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Synopsis
“Role of keratin 8 phosphorylation in neoplastic progression of squamous cell carcinoma”.
Introduction
Keratins are the largest subgroup of intermediate filament (IF) proteins expressed in a
tissue specific and differentiation dependent manner. They are stable as 10 nm obligate heteropolymeric filaments of a Type-I (K9–K28, K31–K40) and Type-II (K1–K8, K71–K86) keratins
each [1]. Keratin 8/18 (K8/18), the simple epithelia specific keratin-pair is known to execute
only mechanical functions however, growing evidence has established its role in various
regulatory functions too [2]. They share a common prototype structure comprising of a central
coiled coil alpha helical rod domain flanked by two non-helical head and tail domains. Apart
from providing heterogeneity to all the keratins, the head and tail domains harbor sites for
various post translational modifications (PTM), including phosphorylation. The three major
3

Synopsis

physiological phosphorylation sites known to regulate K8 functions are Ser23, Ser73 in the head
domain and Ser431 in the tail domain [1,3]. Among these, Ser-23 is a highly conserved site
across all type II keratins, rendering some common functions to them, whereas phosphorylation
at Ser431 increases during mitosis and upon exposure to epidermal growth factor in association
with filament reorganization [3]. Contrary to this, K8 Ser73 gets phosphorylated during a variety
of cellular stresses, including heat and drug exposure, whereas under normal conditions, it
remains dephosphorylated [3]. Kinases like JNK, p38-MAPK, PKC δ, are known to
phosphorylate K8 at ser 73 position in specific conditions whereas K8 phosphorylation at Ser431
is mediated by Cdc2 and MAPK [1,3]. K8/18 phosphorylation regulates several keratin functions
in a site-specific fashion, including solubility, binding to other proteins like 14-3-3 sigma,
modulation of cell cycle progression, keratin filament organization and affecting keratin protein
turnover by ubiquitination or during apoptosis. They protect the cells from injury by serving as a
“phosphate sponge” for stress-activated kinase [1,3].
Keratin 8/18 pair is often aberrantly expressed in squamous cell carcinomas (SCC) where
its expression is correlated with increased invasion and poor prognosis [4]. Apart from being
used as a diagnostic tumor marker, K8/18 pair has also been reported to modulate different
signaling pathways involved in tumor progression [5, 6, 7]. Previous report from our laboratory
has shown that forced expression of K8/18 leads to increased invasiveness and tumorigenic
potential of FBM cells, which is also supported by transgenic mouse studies [8, 9]. Further, our
laboratory has shown that depletion of keratin 8/18 (K8/18) in an oral squamous cell carcinoma
derived AW13516 cell line leads to decreased tumorigenic potential by deregulating alpha6 beta
4 integrin pathway together with the changes in fascin mediated actin organization [10]. These
results suggest that aberrant expression of K8/18 could contribute to neoplastic progression of
oral SCC. Similarly, phosphorylation is associated with many diverse physiological functions of
4
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K8, but the reports related to its role in the neoplastic progression of different carcinomas and the
associated mechanisms are largely unknown.

An earlier report by Mizuuchi et al. has

demonstrated correlation of PRL-3 dependent K8 dephosphorylation at Serine73 and Serine431
with increased cell motility in colorectal cancer derived-cells [11]. In addition, our laboratory has
shown that when the K8 phosphomutants were expressed in K8 knockdown AW13516 cells, it
resulted in increased tumorigenic and motile phenotype. Further, loss of K8 phosphorylation was
also observed in human OSCC tissues which significantly correlated with size, lymph node
metastasis and stage of the tumor [12]. Contrary to this, a recent report demonstrated that,
reduced K8 ser73 phosphorylation via P38 MAPK pathway upon sec 8 down-regulation resulted
in decreased cell migration [13].
