysates were used for pull-down with anti-FLAG-M2 agarose beads and

analyzed by WB. (E) HEK293 cells were transfected with pCDNA3.1 empty vector or pCDNA3.1-HA-wt-hnRNPA1 and after 48 h of

transfection cells were treated with TNF-a for 30 min. Cell lysates were prepared in ATP buffer (as described in Materials and methods);

26S proteasome was pulled down using b7 antibody and analyzed by WB. Symbol ► corresponds to trans-expressed HA-hnRNPA1 and

symbol ⊳ corresponds to the endogenous hnRNPA1.
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during TNF-a signaling that would result in more and

more IjBa degradation by the proteasome. Our

attempts to substantiate this by capturing IjBa on 26S

proteasome with/without TNF-a treatment under

hnRNPA1 or PSMD9 overexpressing conditions failed

perhaps due to its rapid degradation by the protea-

some. Hence all these results suggest that hnRNPA1

either recruits or presents IjBa to the proteasome and

this shuttle receptor hnRNPA1 is anchored by PSMD9

on the proteasome. While ubiquitinated IjBa is

degraded, hnRNPA1 in all probability is released

intact. It is possible that the PSMD9–hnRNPA1 inter-

action shortens the distance between the substrate and

the proteasomal ATPases or ensures that IjBa is not

prematurely released from the proteasome.

Discussion

Protein–protein interactions are seminal to signal

transduction. They are involved in spatiotemporal reg-

ulation of cellular functions. Therefore, identification

of novel interactions can help in deciphering unknown

functions of a protein. We have established bioinfor-

matics methods for identification of unknown interact-

ing partners of 19S subunits of the proteasome (FEBS

Open Bio, submitted). Using one such method we iden-

tified hnRNPA1, an RNA binding protein involved in

RNA metabolism and transport [34], as a novel inter-

acting partner of PSMD9, a PDZ domain containing a

subunit of the proteasome. To test whether this inter-

action is physiologically relevant and to identify func-

tions associated with the interaction, we searched for

the reported functions of hnRNPA1. The N-terminal

of hnRNPA1 binds to ankyrin repeats in IjBa and

this interaction somehow influences the processing of

IjBa, the nature or mechanism of which is unclear

[12]. Here we demonstrate that PSMD9 through its

PDZ domain interacts with hnRNPA1 C-terminus and

this domain–motif interaction is necessary for the pro-

teasomal degradation of IjBa. Overexpression of

PSMD9 accelerates both basal and TNF-a mediated

proteasomal degradation of IjBa. This results in

increased NF-jB activation and expression of its target

genes. We establish a new role for hnRNPA1 as a

shuttle receptor for the degradation of IjBa in

HEK293 cells. PSMD9, contrary to its expected role

as a chaperone, acts as a part of the 19S recognition

module to facilitate delivery of ubiquitinated IjBa to

the proteasome via hnRNPA1, as depicted in the

model (Fig. 11).

Although the degradation of IjBa by the protea-

some has long been established, the mechanism of how

it is recruited to the proteasome is not well defined.

Here we show how ubiquitinated IjBa is targeted to

the proteasome for degradation. This is important

because how ubiquitinated substrates in general are

recruited to the proteasome is an active area of

research. So far two modes of substrate recognition

have been well defined. In the direct mode, substrates

are recognized by the ubiquitin binding motifs in 19S

subunits like Rpn10 containing the UIM domain, or

via motifs like pleckstrin in Rpn13 [45,46]. In the indi-

rect mode of recognition, Rad23, Dsk2 and Ddi1 pro-

teins called ‘shuttle receptors’ bind proteasome

Fig. 11. Model for the mechanism of IjBa

presentation and degradation by 26S

proteasome. Signal activated and modified

IjBa binds to hnRNPA1 and this complex

interacts with PSMD9 on 26S

proteasome. IjBa gets degraded through

proteasomal activity hnRNPA1 shuttles

back to bind with free IjBa and the cycle

repeats.
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through their UBL domains present at the N-terminus

while their C-terminal ubiquitin association domain

(UBA) binds to ubiquitin chains on the substrates

[47,48]. These shuttle receptors bind to the Rpn1 sub-

unit of the proteasome in non-stoichiometric amounts

and apparently dissociate with fast kinetics. In an in-

depth study, Deshaies group showed that Ddi1 is a

proteasomal shuttle receptor that binds to the LRR1

domain of Rpn1 [49] and facilitates the degradation of

Ufo1, a Ddi1 substrate. A UBA domain containing

protein, p62, interacts with K63 ubiquitin chains of

ubiquitinated tau and facilitates its proteasomal degra-

dation by interacting with Rpt1 through its N-terminal

PB1 domain [50]. HSP27 may also act as a shuttle

receptor that recruits ubiquitinated IjBa to the protea-

some for degradation in cancer cells in response to

stress signals [51]. In this report HSP27 was shown to

bind ubiquitinated IjBa and to the 19S regulatory

particle of the proteasome to mediate this degradation.

HSP27 recognizes covalently linked ubiquitin on IjBa
but how it interacts with the proteasome is unclear.

Recently we have demonstrated that non-ubiquitinated

proteins can be directly recognized and degraded by

26S proteasome [10].

We describe our findings in the context of these

reported mechanisms of substrate recognition and

highlight unique features that are an outcome of our

study. PSMD9 unlike HSP27 does not directly bind to

ubiquitinated IjBa. This interaction is mediated by

hnRNPA1 and, therefore, Ub-IjBa is targeted to the

proteasome through the indirect pathway. Since the

hnRNPA1 level does not change under any conditions

tested here, we argue that it acts as a shuttle receptor

that brings in Ub-IjBa. Since hnRNPA1 lacks a UBL-

like domain, it does not bind to the proteasome in a

classical manner like other shuttle receptors. Instead

this function is mediated by a C-terminal region of the

protein which acts as a recognition signal for the PDZ

domain of PSMD9 bound to the proteasome. PDZ

domains can recognize native sequences in proteins

typically through the C-terminal residues. Such a classi-

cal domain–motif interaction for PSMD9–hnRNPA1 is

established by our study. Nevertheless, the exact mech-

anism of hnRNPA1 release, the mode of binding of

PSMD9 to the proteasome and the molecular basis of

this recognition remain to be investigated.

While our studies show how PSMD9 directly affects

the degradation of IjBa by the proteasome which

helps in NF-jB activation, there are several upstream

steps that process IjBa for degradation. A possible

role of PSMD9 in these processes has been somewhat

addressed in this study. Since in the absence of any

external stimuli PSMD9 overexpression results in

increased basal activity of NF-jB, it remains to be

seen whether PSMD9 acts as an internal signal for

NF-jB activation. This may be dependent or indepen-

dent of its interaction with hnRNPA1. Previously it

was reported that in cells lacking hnRNPA1 (mouse

leukemic cells) NF-jB, activity is reduced [12]. Like-

wise in the current study we show that in cells lacking

PSMD9 NF-jB, activity is reduced. Taken together,

these studies suggest that PSMD9 and hnRNPA1 are

probably not mutually exclusive in the context of the

NF-jB signaling pathway which may be explained by

their ability to interact with each other.

It will be important to see whether the mechanism

of IjBa degradation and NF-jB activity is general to

other cell types. While hnRNPA1 is a ubiquitous pro-

tein, PSMD9 may be expressed in a cell or tissue spe-

cific manner [3]. Although PSMD9 deletion is not

lethal in yeast [52], loss of PSMD9 expression may

have phenotypic consequences in mammalian cells due

to inhibition of NF-jB activity. We have demonstrated

that the PDZ domain mutants do not bind to

hnRNPA1 and therefore their overexpression does not

affect NF-jB activity. Thus small molecules that can

target the interaction sites on the PDZ domain of

PSMD9 are likely to act as inhibitors of NF-jB activ-

ity. Such molecules may be useful in targeting cancer

cells that are dependent on a consistently high NF-jB
activity for their survival [53,54]. The first step in this

direction, however, is to establish the role of the

PSMD9–hnRNPA1 interaction in this pathway in such

cancer cells.

Based on our findings on the molecular details of

the interaction between the PDZ domain of PSMD9

and hnRNPA1, we speculate about a general role for

PSMD9 in substrate recognition by the proteasome.

For example IjBa may be one of the many examples

of how substrates may converge on the proteasome

through the PDZ domain of PSMD9. It is possible

that other substrates are brought to the proteasome by

a similar mechanism through either hnRNPA1 or

other shuttle receptors that may carry a similar recog-

nition motif. In addition, by virtue of its binding to

ATPase subunits, PSMD9 on the surface of the 19S

regulatory particles may be uniquely positioned to

ensure rapid unfolding, prevention of premature

release of the substrates and translocation of the

unfolded protein through the central channel that lines

the ATPase ring. Another aspect of our finding is the

nature and origin of the components involved in IjBa
degradation – a chaperone from the proteasome path-

way and an RNA binding protein. Thus it is specu-

lated that there may be other functions mediated by

this domain–motif interaction between PSMD9 and
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hnRNPA1 relevant to their respective network and/or

the crosstalk between different functional modules.

Two important points reported in the literature

regarding the association of PSMD9 with proteasomes

merit special attention: (a) chaperones such as PSMD9

and PSMD10 have not been found as part of the

mature proteasome structure [43,44] and (b) Nas-2, the

yeast homolog of PSMD9, has been shown to interact

with Rpt5 through C-terminal residues implying a role

for the PDZ domain in interaction. We believe

PSMD9 or PSMD10 may transiently associate with

the mature proteasome. It is likely that only few of the

mature 26S proteasomes bind these chaperones at any

given moment and they can be washed away under

very stringent conditions during IPs or affinity purifi-

cations. It is interesting to note that reports on the

interaction of shuttle receptors such as Ddi1 in yeast

with the proteasome have been controversial. Ddi1

belongs to the UBA-UBL domain containing proteins

that bind polyubiquitin chains in substrate proteins.

Ddi1 is reported by some to physically interact with

the intact proteasome while others question this find-

ing. It is argued by Deshaies group, who find that

Ddi1 does indeed interact with the proteasome in a

specific and functionally relevant manner, that such

discrepancies may be due to the qualitative nature of

IP experiments and the rapid dynamics of UBL bind-

ing to and dissociation from the proteasome. The same

could be true for the proteasomal chaperones such as

PSMD9 or PSMD10.

Regarding the involvement of the PDZ domain in

the interaction with the ATPase subunits, we find that

mutations in the PDZ domain of PSMD9 that affect

hnRNPA1 binding do not affect the association with

the proteasome. While we do not find any literature

evidence for the role of PDZ domains in interaction

with the ATPases in mammalian cells, Nas2 in yeast

has been shown to interact with Rpt5 or PSMC3 via

the C-terminal residues [55]. Although we have not

tested the interaction of PSMD9 with PSMC3, interac-

tion of PSMD9 with PSMC6 is unaffected by the PDZ

mutations (current study). It is possible that the associ-

ation of PSMD9 with the mature proteasome is differ-

ent from its interaction with the ATPase subunits in

the modular structure. It is obvious that we are far

from a clear understanding of the role of PSMD9 in

the functioning of holo 26S proteasome and its inter-

action with the different subunits. More studies with

detailed molecular characterization as reported in this

current study will be necessary to clarify the complex-

ity associated with these supramolecular structures.

In summary, we have established that PSMD9

through its PDZ domain interacts with the C-terminus

of hnRNPA1, a novel interacting partner, and this

interaction regulates degradation of IjBa and, there-

fore, NF-jB activity in HEK293 cells. hnRNPA1 acts

as a shuttle receptor while PSMD9 is the docking site

on the 19S regulatory particle. IjBa may be one of the

many examples of how ubiquitinated substrates may

be recruited on the proteasome through the PDZ

domain of PSMD9. It is possible that features of the

C-terminal sequence found in hnRNPA1 may be con-

served in other shuttle receptors. Our study opens up

new areas of investigation on the role of PSMD9 in

cellular homeostasis. The generality of this interaction

between hnRNPA1 and PSMD9 may propose the

interface as a potential drug target in tumor cells rely-

ing on high NF-jB activity. Moreover, the interaction

between hnRNPA1, a protein well known for mRNA

transport and splicing, and PSMD9, a subunit chaper-

one of the proteasome, is intriguing. Although specula-

tive, whether this interaction influences these well

known functions of hnRNPA1 and whether there is

crosstalk between the degradation pathway and the

RNA metabolism remains to be seen.

Materials and methods

Plasmids

PSMD9 was amplified from PSMD9 cDNA (Origene

Technologies) and cloned within HindIII and EcoRI in

p3xFLAG-CMV-10 mammalian expression vector (Sigma,

USA). For bacterial expression vector pRSETA, BamHI

and XhoI sites are used for cloning PSMD9. The PSMD9

(L173G), PSMD9(Q181G) and PSMD9(triple mutant L124G-

Q126G-E128G) mutants were generated in p3xFLAG-

CMV-10-PSMD9 construct by site directed mutagenesis.

3xFLAG-tagged PSMD9 was amplified from p3xFLAG-

CMV-10-PSMD9 construct using the primers Fw 50-AC-

CGGTCGCCACCATGGACTACAAAGACCATG-30 and

Rv 50-GAATTCGACAATCATCTTTGCAGAGG-30 cloned
between AgeI and EcoRI into doxycycline inducible vector

pTRIPZ (a gift from S. Dalal, Advanced Center for Treat-

ment, Research and Education in Cancer, Navi Mumbai,

India). mir30 based shRNA of PSMD9 was PCR amplified

using the primers Fw 30-GGCTCGAGGAAGGTATATT

GCTGTTGACAGTGAGCGGCAGATCAAGGCCAACT

ATGATAGTGAAGCCACAGATGT-30 and Rv 50-GCGA

ATTCCCGAGGCAGTAGGCAGCAGATCAAGGCCAA

CTATGATACA TCTGTGGCTTCACTATCATAG-30. The
PCR product was digested with XhoI and EcoRI and inserted

into doxycycline inducible vector pTRIPZ. hnRNPA1 was

PCR amplified from HEK293 cDNA library generated by

RT-PCR of RNA from HEK293 cells and cloned within

BamHI and XhoI in HA-pCDNA3.1 mammalian expres-

sion vector (gift from S. Dalal, Advanced Center for

17FEBS Journal (2014) ª 2014 FEBS

I. Sahu et al. Novel role of PSMD9 PDZ domain in NF-jB activity



Treatment, Research and Education in Cancer, Navi Mum-

bai, India). For bacterial expression vector pGEX-4T-1,

BamHI and EcoRI sites were used for cloning hnRNPA1.

The hnRNPA1(D7C) mutant was generated by deleting

seven amino acids from the C-terminus. wt IjBa and ΔC
mutant (1–252 amino acids) IjBa were amplified from

HEK293 cDNA and were cloned into mammalian expres-

sion vector p3xFLAG-CMV-10 vector using HindIII and

EcoRI sites. wt IjBa was cloned into bacterial expression

vector pMALc5X within BamHI and EcoRI sites. PSMC6

was PCR amplified from the HEK293 cDNA library gener-

ated by RT-PCR of RNA from HEK293 cells and cloned

within BamHI and XhoI in HA-pCDNA3.1 mammalian

expression vector (gift from S. Dalal, Advanced Center for

Treatment, Research and Education in Cancer, Navi Mum-

bai, India). The phospho-mutant pTRIPZ- IjBaSR (S32A–

S36A) vector (gift from N. Shirsat, Advanced Center for

Treatment, Research and Education in Cancer, Navi Mum-

bai, India, and D. C. Guttridge, Ohio State University,

USA), pEGFPN3 vector and pBSK3 vectors were used for

mammalian cell transfection. 3x jB ConA luc vector and

ConA luc control vector (gift from N. D. Perkins, Newcastle

University, UK) were used for the luciferase reporter assay.

Expression, purification of recombinant proteins

Recombinant His-PSMD9, GST-PSMD9, GST-hnRNPA1

and MBP-IjBa were expressed in Escherichia coli BL21

DE(3) using 100 lM isopropyl thio-b-D-galactoside at 18 °C
for 18 h. His-PSMD9 and its mutant were purified by

Ni-nitrilotriacetic acid column chromatography (Qiagen,

Hilden, Germany) using 250 mM imidazole buffer; GST,

GST-PSMD9 and GST-hnRNPA1 were purified using glu-

tathione Sepharose beads (GE Healthcare Life Sciences,

Amersham, UK) and MBP, MBP-IjBa were purified using

amylose beads (NEB, UK) and 10 mM maltose buffer,

according to the manufacturer’s protocol. His-PSMD9 was

FPLC purified using a Superdex-200 column (Amersham,

GE Healthcare Life Science).

Far western blot and dot blot

Recombinant GST-PSMD9, GST-hnRNPA1 and MBP-

IjBa proteins (2 lg each) were SDS denatured, run on an

SDS/PAGE and transferred onto a PVDF membrane. The

transferred proteins were denatured/renatured on the mem-

brane using guanidine-HCl AC buffer with the protocol

described in Yuliang Wu et al. [56]. For dot blot 1 lg of

recombinant proteins (GST, GST-hnRNPA1, GST-PSMD9,

MBP and MBP-IjBa) were spotted on a methanol equili-

brated PVDF membrane. The spotted membranes were

blocked in 3% BSA-TBST and overlaid with either His-

PSMD9 or MBP-IjBa (100 nM in 1% BSA-TBST) for 1 h.

Anti-PSMD9 (mouse monoclonal; Sigma) in 1 : 4000

dilution, anti-hnRNPA1 (mouse monoclonal; Sigma) in

1 : 4000 dilution and anti-IjBa (rabbit polyclonal; Sigma) in

1 : 4000 dilution were used for probing the overlaid proteins.

Cell culture, transfection and reagents

HEK293 cells were cultured in DMEM (Gibco, USA) sup-

plemented with 10% fetal bovine serum (Gibco),

100 IU�mL�1 penicillin (Sigma) and 100 lg�mL�1 strepto-

mycin (Sigma). For transfection Lipofectamine 2000 (Invi-

trogen, Carlsbad, CA, USA) or the calcium phosphate

method were used according to the manufacturer’s protocol.

100 lM of PSMD9 small interfering RNA (siRNA) (Dharm-

acon; Thermo Scientific, Waltham, MA, USA) or scrambled

siRNA (Dharmacon; Thermo Scientific) with Lipofecta-

mine 2000 was used for transfection. Doxycycline (Sigma)

1–4 lg�mL�1 of medium, CHX (Sigma) 50 lg�mL�1 of

medium, TNF-a (Peprotech, Rocky Hill, NJ, USA)

20 ng�mL�1 of medium, MG132 (Sigma) 10 lM�mL�1 of

medium and Velcade (Johnson & Johnson, NJ, USA)

10 lg�mL�1 of medium were used for different experiments.

Establishment of stable cell line

HEK293 cells were transfected with p3xFLAG-CMV-10

and p3xFLAG-CMV-10-PSMD9 constructs using Lipofec-

tamine 2000 (Invitrogen) to generate PSMD9 overexpres-

sing stable clones. After 24 h, transfected cells were

subcultured and kept under selection in DMEM supple-

mented with 10% fetal bovine serum and 800 lg�mL�1 of

G418 (Sigma). After 2–4 weeks G418 resistant single colo-

nies were picked up and grown in DMEM supplemented

with 10% fetal bovine serum and 400 lg�mL�1 of G418.

Three different clones with high FLAG-PSMD9 expression

were selected for further studies. For generating doxycy-

cline inducible stable clones, HEK293 cells were transfected

with pTRIPZ, pTRIPZ-3xFLAG-PSMD9, pTRIPZ-

shRNA-PSMD9 using Lipofectamine 2000. After 24 h

transfected cells were subcultured and kept under selection

in DMEM supplemented with 10% fetal bovine serum and

800 ng�mL�1 puromycin (Sigma). After 5–7 days puromy-

cin resistant single colonies were picked up and grown in

DMEM supplemented with 10% fetal bovine serum and

400 ng�mL�1 puromycin. Three clones with high FLAG-

PSMD9 expression and three clones with maximum

PSMD9 knockdown upon doxycycline induction were

selected for further studies.