Non-melanoma skin cancers (NMSC), one of the most common neoplasms known to
cause serious morbidity and mortality, are curable at early stages, but delayed diagnosis leads to
metastasis [14]. Although, K8/18 pair is known to be aberrantly expressed in skin cancers [9], till
now, to our knowledge there are no reports about the mechanism associated with the
involvement of K8 in neoplastic progression of skin SCCs [15]. Similarly, phosphorylation is
associated with many diverse physiological functions of K8, but the reports related to its role in
the neoplastic progression of different carcinomas and the underlying mechanisms are
inconsistent. Hence further studies are required to elucidate K8 and its phosphorylation function
in neoplastic progression of skin squamous cell carcinomas and mechanisms underlying the
same. Deciphering the role of K8 and its phosphorylation in tumorigenic potential of skin
epidermoid carcinoma cells and associated signaling will give us a better in sight towards its role
in oncogenic progression of skin SCC. Development of a tissue specific transgenic mouse model
expressing K8 wild type and phosphomutants followed by DMBA/TPA mediated skin
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carcinogenesis will be useful to strengthen and signify the role of K8 phosphorylation in
neoplastic progression of SCC.
Aims and Objectives:
Part 1:
Aim: To study the role of K8 phosphorylation in neoplastic progression of SCC using transgenic
mouse model.
Objectives:
a) To generate a tissue specific transgenic mouse model expressing wild type K8 and
phosphomutants.
b) To use DMBA-TPA mediated skin carcinogenesis in order to study the role of K8
phosphorylation in neoplastic progression.
Part 2:
Aim: To investigate role of K8 phosphorylation in squamous epithelium derived cell lines at
phenotypic and molecular level so as to understand whether these effects are cell line specific
and further to understand mechanism underlying the same.
Objectives:
a) To express K8 phosphomutants and wild type in the cells with K8 null background.
b) To study the phenotypic and molecular changes on expressing K8 phosphomutants in cells
with K8 null background compared to WT.
Materials and methods:
Ethics statement: All protocols for animal studies were approved by the ‘‘Institutional Animal
Ethics Committee (IAEC)’’ (Approval ID: 5/2015). A Committee formed under the guidelines of
the Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), Government of India.
6

Synopsis

Cell lines and their maintenance: Human epidermoid carcinoma derived A431 cells and
HEK293-FT cells were maintained in DMEM supplemented with 10% FBS as well as 1%
antibiotic solution, and grown at 37⁰C in 5% CO2 atmosphere. K8-knockdown stable clones
were maintained in 500ng/ml of puromycin whereas all K8 overexpressing stable clones were
maintained in 500ng/ml of puromycin and 600ng/ml of G418 sulphate containing complete
DMEM.
Plasmids and retroviral constructs: pTU6 puro vector containing the shRNA 8.2, [10],
(Generated earlier in the lab) was used to generate K8 knock down clones in A431 cells. The
shRNA-resistant pLNCX2-Flag-K8-WT-GFP, phosphodead mutants (pLNCX2-3XFlag-K873A-GFP/pLNCX2-3XFlag-K8-431A-GFP) and Phosphomimetic mutants (pLNCX2-3XFlagK8-S73D-GFP/pLNCX2-3XFlag-K8-S431D-GFP) were generated as described earlier. For the
generation of tissue specific transgenic mice, K8 wild type and phosphomutants were first cloned
in pCCL K14 GFP vector. The wild type K8 was sub-cloned in pCCL-K14- GFP vector by
replacing GFP with K8 WT GFP from pEGFP N3 vector backbone. The pCCL-K14-K8 WT
GFP was then used to generate the phosphomutants by Site Directed Mutagenesis (SDM) with
the same primers used earlier. High-titer retroviral particles for all the constructs were generated
as described earlier [12].
Semi-Quantitative reverse transcriptase PCR (RT-PCR): RT-PCR was performed as
described previously [11].
Western blotting and Immunofluorescence analysis: For western blotting, whole cell lysates
were prepared in SDS lysis buffer whereas lysates from skin tissue samples were prepared in
RIPA buffer as described previously. Immunofluorescence staining was performed as described
previously [10,11].