Immunoprecipitation

Cells were pelleted, washed twice with NaCl/Pi and lysed in

NP-40 lysis buffer [50 mM Tris pH 7.6, 150 mM NaCl, 0.5%

NP-40 detergent, 10 mM NaF, 1 mM Na2VO5, 10 mM b-glyc-
erophosphate and 19 protease inhibitor cocktail (Sigma,
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P2714)]. For proteasomal pull-down, buffer containing

50 mM Tris (pH 7.6), 5 mM MgCl2, 1 mM ATP, 10% glycerol

and 19 protease inhibitor cocktail (Sigma) was used. Briefly,

monoclonal antibodies (1 : 1000 vol/vol of antibody : cell

lysate) were bound overnight to Protein-G Sepharose beads

(GE Amersham) and pre-cleared cell extracts were incubated

with antibody-bound Sepharose beads or anti-FLAG M2

agarose (Sigma) for 3 h at 4 °C. After extensive washing with

washing buffer [50 mM Tris, pH 7.6, 150–450 mM NaCl,

10 mM NaF, 1 mM Na2VO5, 10 mM b-glycerophosphate and
19 protease inhibitor cocktail (Sigma, P2714)], immune com-

plexes were separated by SDS/PAGE and analyzed by wes-

tern blotting, following standard protocols.

Luciferase reporter assay

Stable clones of HEK293 harboring FLAG-PSMD9 and

HEK293 cells transiently transfected with p3xFLAG-CMV-

10/p3xFLAG-CMV-10-PSMD9/p3xFLAG-CMV-10-PSMD9

(D157P)/p3xFLAG-CMV-10-PSMD9(Q181G)/pcDNA3.1-

HA-hnRNPA1/pcDNA3.1-HA-hnRNPA1(CD7) were

co-transfected with ConA luc control or 3x jB ConA luc

vectors by the calcium phosphate method. After 48 h, cells

were lysed and luciferase assays were performed using the

Luciferase Assay System (Promega, Fitchburg, WI, USA)

in triplicate. In inducible stable clones of control pTRIPZ

and pTRIPZ-3xFLAG-PSMD9 after 48 h of doxycycline

addition luciferase assays were performed as explained.

Western blotting and antibodies

Cell lysates were prepared with NP-40 lysis buffer and sep-

arated on 12–15% SDS/PAGE gels, and western blot (WB)

was performed following standard protocols. Antibodies

anti-PSMD9 in 1 : 1000 (mouse monoclonal; Sigma, and

rabbit polyclonal; Abcam, Cambridge, UK), anti-FLAG in

1 : 8000 (mouse monoclonal; Sigma), anti-hnRNPA1 in

1 : 1000 (mouse monoclonal; Sigma, and rabbit polyclonal;

Abcam), anti-HA in 1 : 1000 (rabbit polyclonal; Abcam),

anti-IjBa in 1 : 1000 (rabbit polyclonal; Sigma), anti-b-
actin in 1 : 2000 (mouse monoclonal; Sigma), anti-a-tubu-
lin in 1 : 2000 (mouse monoclonal; Sigma), anti-acetyl his-

tone H4 K12 in 1 : 1000 (rabbit polyclonal; Cell Signaling,

Danvers, MA, USA), anti-b7 in 1000 (mouse monoclonal),

anti-a5 in 1 : 1000 (mouse monoclonal), anti-ubiquitin in

1 : 1000 (mouse polyclonal, Sigma) and anti-p65 in

1 : 1000 (rabbit polyclonal, Abcam) were used for western

blotting experiments.

RT-PCR and real-time PCR

Total RNA was isolated from HEK293 cells, PSMD9

overexpression and knockdown clone by TRIzol� Reagent

(Invitrogen) following the manufacturer’s protocol. cDNA

was prepared using SuperScript� III Reverse Transcrip-

tase kit (Life Technologies, Invitrogen). Real-time PCR

was performed using SYBR Green based Kappa-Biosys-

tems kit (Woburn, MA, USA) and gene specific primers

(Table S1).

Electrophoretic mobility shift assay

Nuclear fractions were extracted from HEK293 FLAG-

PSMD9 stable clones, HEK293 inducible FLAG-PSMD9

stable clones and HEK293 inducible PSMD9-shRNA

stable clones using N-XTRACT kit (Sigma) following

the manufacturer’s protocol. wt jB-oligo 50-AGTTGA-

GGGGACTTTCCCAGGC-30 and mutant jB-oligo 50-
AGTTGAGCTCACTTTCC CAGGC-30 [35] were pur-

chased from Sigma and biotin labeled at the 30 end of

the oligos using the Biotin 30 End DNA Labeling Kit

(Thermo Scientific) following the manufacturer’s protocol.

Both biotinylated complementary oligos were annealed at

65 °C for 10 min followed by incubation at room tem-

perature for 30 min. Then 3–5 lg of nuclear extract was

incubated with the biotinylated oligos and poly dI-dC

for 20 min at room temperature. This binding reaction

was carried out using LightShift� Chemiluminescent

EMSA Kit (Thermo Scientific) following the manufac-

turer’s protocol. Reactions were separated on 6% native

PAGE, transferred onto positively charged nylon mem-

brane and UV crosslinked for 30 min at 256 nm at 1 cm

distance. The membrane was developed onto an X-ray

film using Chemiluminescent Nucleic Acid Detection

Module (Thermo Scientific) following the manufacturer’s

protocol.

Proteasomal activity assay

Cells were pelleted, washed twice with NaCl/Pi and resus-

pended in buffer containing 50 mM Tris (pH 7.6), 5 mM

MgCl2, 1 mM ATP, 10% glycerol and 19 protease inhibitor

cocktail (Sigma). Cell suspensions were ultrasonicated for

four cycles of 20 s each (with 1 s break after each 2 s) at

30 kHz on ice. Proteasomal activity was measured using

25 nM Suc-LLVY-7-amino-4-methyl coumarin substrate

and fluorescence readings were taken at excitation 355 nm/

emission 460 nm.

Densitometric and statistical analysis

Densitometric quantitation of scanned images was per-

formed using MAC BIOPHOTONICS IMAGEJ. Statistical analysis

was performed using GRAPH PAD PRISM 5. To evaluate the

significance of the values obtained, an unpaired Student’s

t test was performed. P < 0.05 and P > 0.05 are considered

as significant and non-significant data respectively. In

graphs the symbol *** represents P value < 0.001.
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a b s t r a c t

PSMD9 (Proteasome Macropain non-ATPase subunit 9), a proteasomal assembly chaperone, harbors
an uncharacterized PDZ-like domain. Here we report the identification of five novel interacting
partners of PSMD9 and provide the first glimpse at the structure of the PDZ-domain, including
the molecular details of the interaction. We based our strategy on two propositions: (a) proteins
with conserved C-termini may share common functions and (b) PDZ domains interact with C-termi-
nal residues of proteins. Screening of C-terminal peptides followed by interactions using full-length
recombinant proteins, we discovered hnRNPA1 (an RNA binding protein), S14 (a ribosomal protein),
CSH1 (a growth hormone), E12 (a transcription factor) and IL6 receptor as novel PSMD9-interacting
partners. Through multiple techniques and structural insights, we clearly demonstrate for the first
time that human PDZ domain interacts with the predicted Short Linear Sequence Motif (SLIM) at the
C-termini of the client proteins. These interactions are also recapitulated in mammalian cells.
Together, these results are suggestive of the role of PSMD9 in transcriptional regulation, mRNA pro-
cessing and editing, hormone and receptor activity and protein translation. Our proof-of-principle
experiments endorse a novel and quick method for the identification of putative interacting part-
ners of similar PDZ-domain proteins from the proteome and for discovering novel functions.
� 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Almost every cellular pathway involved in the biology and
homeostasis of a eukaryotic organism is regulated by the Ubiquitin
Proteasome System (UPS) [1]. Impairment in the function of UPS
components results in the accumulation of proteins leading to cel-
lular stress and apoptosis [2]. While the role of proteasome in nor-
mal biology and disease is by and large well studied, the precise
mechanism, the sequence and the structural requirements for

substrate recognition, direct and indirect protein–protein interac-
tions required for recruiting a substrate to the proteasome, remain
obscure [3]. The structure and the domain functions of various 19S
subunits and their role in proteasome dependent and independent
functions are unclear. We recently showed that a 13 residue pep-
tide of the A-helix from myoglobin acts as an anchor while a floppy
region, the ‘F-helix’ acts as an initiator of proteasome mediated
ubiquitin independent degradation of apomyoglobin [4]. We iden-
tified new interacting partners of gankyrin, a chaperone of the pro-
teasome assembly and an oncoprotein by recognizing proteins that
share EEVD, a conserved Short Linear Sequence Motif (SLIM) seen
at the gankyrin and S6 ATPase interface [5]. Interaction between
gankyrin and chloride intracellular channel protein through the
conserved hot spot site enhances the migratory potential of breast
carcinoma cell line. In addition, we demonstrated a role for Sug 1,
an ATPase of the proteasome in transcriptional regulation of MHC
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proteins [6]. We described a novel role of PSMD9–hnRNPA1 inter-
action in basal and signal induced NF-jB activation via enhanced
proteasomal degradation of IjBa [7]. We show that in this signal-
ing pathway, proteasome bound PSMD9 acts as a subunit acceptor
and hnRNPA1 as a shuttle receptor that recruits IjBa for degrada-
tion. Here, we exploit the presence of PDZ domain in PSMD9, a
non-ATPase subunit, and a chaperone, of proteasome assembly to
identify novel interacting partners and suggest putative functions
of this biologically important molecule.