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In-vitro and in vivo tumorigenicity assay: Scratch wound healing, transwell migration,
invasion, Cell proliferation, clonogenic, soft agar and in vivo tumorigenicity assays for the
respective cell lines were carried out as described previously [8,10,11].
Differential quantitative total and phosphoproteomics: Mammalian cell lysis, Protein
digestion, TMT labelling, b-RPLC, Phosphopeptides enrichment using TiO2 Chromatography
followed by LC-MS/MS were carried out for all the clones in collaboration with “Institute of
Bioinformatics”, Bangalore, as described earlier [17]. Total proteins or phosphoproteins
differentially expressed with a cut off ≥1.5 folds were subjected to further bioinformatics
analysis as described earlier [18]
Generation of transgenic mice and genotyping: Transgenic mice were generated in
collaboration with Dr. Subeer Majumdar, NII Delhi using “transgenesis via spermatogonia
mediated in vivo approach” [19]. The genomic DNA isolation followed by PCR based
genotyping was performed to screen transgene integration positive mice followed by southern
blotting as described earlier [19].
Tissue immunofluorescence: Skin tissue samples were collected from respective mice and IF
was carried out to screen the mice expressing transgene as described previously [18].
Statistical analysis: Statistical analysis was carried out as described previously [17, 18]. A p
value of less than 0.05 was considered statistically significant.
Results:
Part 1:
Aim: To study the role of K8 phosphorylation in neoplastic progression of SCC using transgenic
mouse model.
Objective 1: Generation of tissue specific transgenic mice: In order to understand the role of
keratin 8 phosphorylation in neoplastic progression of SCC in vivo, transgenic mouse model
8
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expressing K8 WT as well as phosphomutants for both the sites Serine73 and Serine431 were
generated using spermatogonia mediated in vivo approach. The expression cassette (K14-K8GFP WT/73A/431A) for all the transgenes with a DNA concentration of 1µg/µl was then sent to
NII, Delhi for electroporation in the testis of FVB/j male mice. Further, the electroporated male
mice were allowed to mate with the females and the first litter was analyzed for the integration of
the transgene. Tail genomic DNA PCR as well as southern blot data showed the integration of
the transgene for K14-K8 WT GFP, K14-K8 S73A GFP as well as K14-K8 S431A GFP. Mice
positive for transgene integration were further kept for inbreeding (in the ACTREC animal house
facility) in order to generate pure line. We carried out the in breeding of positive mice till F4
generation and few of them were validated for transgene expression at protein level by tissue
immunofluorescence as well as western blotting.
Objective 2: DMBA-TPA two stage skin carcinogenesis protocol: Transgene positive mice
were subjected to DMBA-TPA two stage skin carcinogenesis protocol. 157 µl of DMBA (0.32
µg/µl of acetone) was applied to each of the mice thrice a week followed by 2.5 µg/200 µl of
TPA application twice a week. The sequential changes from initiation to progression are being
studied. Our preliminary observations have shown early tumor initiation in case of K8 WT
transgenic mice compared to K8 S73A or K8 S431A transgenic mice. Further replication of the
data is under process.
Part 2:
Aim: To investigate role of K8 phosphorylation in squamous epithelium derived cell lines at
phenotypic and molecular level.
Objective 1: Effect of K8 knockdown on tumourigenic potential of A431 cells: In order to
understand the role of keratin 8 in tumourigenic potential of A431 cells, shRNA based stable
clones for K8 knockdown were generated using pTU6 puro vector containing the shRNA 8.2
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(Generated earlier in the lab). K8 knockdown led to a significant reduction in the tumorigenic
potential (migration, anchorage independent cell growth, invasion, proliferation, tumor formation
in nude mice) of A431 cells compared to vector control cells. After K8 knockdown, its binding
partner K18 also showed a decrease at protein level whereas its RNA levels were unaffected. We
also observed a significant upregulation of K7 at protein level which is a probable binding
partner of K18 in the absence of K8. Immunofluorescence imaging for K18 showed a loss of
normal filament architecture suggesting that up regulated K7 might be stabilizing K18 at protofilament stage but is not able to form a complete filament assembly after K8 knockdown.