2. Material and methods

2.1. Plasmids

PSMD9 cDNA (Origene Technologies) was amplified and
ligated into pRSETA vector between BamHI and EcoRI sites.
hnRNPA1 and S14 ribosomal protein cDNA was generated by
RT-PCR from RNA extracted from HEK293 cells. E12, growth hor-
mone and the FN3 domain of IL6 receptor were amplified from
the cDNA obtained from Harvard Institute of Proteomics.
hnRNPA1 was ligated in pGEX4T1 (GE Amersham). FN3 domain
was cloned in pGEX4T1 between BamHI and XhoI. S14, ribosomal
protein, growth hormone and E12 were cloned in pMALC5
between BamHI and EcoRI sites. Mutations generated by site
directed mutagenesis were confirmed by sequencing. PSMD9
was cloned in pCMV10 3X FLAG between HindIII and EcoRI sites.
In doxycycline inducible pTRIPZ vector, PSMD9 was cloned
between AgeI and EcoRI sites. All the interacting partners of
PSMD9 were cloned in HA-pcDNA3.1 (A gift from Dr. Sorab Dalal,
ACTREC) between BamHI and XhoI sites. Also see primers
(Table S6).

2.2. Expression and purification of recombinant proteins

All recombinant proteins were expressed in E.coli BL21 DE (3)
using 100 lM IPTG at 20 �C for 16 h. His-PSMD9 and its mutants
were purified by Ni-NTA chromatography (Qiagen); GST, GST-
hnRNPA1, GST-FN3 and its mutants were purified using glutathi-
one sepharose (GE Amersham); MBP and MBP-S14, E12 and
growth hormone were purified using amylose resin (NEB), accord-
ing to manufacturer’s protocol.

2.3. ELISA with tetra-peptides

N-terminal biotinylated tetra-peptides were procured from
GenPro Biotech, India, (Biotin-KGG-XXXX, where XXXX represents
the tetra-peptide sequence) and reconstituted to 25 mM with 100%
DMSO and further diluted to 5 mM with distilled water. Anti-
PSMD9 (Abcam) antibody in 0.1 M sodium carbonate buffer, pH
9.5 was coated on Nunc-Immuno™ MicroWell™ 96 well solid
plates and incubated for 16 h at 4 �C. Wells were blocked with
2% BSA in TBST (10 mM Tris pH8, 138 mM NaCl and 0.5% Tween-
20) for 1 h at 37 �C. His-tagged PSMD9 or its mutant proteins
(5 lg/ml), diluted in TBST (containing 0.1% BSA) were added and
incubated at 37 �C for 1 h. Plates were washed, and biotinylated
peptides (in TBST with 0.1% BSA) were added to the wells and incu-
bated for 1 h at 37 �C. The plates were washed with TBST vigor-
ously after each incubation step. Finally, streptavidin alkaline
phosphatase (Sigma), at a dilution of 1:2000 in TBST containing
0.1% BSA was added to all wells. After incubation for 1 h at 37 �C,
binding was detected by the addition of para-Nitro phenyl phos-
phate (PNPP) (Bangalore Genei, India), the substrate of alkaline
phosphatase and color developed was read at 405 nm (Spectramax
190, Molecular Devices). Wells that lack PSMD9 and wells that lack
anti-PSMD9 antibody were taken as negative controls.

2.4. ELISA for PSMD9-hnRNPA1 and PSMD9-growth hormone
interaction

GST-hnRNPA1, its mutants and GST only (control; 5 lg/ml) or
MBP-growth hormone and MBP only (control; 5 lg/ml) were coated
as described for the PSMD9 antibody (Section3.2). All incubations
were performed as described for the peptide ELISA (Section3.2). Dif-
ferent concentrations of His-tagged PSMD9 or its mutant proteins
were (in TBST containing 0.1% BSA) added to the coated plates. After
incubation, anti-his antibody (Cell Signaling) was added at a dilution
of 1:2000, incubated and washed. HRP conjugated anti-mouse anti-
body (GE Amersham) (at 1:3000 dilution) was then added. After
incubation and washes, HRP substrate TMB (1X) was added to all
the wells. Reaction was stopped using 2 M sulfuric acid before
recording the readings at 450 nm. Wells not coated with GST-
hnRNPA1 and wells in which PSMD9 or the mutants were not added
served as negative controls. For the competition assays, recombinant
his-PSMD9 was incubated with different concentrations of GRRF/
GRRG or SCGF/SCGG/SGGF peptides for 1 h at 37 �C and then added
to wells containing GST-hnRNPA1 or MBP-GH respectively.

2.5. In vitro pull down assay

Recombinant GST, GST- hnRNPA1, and its mutants (baits) were
allowed to bind with glutathione sepharose beads (GE Amersham)
in Transport Buffer (TB, 20 mM HEPES pH 7.9, 110 mM potassium
acetate, 5 mM sodium acetate, 0.5 mM EGTA and 1 mM DTT) for
1 h at 4 �C. Beads were washed, following which PSMD9 or its
mutants (in TB 0.1% BSA) were incubated with each bait for 4 h
at 4 �C. Binding was monitored by Western blot using anti-His
antibody (Cell Signaling). Cell lysates of MBP, MBP-S14, growth
hormone, E12 or their respective C-terminal mutants were allowed
to bind with amylose resin (NEB) in Transport Buffer for 1 h at 4 �C.
Further incubations with PSMD9 or mutants were performed as
described above except that anti- His antibody (Cell Signaling)
was used to detect bound PSMD9.

2.6. Homology modeling

There is currently no crystal structure available for PSMD9 pro-
tein. A homology model of PDZ domain of PSMD9 was thus con-
structed using comparative modeling method, by comparing the
sequence of this target protein with sequence of other related pro-
teins (template) for which experimental structures are available.
BLAST search showed that the PDZ domain shares 42% sequence
similarity with PDZ2 domain of harmonin and sequence alignment
between the two reveals that this sequence similarity is distrib-
uted throughout the sequence. Solution structure of PDZ2 domain
of harmonin bound with C-terminal peptide of cadherin23 (PDB
code 2KBS) [8] was chosen as a template for the homology model-
ing. Modeller, a program for comparative protein structure model-
ing by satisfaction of spatial restraints [9] was used for generation
of the homology model. Several homology models were built based
on structural information from the template, and model that
showed good stereochemical property was selected for further use.

2.7. Peptide docking

3D structure of peptides GRRF and SCGF was generated using
Xleap module in Amber11 [10]. Peptide in its extended conforma-
tion was docked with the generated model of PDZ domain of PSMD9
protein. Peptide docking was carried out with two different docking
programs, HADDOCK [11] and ATTRACT [12]. For HADDOCK, a bind-
ing site was defined using residues Leu124, Gly125, Gln126, Glu128
and Gln181 within the canonical pocket. No information regarding
the binding site was given while using ATTRACT and a complete
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blind docking was performed using this program. Both the docking
programs were validated earlier, by docking a set of co-crystallized
peptides into the canonical pocket of the corresponding PDZ
domains, and the docked conformations of each peptide had rmsd
values 1.5–2.5 A with the corresponding experimental structures.

2.8. Molecular dynamics simulations

Generated homology model of PDZ domain, peptide GRRF
(derived from C-terminus of hnRNPA1) - PDZ complex (PDZ-GRRF)
and peptide SCGF – PDZ complexes (PDZ-SCGF) (both the canonical
and non-canonical binding mode) were used as the starting struc-
ture for MD simulations. Mutated structures of the protein Q181G
and thetriple b-sheet mutant L124G/Q126G/E128G were also gener-
ated by replacing (mutating) the respective residues in PyMol.
Hydrogen atoms were added to the WT and mutant experimental
structures using the Xleap module of the Amber11 package. N-ter-
minus of the GRRF and SCGF peptide was capped by acetylation
(ACE). Simulation systems were neutralized by the addition of coun-
ter ions. The neutralized system was solvated with TIP3P [13] water
molecules to form a truncated octahedral box with at least 10 ÅA

0

sep-
arating the solute atoms and the edges of the box. MD simulations
were carried out with the Sander module of the AMBER11 package
in combination with the parm03 force field [14]. All systems were
first subjected to 100 steps of energy minimization. The protein
was initially harmonically restrained (25 kcal mol�1 ÅA

0
2) to the

energy minimized coordinates, and MD simulations were initiated
by heating the system to 300 K in steps of 100 K followed by gradual
removal of the positional restraints, and a 1 ns unrestrained equili-
bration at 300 K. The resulting system was used as starting structure
for production MD run. For each case, three independent (using dif-
ferent initial random velocities) MD simulations were carried out
starting from the well equilibrated structure. Each MD simulation
was carried out for 100 ns and conformations were recorded every
10 ps. All MD simulations were carried out in explicit solvent at
300 K. During all the simulations, the long-range electrostatic inter-
actions were treated with the particle mesh Ewald [15] method
using a real space distance cutoff of 9 ÅA

0

. The settle [16] algorithm
was used to constrain bond vibrations involving hydrogen atoms,
which allowed time step of 2 fs during the simulations. Simulation
trajectories were visualized using VMD [17] and figures were gener-
ated using PyMol.

2.9. Immunoprecipitation

FLAG-PSMD9 and HA tagged interacting partners were overex-
pressed in HEK293 cells. Lysates were added either to M2-Agarose
(Sigma) or to anti HA-agarose beads and incubated for 3 h at 4 �C to
immunoprecipitate the complex. Either anti-HA antibody or anti-
FLAG antibody (Sigma) was used for detection.

2.10. Circular dichroism of PSMD9 and its mutants

Far-UV CD spectrum (Jasco, J815) of PSMD9-WT and its mutant
proteins were recorded between 260 nm and 190 nm in a 2 mm path
length cuvette. A protein concentration of 2 lM, in a volume of
500 ll (10 mM phosphate buffer (pH 7.5)) was used for collecting
data at 20 �C. Data were normalized to obtain molar ellipticity values
and fitted using Dichroweb’s CONTIN software.

2.11. Tryptophan fluorescence of PSMD9 and mutants

Tryptophan fluorescence of PSMD9-WT and PSMD9-PDZ-
mutants was recorded at a concentration of 1.5 lM. Emission spec-
tra between 310 and 400 nm were collected upon excitation at

295 nm with a slit width of 5 nm and scan speed of 50 nm/s using
Fluorolog HORIBA fluorimeter.

2.12. Western blotting

Samples were separated on 15% SDS PAGE gels and Western
blots were performed using standard protocols. Depending on
the protein under study, anti-His antibody (mouse monoclonal,
Cell Signaling), anti-FLAG antibody (rabbit polyclonal, Sigma) or
anti-HA antibody (rabbit polyclonal, Sigma) were used.

3. Results

3.1. A screen for putative PSMD9 interacting partners and validation
using full length proteins

Many methods capitalize on the ability of the PDZ domains to
recognize C-terminal residues in proteins to primarily define their
binding specificity [18–22]. Peptide libraries have been created,
and peptides derived from the C-terminus of the human proteome
have been used by various investigators [18,23–25]. We chose C-
terminal peptides of the human proteome as baits to identify novel
interacting partners of PSMD9. Premise for this study is that mod-
ification-independent, sequence specific recognition is central to
many biological processes, and rules inherent to this recognition
process can bring together proteins of very different functions
under a master regulator. Chung et al., had classified proteome
from drosophila/yeast/human by recognizing conserved C-termi-
nal residues in some of these proteins [26]. These C-terminal pep-
tides were tested here for the following reasons. (1) Most high-
throughput studies are optimized for selecting peptides with high
affinity while many protein–protein interactions are of low affinity
and, therefore, are likely to be missed. (2) If the corresponding pro-
tein/proteins were to interact, one could quickly move to associ-
ated functions, and finally (3) such a guided approach prevents
identification of those peptides that are not represented in the
human proteome and, are physiologically irrelevant. Due to finan-
cial constraints, thirteen among the thirty conserved tetra peptides
from the human proteome were chosen. These sequences differ in
charge, hydrophobicity and size and represent some of the known
sequence specificity seen with other PDZ domains. AGHM, the C-
terminus of E12 transcription factor, the human homolog of rat
E2, was specifically included. E12 was shown to interact with
Bridge 1 (homolog of PSMD9 with a PDZ domain) during insulin
signaling [27–29]. We cloned, expressed and purified human
PSMD9 and used enzyme-linked immunosorbent assay (ELISA),
to test for binding of the peptides. GRRF, SCGF and AGHM peptides
bound to PSMD9 to an appreciable extent with SCGF demonstrat-
ing highest affinity (Fig. 1A and Fig. S1A and B). SCGF and GRRF
resemble class III PDZ peptides with the sequence motif-X-[D/E/
K/R]-X-U where U is hydrophobic, and X is any residue. GRRF
forms the C-terminus of hnRNPA1 isoforms while SCGF belongs
to growth hormone (CSH1; referred from henceforth as GH). To
test if the corresponding full length proteins would interact with
PSMD9, we cloned and expressed the longer isoform of hnRNPA1
as a GST fusion protein, GH and E12 as MBP fusion proteins. PSMD9
was expressed as a His-Tag protein. Affinity pull-down followed by
Western blot showed that the three full length proteins interact
with PSMD9 (Fig. 1B–D). While hnRNPA1 (Fig 1E andTable S4)
and E12 binding (Fig 1C) were clearly affected by simple C-termi-
nal substitution (Phe to Gly), GH binding to PSMD9 was not
affected to any measurable extent (Fig. 1D). Deletion of C-terminal
seven residues compromised binding of GH severely (Fig. 1D) and
not surprisingly those of hnRNPA1 and E12, as well (Fig. 1B and C).
These interactions were further confirmed using ELISA and the
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Fig. 1. Identification of putative interacting partners of PSMD9, and the importance of C-terminal residues in interaction. (A) Conserved C-terminal motifs in the form of tetra
peptides were tested for binding to PSMD9 using ELISA (see Section2 for details). Values represent mean ± SEM (Standard Error of Mean) from three different experiments
performed in duplicates.(B) Recombinant WT hnRNPA1 or hnRNPA1 C-terminal mutant (F372G or CD7) bound to GST served as baits to pull down PSMD9. (C) Interaction of
recombinant E12 and its C-terminal mutants (MBP-fusions) with PSMD9 (His-tag) were tested by in vitro affinity pull-down using MBP-agarose (see Section2 for details). (D)
Interaction of recombinant GH and its C-terminal mutants (MBP fusions) with PSMD9 was tested by in vitro affinity pull-down using MBP-agarose (see Section2 for details).
(E) Interaction of PSMD9 with hnRNPA1 was monitored by ELISA (see Section2 for details). Data were best fit to one site specific binding using GraphPad Prism (commercial
software, www.graphpad.com). The dissociation constant (Kd) for the interaction was found to be 1.33 ± 0.04 lM for hnRNPA1. Data from two independent experiments each
done in duplicates is represented as mean ± SD (SD-standard deviation). (F) Interaction of PSMD9 with growth hormone. Data were fit to one site specific binding using
PRISM. The dissociation constant (Kd) for the interaction was found to be 0.84 ± 0.07 lM for growth hormone. Measurements were done in duplicates and data is represented
as mean ± SD (SD- standard deviation) for two independent experiments. (G) C-terminal peptide GRRF inhibits hnRNPA1-PSMD9 interaction. Prior to its incubation with
hnRNPA1 coated plates, PSMD9 (0.65 lM) was incubated with GRRF or GRRG peptides. (H) C-terminal peptide SCGF and SCGG inhibit interaction of growth hormone with
PSMD9. Prior to incubation with growth hormone, PSMD9 (0.65 lM) was incubated with SCGF or SCGG peptides. Ki for SCGF was calculated to be 36.7 ± 0.29 lM and for
SCGG, it was 35.6 ± 0.24 lM. Data from two independent experiments each done in duplicates is represented as mean ± SD. (I) Interaction of hnRNPA1 and PSMD9 in
mammalian cells. FLAG-tagged PSMD9 or its C-terminal mutant and HA- tagged hnRNPA1 were co-expressed in HEK293 cells. FLAG-PSMD9 was immunoprecipitated using
M2-Agarose beads, followed by Western blot with anti-HA antibody. (J) Growth hormone and PSMD9 interact upon co-expression in mammalian cells. HA-Growth hormone
or its C-terminal mutants and FLAG-PSMD9 were co-expressed in HEK293 cells and interaction was monitored by Co-IP as described in supplementary methods.
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estimated dissociation constant Kd for PSMD9-hnRNPA1 interac-
tion is 1.33 ± 0.16 lM and of PSMD9-GH interaction is
0.74 ± 0.04 lM and DG for the interaction between PSMD9 and
WT-hnRNPA1 or GH were calculated to be 6.9 ± 0.04 and
7.1 ± 0.09 kcal/mol, respectively. Peptide GRRF and not GRRG
inhibited hnRNPA1 binding (Ki of 326.5 ± 0.25 lM) confirming
the importance of C-terminal residues (Fig. 1G) in this interaction.
Again, as seen with the C-terminal substitutions of GH, inhibition
of GH-PSMD9 interaction by SCGG was as good as SCGF and the
Ki values for these peptides were 36.7 ± 0.29 and 35.6 ± 0.24 lM,
respectively (Fig. 1H). These pairwise interactions and the role of
C-terminal residues were confirmed in mammalian cells using
co-immunoprecipitation assays (Fig. 1I and J).

3.2. The fine specificity of SCG derivatives

Unlike hnRNPA1 GRRG mutant, mutant GH with a C-terminal
substituted SCGG binds to the PDZ domain of PSMD9 and interac-
tion is inhibited only upon deletion of C-terminal residues (D7
mutant). To identify the minimal motif important for GH interac-
tion, we engineered DGF, and DCGF mutants of GH and interaction
with PSMD9 was tested by pull down and ELISA (Fig. 2 A and B and
Table S4). While DGF mutant bound with PSMD9, deletion of one
more residue, Cysteine, DGFC, impaired the interaction. By ELISA,
the estimated Kd values were 0.8 ± 0.02 lM for DGF and
2.6 ± 0.011 lM for DCGF mutant. The % occupancy of GH was unal-
tered in the DGF mutant but was reduced to �45% in the case of
the DCGF mutant. This result emphasizes the importance of P�2
residue in interaction with PSMD9. The importance of the P�2
Cys was further confirmed by demonstrating the failure of peptide
SGGF to inhibit the binding of GH to PSMD9 (Fig. 2C). As noted
before both SCGF and SCGG can inhibit binding between the two
proteins.

Our results help to clarify some of the observations made earlier
with respect to Nas-2-Rpt5 interaction in yeast (PSMD9 homolog
and the ATPase subunit of the 19S regulatory particle). Here, single
C-terminal residue deletion in Rpt5 did not affect its binding to
Nas-2 that made the authors conclude that the PDZ like domain
of Nas2 may not confirm to the classical description [30]. Based
on our results on human PSMD9 using similar pull down assays,
other comparative studies and quantitative analysis, we show that
the precise role of the C-terminal residues in the interaction is
likely to be context dependent. In the case of hnRNPA1 (GRRF)
and E12 (AGHM), bulk of the binding energy is derived from the
C-terminal residue much like the classical PDZ domains. In GH
with SCGF at the C-terminus, however, the terminal residue is less
important. These differences are also reflected in the binding affin-
ity of the three peptides to PSMD9. While GRRF binds weakly (Kd

651.7 ± 76 lM), peptide SCGF binds tightly to PSMD9 (Kd

8.6 ± 1.2 lM). One possible explanation is that these peptides
may bind in different modes or orientations at the binding groove
(discussed below). While results observed with the C-terminal
peptides can be readily extrapolated to protein binding, stable
binding of the full length protein may require additional interac-
tions. It is also likely that, besides the canonical a–b groove, the
protein, may bind elsewhere on PSMD9 perhaps at an allosteric site
while the C-terminal sequence acts as initial recognition element
that docks the protein at the canonical site.