Molecular alterations associated with downregulation of K8 in A431 cells:

After

establishing K8 knockdown clones as well as vector control cells, they were subjected to TMT
based quantitative protein profiling in order to understand the global proteomic changes taking
place after keratin 8 knockdown. The IPA analysis of the data showed, most of the differentially
regulated proteins to be involved in cancer associated signalling pathways like cell movement,
apoptosis, cell death and survival, cell proliferation etc., which correlated with our phenotypic
data. Few such proteins including TMS1, RANBP1, 14-3-3 gamma, MARCKSL1, K17, K15
and CDK6 which showed a significant level of differential expression with a ≥1.5 folds cut off
were further validated at protein level which correlated well with our MS/MS data. TMS1 is
known regulate apoptosis through NF-κB [21]. We observed a decreased NF-κB activity in case
of K8 knockdown clones compared to vector control cells together with increased IkB α stability
after K8 downregulation. Further, we identified and JNK to be the main effectors of this
pathway. There were significant changes in total Pkcδ, IKKα, and JNK phosphorylation levels a
probable regulator of NF-κB activity and thereby K8 mediated tumorigenic potential of A431
cells [22]. In addition, another important intermediate filament protein, K17 which is known to
undergo caspase mediated degradation upon apoptotic stimuli, was found to be stabilised upon
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pan caspase inhibition in K8 knockdown cells. A caspase 3 specific inhibitor also resulted in the
accumulation of K17, but the changes were not to the same extent as pan caspase inhibitor,
indicating involvement of other caspases, most probably caspase 6, 7 or 9 [23]. Annexin V-PI
staining showed an increased sensitivity of A431 cells upon K8 knockdown towards the
apoptotic stimuli. Altogether these results suggest that K8 may be providing resistance to
apoptotic stimuli and thereby increased tumorigenic potential to the A431 cells upon aberrant
expression. In addition, MARCK-SL1 an actin organisation associated protein [24] also showed
significant upregulation in TMT based quantitative proteomics analysis. Therefore, we
performed actin phalloidin staining, which showed a significant difference in the lamellipodial
architecture between the vector control and knockdown cells. Further, the probable downstream
effectors like Cofilin/pCofilin, Paxilin/pPaxilin, FAK/pFAK and RAC activity showed
significant alterations suggesting a probable mechanism for K8 mediated regulation of migratory
phenotype of A431 cells.
Role of K8 phosphorylation in tumorigenic potential of A431 Cells
Phosphorylation is established as a potent modulator of keratin 8 conventional functions, but its
role in malignant transformation and the mechanism involved to bring about the same is still
uncertain. To study the effect of keratin 8 phosphorylation on tumorigenic potential of A431
cells; clones expressing the shRNA resistant wild type K8, phosphodead mutants (K8S73A and
K8S431A) together with phosphomimetic mutants (K8S73D and K8S431D) were first subjected
to a TMT based quantitative phosphoproteomics for total phosphoproteome profiling and
quantification. We quantified total 5839 unique phospho-peptides corresponding to 2145
phospho-proteins including many known and novel phosphopeptides in all the datasets together.