3.3. Role of PDZ domain in interaction: modeling and site directed
mutagenesis

To better understand the role of the C-terminal residues and
PDZ domain in binding and recognition, we modeled the structure
of PDZ and carried out extensive molecular dynamic simulations
and peptide docking studies (supplementary methods). Several

docking poses were created. Upon visual inspection of all the
docked poses, a peptide-protein complex similar to that seen in
the co-crystals of other PDZ-peptide complex with Phe at the
fourth position was chosen. In this conformation, the peptide binds
in an extended, antiparallel manner through canonical interactions
that extend the beta sheet by an additional strand (Fig. 3A and B).
The hydrophobic side chain of Phe4 of the peptide is deeply buried
in the hydrophobic pocket formed by Leu124 from b2, Val139, from
b3, Leu153 from b4, Ile159, Phe 162, from b4. The peptide further
interacts with the beta sheet mainly through backbone/side chain

Fig. 2. Importance of Cysteine in growth hormone-PSMD9 interaction. (A) Inter-
action of recombinant GH and its C-terminal mutants F217G, DGF, DCGF and CD7
(MBP fusions) with PSMD9 was tested by in vitro affinity pull-down using MBP-
agarose. (B) ELISA was used to monitor interaction between PSMD9 and GH or its C-
terminal mutants. Data were fit to one site specific binding using PRISM. The
dissociation constant (Kd) for the interaction of WT growth hormone, DGF and DGF
with PSMD9 was found to be 0.74 ± 0.04 lM, 0.8 ± 0.03 and 2.64 ± 0.02 lM,
respectively. Measurements were done in duplicates and data is represented as
mean ± SD (SD-standard deviation) for two independent experiments (Also see
Table S4). (C) C-terminal peptide SCGF and not SGGF inhibit interaction of growth
hormone with PSMD9. Prior to incubation with growth hormone, PSMD9 (0.65 lM)
was incubated with SCGF or SCGG peptides. Ki for SCGF was calculated to be
36.7 ± 0.29 lM. Data from two independent experiments each done in duplicates is
represented as mean ± SD.
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hydrogen bonds with residues Leu124, Gly125, Gln126, Glu128 of
b2 of the PDZ domain (Fig. 2B). In addition, the side chain of Arg2 of
the peptide forms a salt bridge with the side chain of Glu128 from
b2. During MD simulation, the alpha/beta binding groove (canoni-
cal binding site) of apo PDZ showed increased flexibility (Supple-
mentary Fig. S2). The a2/b2 binding pocket was partially

deformed/destabilized (either collapses or widens), and is stabi-
lized upon peptide binding. Increased flexibility of PDZ domains
in their apo form have been reported by others [31]. The intrinsic
flexibility of PDZ domains is a key determinant that allows them
to recognize a wide repertoire of peptide ligands. Throughout the
protein-peptide simulation, Phe4 remains deeply buried in the

Fig. 3. Model of PDZ-domain of PSMD9 and residues important for interaction. (A) Cartoon representation of PDZ domain of PSMD9 built using PDZ2 domain of harmonin as
the template. (B) Structure of PDZ domain bound to GRRF. A clear cleft that is bordered by a-helix and a b-strand can be seen in the PDZ domain similar to ligand bound PDZ
structures. (C) Mutations of residues in the canonical pocket of PDZ domain [Q181G, the triple mutant (L124G/Q126G/E128G), L153G and F162G], abrogate binding to
hnRNPA1 (D). Recombinant GH (expressed as MBP fusion) and PSMD9 (expressed as His-tagged) interact in vitro. Complex of PSMD9 or its mutants with GH was isolated
using protocols described in methods. Mutations in the PDZ domain (as described in (C)) abrogate interaction. (E) WT-hnRNPA1 interaction with recombinant WT-PSMD9 or
its mutant proteins was detected by ELISA. Three independent experiments each in duplicates were performed and data is represented as mean ± SD (SD- standard deviation).
(F) Circular dichroism of PSMD9-WT and the PDZ mutants were recorded at 2 lM concentration between 260 nm and195 nm. Molar residual ellipticity is plotted against
wavelength. (G) Fluorescence spectra of PSMD9-WT and its mutants were recorded between 310 nm and 410 nm (Excitation wavelength 295 nm). Data are represented as
normalized fluorescence intensity against wavelength of emission.
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hydrophobic pocket (Movie1:http://web.bii.a-star.edu.sg/bmad/
PDZ/PDZ-PEP-WT-Top.mpg). Charge-charge interactions between
Arg2 and Glu128 on b2 are preserved during the 100 ns simulation.
The bound conformation of the peptide was further stabilized via
backbone hydrogen bond interactions with residues Leu124,
Gly125, Gln126 and Glu128 from b2 in the canonical binding site.

In the complex where Phe4 was mutated to Gly, the peptide
unbinds from the canonical binding site within �5–10 ns and
doesn’t bind again (Movie 2:http://web.bii.a-star.edu.sg/bmad/
PDZ/PDZ-PEP_GRRG-Top.mpg). Although the peptide stays close
to the canonical site due to charge-charge interactions with the
protein residues, it undergoes translation and rotations that pre-
vent it from rebinding in the canonical interaction mode. Thus,
our MD simulations suggest that the burial of Phe in the hydropho-
bic pocket is crucial for the stabilization of this peptide in its bound
conformation. Based on peptide docking and MD simulations
(Movie 3:http://web.bii.a-star.edu.sg/bmad/PDZ/PDZPEP_L124G_
Q126G_E128G-Top.mpg and Movie 4: http://web.bii.a-star.
edu.sg/bmad/PDZ/PDZ-PEP_Q181G-Top.mpg), three single amino
acid mutations F162G, L153G, Q181G and a triple mutation,
L124G/Q126G/E128G were generated. In vitro pull-down shows
that these mutations affect GH and hnRNPA1 binding to PSMD9
(Fig. 3C and D). Mutation of residue L173 (to Gly), part of the a2
helix, not involved in the interaction, did not affect the binding
of peptide or the proteins (Fig. 3E and Table S1). MD simulations
support this finding as the L173G PSMD9 mutant maintains the
peptide in a stably bound form (not shown).

These results together, confirm the domain-motif interaction
between PDZ domain of PSMD9 and the C-terminal region of the
interacting proteins. The instability of the peptide-free forms is
reflected in the secondary structure of these proteins determined
by circular dichroism. While WT PSMD9 records 49% helicity, the
L173G mutant shows 43% helical structure, Q181G mutant 39%,
L153G mutant 45% and the F162G mutant shows 42% helical
structure (Fig. 3F, Table 1 and Appendix Eq.(1)) [32]. Tryptophan
fluorescence of these mutant proteins is less affected (Fig. 3G).

3.4. Identification of putative functional modules regulated by PSMD9

Although GRRF and SCGF were motifs under which several fam-
ily members (12 and 13 respectively) were grouped by Chung
et al., a detailed analysis and further curation using UniProt
data (ftp://ftp.uniprot.org/pub/databases/uniprot/current_release/
knowledgebase/) indicated that there was only one unique protein
under each family. There are four isoforms within the GRRF family
and ten isoforms within the SCGF family (Table S2). We re-ana-
lyzed other 28 families and found that, in the vast majority of
the cases, the proteins grouped under each peptide family are pri-
marily isoforms (Table S2). Although isoforms are homologous in
sequence, their functions can be mutually exclusive or even coun-
teractive [33,34]. To better define the role of C-terminus in func-
tional grouping beyond isoforms, and predict the modules that
may be regulated by PSMD9, we analyzed C-terminal variants of

GRRF and SCGF from the human proteome. There are ten variants
of GRRF where X is C, E, G I, K, L, N, P, Q or R (Table S3). SCGL at the
C-terminus of IL6 receptor was a single variant of SCGF. We
screened seven variants of GRRF (GRRG was already tested as a
control) i.e., GRRC, GRRE, GRRI, GRRL, GRRN, GRRQ and GRRR as
well as the SCGL peptide for binding to PSMD9 by ELISA (Fig. 4A,
Table S5). Peptides GRRL, GRRI, GRRQ, GRRC, GRRR and SCGL
bound to PSMD9. GRRI and GRRL binding affinity were comparable
to GRRF. GRRI belongs to a hypothetical protein. GRRL belongs to
S14. S14 is part of the ribosome and like hnRNPA1 is an RNA bind-
ing protein also involved in protein translation [35]. GRRC and
GRRR surprisingly bound with 12–14-fold higher affinity than
GRRF. GRRC belongs to endothelial receptor protein and GRRR to
UPF2, a protein involved in mRNA metabolism. Like SCGF, SCGL
(from IL6 receptor) bound to PSMD9 with better affinity than GRRF
or its variants. We tested full length S14 and IL-6 receptor C-termi-
nal domain for binding to PSMD9 using in vitro pull down assay,
and both were found to interact with PSMD9. As in hnRNPA1, C-
terminal substitution abrogated binding of S14 and remarkably
as seen with GH, binding of IL-6 receptor was unaffected by the
C-terminal Gly substitution but was inhibited upon deletion
(Fig. 4B and D). Again, similar to hnRNPA1-PDZ interaction, all
the PSMD9 PDZ mutants L153G, F162G, Q181G and the triple
mutant L124G/Q126G/E128G, either did not recognize or bound
less well to WT S14 and the FN3 domain of the IL6 receptor with
intact C-terminal residues (Fig. 4C and E).

To test whether observed in vitro interactions can be extended
to interactions within the cellular milieu, we cloned and trans-
expressed S14 ribosomal protein and the FN3 domain of IL6 recep-
tor and their respective C-terminal mutants, in HEK293 cells.
Immunoprecipitation results clearly confirm all in vitro observa-
tions (Fig. 4F and G).

4. Discussion

Our results taken together indicate that PSMD9 carries a versa-
tile PDZ domain and interacts with residues at the C-terminus of
proteins that are non-homologous in sequence, but carry a signa-
ture Short Linear Sequence Motif. Although the number of peptides
screened here is limited, substantial information can be inferred
from the binding of peptides and proteins to the PDZ domain of
PSMD9 and their mutant forms. Given that the information on
the structure and functions of PSMD9 (and other 19S subunits) is
minimal, the results reported here are highly significant. However,
some amount of speculation drawing support from our own stud-
ies and those from the literature is necessary to appreciate the sig-
nificance of the results.

4.1. On the origin of affinity differences

We had included 8 out of 10 C-terminal variants of GRRF, and
SCGL a single variant of SCGF, from the human proteome and pep-
tide AGHM from transcription factor E12, for their ability to

Table 1
Fraction of helicity of PSMD9 WT and mutants analyzed by circular dichroism.

Protein [h]222 (deg cm2 d mol�1) Helicity predicted by CONTIN(%) Helicity predicted by formula*(%)

PSMD9 WT �17281.7 ± 368.34 47.5 ± 0.96 52 ± 0.94
L173G �15377.4 ± 327.75 41.93 ± 0.77 47.1 ± 0.8
Q181G �13734.7 ± 292.14 38 ± 0.72 42.9 ± 0.7
Triple mutant L124G/Q126G/E128G �14485.3 ± 308.74 40.13 ± 0.77 44.8 ± 0.7
F162G �14863.4 ± 253.25 42.14 ± 0.65 45.8 ± 0.62
L153G �16455.94 ± 362.63 45.3 ± 0.84 50.7 ± 0.66

* The fraction of a-helix present in PSMD9 and mutants were calculated using the CONTIN software available in DICHROWEB server and the helicity is also predicted by the
formula f H = ([h]222�3000)/(�36000�3000) (Appendix Eq.(1)) [21], where [h]222 is mean molar residual ellipticity at 222 nm.
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Fig. 4. Interaction of PSMD9 with C-terminal variants (from the human proteome) of hnRNPA1 and GH. (A) Binding of peptide variants GRRX to recombinant PSMD9. GRRX
peptide (X = any residue) binding to PSMD9 was detected and measured by ELISA. Values from three experiments done in duplicates are represented as means ± SEM. (B) S14
ribosomal protein interacts with PSMD9 via its C-terminal residues. Complex formed between S14 wild type (MBP fusion), S14 L151G or C-terminal deletion mutant S14CD7
was isolated as described in methods. Any bound PSMD9 (His tagged) was detected using anti-His antibody (C) PDZ domain of PSMD9 is important for interaction with S14
ribosomal protein in vitro. For the in vitro pull-down, MBP-S14 fusion and his-PSMD9 or its mutant proteins were processed as described previously. (D) FN3 domain of IL6
receptor interacts with PSMD9 in vitro. GST-WTFN3, FN3 F365G mutant or C-terminal deletion mutant (FN3CD7) were used to pull down PSMD9 (His-tag) and probed for the
presence PSMD9 using anti–His antibody. (E) PDZ domain of PSMD9 is important for interaction with the FN3 domain in vitro. (F) Interaction of S14 with PSMD9 in
mammalian cells. HA-tagged WTS14 or its C-terminal mutants were co-expressed with FLAG-PSMD9, immunoprecipitated and the complexes were probed for FLAG-PSMD9.
(G) Interaction of the FN3 domain of IL6 receptor with PSMD9 in mammalian cells. HA-tagged FN3 domain or its C-terminal mutants were co-expressed with Flag-PSMD9, co-
immunoprecipitated and bound PSMD9 was detected using anti-Flag antibody.
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interact with PSMD9. The Kd for each of these peptides is summa-
rized in Table S3. Based on the affinity of the peptides, these vari-
ants can be classified into three groups – Group I or low affinity
binders, Group II or high affinity binders and Group III tight binders
or the top ranking peptides. In the Group I peptides, hydrophobic
residues such as F, L, I at P0 provide specificity. In Group II pep-
tides, Cys or Arg at P0 increases affinity by 10-fold as compared
to that of Group I peptides. These two amino acids seem very dif-
ferent from each other and from the Group I peptides in terms of
their physical properties and binding preference of the PSMD9
PDZ domain seems very intricate. The binding pocket of PSMD9
seems better adapted to bind to residues that are not bulky or
highly hydrophobic explaining the high affinity binding of GRRR
and GRRC. On the other hand, both Cys and Arg show characteris-
tics of hydrophobic residues. For example, based on the hydropho-
bicity index Cys is classified along with Phe [36–39] and arginine,
although one of the least hydrophobic amino acids, shows very
interesting properties. Arginine solubilizes aggregation prone pro-
teins helps in the elution of proteins bound to phenylsepharose
column and has wide application in the purification and solubiliza-
tion of inclusion bodies [40,41]. Arginine like GuHCL interacts with
almost all amino acids and preferentially with aromatic residues
[40], but unlike GuHCl, Arginine is not a denaturant [42]. This
probably explains why these two amino acids like the hydrophobic
residues occupy the P0 position. Arg substitution for a Phe in the
interior of a protein will result in destabilization but less likely to
do so at the protein interface.

Based on binding affinity, peptide AGHM will also fall under the
Group I peptides, and methionine is known to be a hydrophobic
residue. GRRE with a negatively charged C-terminus and GRRG
with a small but relatively hydrophobic residue at P0 do not bind
to PSMD9. These results indicate that P0 residue and not GRR is a
major determinant of binding specificity in these peptides.

Compared to all peptides tested, the top ranking Group III pep-
tides, SCG variants SCGF and SCGL bind with the highest affinity –
Kd for the two peptides is four to five times less than the Group II
peptides. The hydrophobicity of the C-terminal residue in SCGF and
SCGL is clearly not important for binding and recognition as it can
be readily replaced by a Gly. It seems that, in this set of peptides,
the P�1, P�2 or P�3 residues are more important for high affinity
interaction. By systematically deleting residues from the C-termi-
nus, we identified Cys at P�2 position to be very important for
interaction. In accordance with these results, peptide SGGF was
unable to inhibit the interaction between GH and PSMD9.

It is clear that, in the absence of high resolution crystal structure
of the complexes coupled with kinetic, thermodynamic studies
using mutant peptides, it would be impossible to precisely define
the molecular basis of affinity differences and positional occupancy
of residues. In the absence of these details, we will have to consider
different possibilities that may account for the binding preferences
and affinity.

Reports from 20 complex structures of PDZ domains with C-ter-
minal peptides of proteins indicate that the aminoacid at the P0
position has no specific conformational preference in the Rama-
chandran plot. In contrast the P�1, P�2 and P�3 residues show a
strong preference and occupy either a strand or an extended con-
formation [43]. Such a conformational preference especially of
the P�2 residue may explain the high affinity interaction seen with
SCGX peptides. Alternatively, SCGF and SCGL peptides may mimic
the internal sequences in proteins that bind PDZ domains and the
Cys at P�2 may occupy the hydrophobic pocket formed by L153
and Phe 162 residues, mutations of which affect interaction. Flex-
ibility in the binding modes is not uncommon to the peptide-PDZ
domain interactions. For e.g., the P(�2) residue in some of the
PDZ ligands are known to interact with aB-1 and aB-5 residues
on the PDZ domain [43,44]. These residues normally interact with

the P0 residues in the ligand. In the crystal structure of Dvl2 PDZ
domain bound to a noncanonical C-terminal sequence, P�3 residue
was seen to occupy the binding position utilized by a P�2 residue
[45]. Secondary structure of the PSMD9 mutant proteins F162G
(42%) and L153G (45%; very close to WT �48%) were not dramati-
cally altered compared to other mutant proteins which bind the
peptide (L173G 42%) or those that do not (Q181G 38%; Table 1).

Three modes of peptide binding to PDZ domains in proteins
GRASP, PDLIM and MAST4 have been identified. In the structures
of GRASP-peptide complexes, it is striking that the two chains of
the protein bind to the same peptide in two different binding
modes. Comparing these structures, a perpendicular mode, an
intermediate mode – both speculated to be kinetic intermediates-
and a stable canonical binding mode have been described [44]. We
can draw parallels from these studies and propose the following:
there exists a conformational ensemble of peptide-PSMD9 com-
plexes. The Group I peptides, probably frequent the non-canonical
or perpendicular orientation seen with other PDZ binding peptides.
This orientation will rely heavily on the burial of the C-terminal
residue for affinity. The Group II peptides GRRC and GRRR peptides
probably frequent the intermediate population wherein the P0 res-
idue is anchored. Peptides SCGF and SCGL populate the extended
conformation in the canonical mode (although simulations pro-
pose a stable binding in the reverse orientation). The entropy cost
of binding is probably paid for the SCGF and SCGL peptides as
described for other protein derived C-terminal peptides bound to
their cognate PDZ domain that may explain the high affinity
interaction.

In our MD simulation studies, SCGF was unstable in the canon-
ical binding mode but binds stably in a fully extended form, in the
reverse orientation (Supplementary Fig. S3). Reverse binding
modes of peptides have also been reported in literature, where
the same peptide binds in opposite orientation i.e., N0–C0 or C0–N0

termini e.g., peptides binding to chaperone DnaK, Calmodulin
and SH3 proteins [46–48]. If SCGF or SCGL peptides bind in a
reverse orientation with the hydroxyl-group of the Ser residue
substituting for the Phe carboxyl residue, mutation of F162 or
L153 residues to Gly, will affect the binding, as seen in Supplemen-
tary Fig. S4. However, since the mutant peptide SGGF is unable to
bind to PSMD9 or inhibit the binding of GH to PSMD9, the Ser res-
idue seems unimportant for interaction. Therefore, binding of
SCGF/L in the reverse orientation as a probable determinant of high
affinity interaction seems less likely.