Comparative data analysis using various analysis software tools allowed us to identify number of
differentially regulated signaling pathways associated with biological functions like cell
11
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proliferation, migration, invasion and metastasis. We further validated few of the kinases and
phosphoproteins associated with cancer phenotype [25,26,27] which included, CDK1T14,Y15,
MAPK1Y187, EIF4EBP1T37/T46, AKTS1T246, EIF4BS422, CTTNY421, and cJUNS243 using western
blot analysis. This correlated well with the MS/MS data. Further, phenotypic analysis like
scratch wound healing, Boyden chamber cell migration, proliferation and invasion assays
showed K8 phosphorylation to provide more aggressive phenotype to the A431 cells in
concordance with our mass spectrometric data [18]. Altogether, our western blot analysis
followed by phenotypic validation substantiated their role in Keratin 8 phosphorylation mediated
oncogenic pathways.
Summary and conclusion:
To understand the role of K8 phosphorylation in neoplastic progression of SCC in vivo, tissue
specific transgenic mouse models for K8 WT as well as the two phosphodead mutants K8 S73A
and K8 S431A were generated. Preliminary observation of DMBA-TPA mediated skin
carcinogenesis showed an early tumor initiation in case of K8 WT expressing mice compared to
the two phosphodead mutant expressing mice.
Keratin 8 downregulation in A431 cells led to decreased tumourigenicity of these cells as shown
by various in vitro and in vivo tumorigenicity assays. Quantitative proteomics revealed few
significant links between the K8 and associated phenotypic changes. These included molecules
like TMS1, RANBP1, 14-3-3 gamma, CDK6 and MARCKSL1. Further analysis demonstrated
decreased NF-κB activity (through deregulation of PKCδ, phospho IIKα, IkBα and phospho JNK
levels) upon K8 downregulation as well as caspase mediated K17 degradation suggesting
increased sensitization of these cells for apoptotic stimuli. Cell motility associated changes
correlated with altered RAC GTPase activity and differential phosphorylation of actin associated
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proteins like paxillin, cofillin etc. Altogether, this study provides new connecting links between
K8 and different cancer related signaling pathways.
Quantitative phosphoproteomic analysis identified differential phosphorylation of many known
and novel phosphosites of proteins, which are well established key players in cancer biology and
are associated with cell migration, proliferation and apoptosis. Further protein phosphorylation
level validation followed by phenotypic analysis correlated well with our phosphoproteomic
data. Hence, this study is an addition to the existing knowledge about the role of K8
phosphorylation in modulating different signaling mechanisms and thereby cancer progression.
In conclusion, our in vitro as well as in vivo data emphasizes the role of K8 and its
phosphorylation in neoplastic progression of skin SCC. Our study also has given many new leads
related to the possible mechanisms underlying this phenomenon.
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INTRODUCTION:
The cytoskeleton of epithelial cells is a network of three major classes of filamentous biopolymers:
microfilaments, microtubules and intermediate filaments [1, 2]. Intermediate filaments are
composed of a large family of cell-specific proteins that organize to form 10 nm filaments sharing
sequence homology and structural features [3, 4]. ‘Keratins’ is the largest subgroup of intermediate
filament (IF) proteins which are known to be expressed in tissue specific and differentiation state
specific manner [3, 5] . They are subdivided into type I (relatively acidic keratins with low
molecular weight, K9–K28, K31–K40) and type II (relatively basic keratins with high molecular
weight K1–K8, K71–K86) keratins [5, 6] on the basis of their biochemical properties like
molecular weight and isoelectric point. They exist as obligatory hetero-polymers of one type I and
one type II keratin each, assembled in 1:1 molar ratio [3, 4]. Epithelial tissues express different
pairs of keratins depending on the cell type e.g. Simple epithelia express K8/18, K7/19, and K20
whereas stratified epithelia express K1/10, K5/K14, K6/17 etc. [7, 8]. Keratins share a common
prototype structure of all cytoplasmic IF proteins. All keratin filaments have a highly conserved
central coil-coil α-helical ‘rod’ domain flanked by a non-α-helical N terminal ‘head’ and Cterminal ‘tail’ domains of various lengths [9, 10]. The head and tail domains are known to harbor
specific sites for various posttranslational modifications like phosphorylation, glycosylation,
ubiquitination and sumoylation. Amongst these phosphorylation is considered to be the major
regulator of keratin functions [11, 12].