4.2. On the number of binding sites and the mechanism of binding

Mutation of the C-terminal Phe in GRRF, or Leu in GRRL or Met
in AGHM, to Gly in the respective peptides or proteins inhibits
interaction. Commensurate with these results, while GRRF compet-
itively inhibits approximately 69% of the binding between
hnRNPA1 and PSMD9 the mutant peptide GRRG, is unable to do
so. However, substitution and even deletion of few C-terminal res-
idues does not completely prevent binding of proteins. In all the
cases, the fractional occupancy (like Vmax in enzyme catalysis) is
maximally affected by the C-terminal mutations while the affinity
per se as determined by Kd (like Km for substrate binding) is less
affected. In addition, the affinity differences between peptide or
protein binding to PSMD9 is large. This difference is especially
striking with the Group I peptides, the Kd of which are in the high
lM range (�600 lM) while the proteins bind with low micromolar
affinity (1 lM). This vast discrepancy may be explained by the fol-
lowing: (a) C-terminal residues act primarily as signatures or bar
codes that are read by the PDZ domain of PSMD9; (b) maximal
affinity is contributed by a binding motif elsewhere in the protein
or the binding of extended residues at the N-termini of the protein.
Peptide affinity, however increases only marginally upon extension
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of the N-terminal residues. For example, the nine residue C-termi-
nal sequence of E12, with the tetrapeptide motif AGHM, interacts
approximately two times more strongly than the short tetrapep-
tide AGHM (data not shown); and (c) the C-terminal sequences
are stabilized by the structure of the full length protein. Based on
these possibilities we propose a two state binding model for the
interaction between PSMD9 and its client proteins – an initial weak
recognition phase mediated by the C-terminal residues which act
as specificity determinants followed by its consolidation via inter-
action of a secondary binding motif. Initial recognition of C-termi-
nal residues in proteins by the PDZ domain may allow binding of
the secondary site to an allosteric pocket on PSMD9 (Supplemen-
tary Fig. S5). These may or may not be accompanied by conforma-
tional changes in the proteins. The binding disparity between
Group II peptides or the SCGF and SCGL peptides and their corre-
sponding proteins although is much less (of the order of 8-fold),
the fractional occupancy of the C-terminal deletion mutant, DCGF
of GH is �45% of WT indicating that the same mechanism is prob-
ably operational. The plasticity of the PDZ domain and contribution
of the overall structure to the binding is well illustrated in [31,49].
The partial loss in affinity upon mutations of residues present in
different secondary structural elements of the PSMD9-PDZ domain
is probably a reflection of the same paradigm.

It is also possible that the binding affinities are a reflection of
the associated functions of the proteins. For example, we have
demonstrated that hnRNPA1 acts as a novel shuttle receptor [7]
that recruits IjBa for degradation by the proteasome. PSMD9 by
interacting with hnRNPA1 and the 26S proteasome helps in
anchoring IjBa and accelerating degradation. In this process,
hnRNPA1 is likely to be recycled. By analogy, S14 may also act as
a shuttle receptor that recruits proteins like MDM2 for degradation
(Fig. 5B, see Section 4.3 for details) and must itself be released
intact. Therefore, the C-terminus of these proteins may bind
weakly to PSMD9. GH and IL6 receptors are the proposed direct
substrates of the proteasome (Fig. 5D see Section 4.3 for details).
In addition to the polyubiquitin binding, initial recognition of the
C-terminal residues by PSMD9 with high affinity may be very
important for the stable binding of such direct substrates to pro-
vide fatal directionality for degradation (Fig. 5D).

4.3. On the functional annotation of PSMD9 and its role in quality
control by the proteasome

In this third part, we speculate on the probable regulatory role
of PSMD9 by inferring on the role of its interacting partners. It is
interesting that these proteins perform very different functions in
the cell. At first glance, these interactions seem unusual, and the
real physiological relevance may not be apparent. But detailed lit-
erature study provides substantial support for the plausible phys-
iological role of these interactions in mammalian cells. hnRNPA1 is
known to interact with IjBa in murine cells, and this interaction
somehow accelerates degradation of IjBa resulting in NF-jB acti-
vation [50]. A possible functional conservation can be expected in
human cells, and one may anticipate PSMD9 to regulate NF-jB sig-
naling via IjBa degradation. In the manuscript that we published
recently, we show that hnRNPA1 is a shuttle receptor that recruits
IjBa for degradation and PSMD9 acts as a subunit acceptor and
anchors hnRNPA1 to facilitate degradation of IjBa by the protea-
some [7]. Association of proteasome with ribosome has been doc-
umented in the literature [51–53]. Whether S14 and PSMD9
interaction provides the structural scaffold for this interaction
and what may be the functional consequence of this interaction
in protein translation will be an interesting future investigation.
In addition, S14 is known to bind to MDM2, which prevents the
ability of this E3 ligase to ubiquitinate p53 thereby preventing pro-
teasomal degradation of p53, leading to stabilization and

activation of p53 [54]. Depending on whether or not the interac-
tion between PSMD9 and S14, S14 and MDM2 are mutually exclu-
sive, PSMD9 may influence ubiquitination, stability and functions
of p53. By drawing a parallel from our studies on hnRNPA1 and
PSMD9 interaction in IjBa degradation, we provide an alternate
possibility for the fate of MDM2 and p53. We speculate that S14,
similar to hnRNPA1 may also act as a shuttle receptor which
recruits MDM2 for degradation by the proteasome (may be under
similar stress conditions). Proteasome associated PSMD9 may
anchor S14 (like it does hnRNPA1) to facilitate degradation of
MDM2 (like IjBa) by the proteasome.

GRRR as mentioned before belongs to UPF2, yet another protein
involved in RNA metabolism. UPF2 is part of a post-splicing multi-
protein complex which regulate mRNA nuclear export and respon-
sible for the detection of exported mRNAs with truncated open
reading frames, resulting in nonsense-mediated mRNA decay [55].

Two other PSMD9 interacting partners GH (CHS1) and IL6
receptor are implicated in chemokine signaling [56,57]. However
both GH and the IL6 receptor with SCGL at the C-termini created
by alternate splicing are soluble, secreted proteins. In order to be
exported out of the cell, these proteins must follow the ER-Golgi
traffic [58]. Secreted proteins are inserted co-translationally into
the ER lumen. Upon achieving their final folded state and post-
translational modifications, these proteins are transported out
of ER, through Golgi and finally out of the plasma membrane.
However under stress or stimuli induced signaling, when the load
on ER is more, quality control mechanisms must ensure that mis-
folded proteins are degraded. Misfolded and immature proteins
are retro translocated by ER resident translocon and aided by
ubiquitin or specialized proteins like Kar2p/BiP they are actively
pulled out. These proteins are bound by the ER associated protea-
somes and degraded [59–65]. Here, we speculate that while other
ubiquitin binding proteins on the 19S regulatory complex of the
proteasome may bind to the polyubiquitinated GH or IL6 as clas-
sically demonstrated for other proteins, PSMD9 would trap the
misfolded GH or IL6R (and other such ERAD proteins) via the spe-
cific interaction of the PDZ domain with the respective C-terminal
motif. Such interaction would prevent their premature release
back into ER, ensure directionality and rapid clearance by the
proteasome. Degradation is likely to occur at a basal rate as a
routine quality control measure. The rate would be accelerated
upon signal induction to truncate and attenuate the signaling
process upon withdrawal of the stimuli or in response to ER
stress. Therefore, PSMD9 may act as a general molecular chaper-
one that exerts quality control.

Soluble IL6R formed by splicing or proteolysis also bind to
gp130 present on cells that lack the IL6 receptors. Soluble IL6R-
IL6 complex is involved in what is called as the ‘trans-signaling’
an important mediator of inflammation and chemokine signaling
in cancer [66]. Signaling may be attenuated by the receptor medi-
ated endocytosis [67]. By binding to its receptor, GH may also fol-
low receptor mediated endocytosis. The fate of such proteins
engulfed by the process of endocytosis and how these may encoun-
ter the proteasome is described elegantly [60,68–71]. Some of
these proteins routed by endocytosis may become shared sub-
strates of the ‘cytosolic’ proteasomes and lysosomal enzymes. Dif-
ferent parts of the same sequence may be degraded by these
degradation machineries. Our experiments designed to verify the
binding of these proteins to PSMD9 in HEK293 cells upon co-
expression is justified as these interactions are likely to be post
endocytosis or post extraction events. Future lines of exciting stud-
ies include the characterization of the subcellular loci of these pro-
teins and their ultimate and probably differential fate at the ‘hands’
of proteasome and lysosomes. GRRC belongs to endothelial recep-
tor protein, yet another type I transmembrane protein, involved in
signaling by EPCR [72].
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E12-PSMD9 interaction is likely to influence transcriptional reg-
ulation (like Bridge-1 in insulin signaling). PSMD9 may act either
as a coactivator or as a repressor of many transcription events.
Whether this regulatory role would involve 19S, or the entire 26S
proteasome again or a proteasome independent role at the chro-
matin remains to be seen.

With all these examples, the grand or unifying role of PSMD9
seems to be to ensure quality control and regulate the magnitude
of signaling or transcriptional programs (working model Fig. 5).
The probable mechanism is likely to involve the proteasome and
its proteolytic components. However, other regulatory steps
involving an independent pool of PSMD9 and its interacting part-

Fig. 5. Putative functional modules of PSMD9 and the probable role of PSMD9 in proteasome mediated quality control. (A) Role of PSMD9 in IjBa degradation. hnRNPA1 is
assumed to be an adaptor protein or a shuttle receptor that recruits ubiquitinated IjBa to the proteasome by interacting with PDZ-PSMD9 via its C-terminus. PSMD9 acts as
the subunit acceptor that helps to anchor IjBa via hnRNPA1. (B) Probable role of PSMD9 in regulating the stability of p53. S14 interacts with MDM2 and regulates the stability
of p53. PSMD9 may modulate the ability of MDM2 to regulate p53 activity in two different ways (please see the Section 4 for details). (C) PSMD9-E12 interaction may be
relevant for transcriptional coactivation/repression of many genes. PSMD9 may also play a regulatory role in proteasomal degradation of E12 to terminate transcription. (D)
Model showing the probable role of PSMD9 in ER associated proteasomal degradation. Misfolded or aggregated secretory proteins like IL6 receptor and growth hormone are
retro-translocated from ER and to ER associated proteasome for degradation. PSMD9 may help in anchoring the translocated substrate by capturing the C-terminal residues.
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ners within the protein–protein interaction network cannot be
ruled out.
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Appendix A.

f H ¼ ½h�222 � 3000
� �

=ð�36000� 3000Þ; ð1Þ

where fH is the fraction of helicity, [h]222, where [h]222 is the mean
molar residual ellipticity at 222 nm (deg cm2 d mol�1).
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