Being cytoskeletal protein, the widely accepted function of keratins was to only provide
mechanical stability and integrity to the epithelial tissue and protect them from various cellular
stresses by forming structural scaffolds. The integrity of these filaments is critical to provide
mechanical support to tissue architecture and for the maintenance of cell viability [13-15].
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Recent reports confirmed that apart from their cryo-protective functions, they also perform some
important regulatory functions by modulating certain signaling pathways [16, 17]. Most of these
functions include, modulation of protein localization, targeting, trafficking and synthesis [7, 18,
19], protecting cells from apoptotic stress [20], cell motility [21], apico-basal polarity[22],
modulation of Rho-dependent actin organization and dynamics [21], modulation of the cell
adhesion, size, cell-cycle progression [18, 23-25]. The simple epithelia express K8/18 as their
predominant keratin pair and most of the above mentioned functions are studied on and attributed
to keratin pair of 8 and 18. Majority of such mechanical or non-mechanical functions of keratin
8/18 are regulated by its posttranslational modifications, most importantly phosphorylation [26].
Phosphorylation mediated functions of keratin8/18 include, filament organization, solubility,
turnover, binding to other proteins, protecting cells from stress and apoptosis by acting as a
phosphate sponge for stress activated kinases etc. [27]. K8 contains three major physiological
phosphorylation sites, Serine23, Serine73 in head-domain and Serine431 in tail-domain.
Phosphorylation at Serine23 is highly conserved among all type-II keratins, rendering some
common functions to them, whereas Serine73 and Serine431 are unique to K8 [11, 28-30]. Keratin
8 serves as a substrate for many kinases and phosphatases, involved in various signaling cascades,
like c-Jun N terminal kinase (JNK) and p38 kinases, which phosphorylate at Serine73 residue
during cellular stresses and mitogen-activated protein kinase (MAPK), which phosphorylates at
Serine431 after stimulation of cells by epidermal growth factor where as PP2A and PRL3 are two
phosphatase known to dephosphorylate keratin 8 at specific residues [31, 32].
Keratin 8/18, is often aberrantly expressed in squamous cell carcinomas where its expression is
correlated with increased invasion and poor prognosis. Apart from being used as a diagnostic
tumor marker, K8/18 is also reported to modulate different signaling pathways involved in tumor
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progression [4, 24, 33, 34]. Previous report from our laboratory has shown that forced expression
of K8/18 leads to increased invasiveness and tumorigenic potential of FBM cell-line [35]. Further,
in this direction, our laboratory has shown that depletion of keratin 8/18 in an oral squamous
carcinoma derived AW13516 cell line leads to decreased tumorigenic potential by deregulating
α6β4 integrin pathway together with the changes in fascin mediated actin organization [36, 37].
These results suggest that aberrant expression of K8/18 could contribute to neoplastic progression
of oral SCC.
Apart from aberrant expression, deregulation of K8 phosphorylation has been also associated with
cancer progression. In case of simple epithelia derived cancers, perinuclear reorganization of
keratin 8 by SPC has been shown to increase migratory potential of these cells assisted by MEK–
ERK pathway which putatively targets K8 Serine431 residue [38]. Another report, indirectly
demonstrated the concurrent de-phosphorylation of keratin 8 at Serine73 and Serine431 position at
the invasive front of colorectal carcinoma derived tumor samples upon aberrant expression of
phosphatase of regenerating liver 3 with supportive cell line based studies [39]. Mutational studies
from our laboratory substantiated a potential role of K8 phosphorylation in augmenting migration
and tumorigenicity of oral squamous cell carcinoma derived cell line AW13516 which showed a
significant correlation with clinico-pathological parameters of OSCC patients, a finding which was
not reported earlier [40] . In case of oral squamous cell carcinomas a recent report demonstrated
reduced K8 Serine73 phosphorylation via P38 MAPK pathway upon sec 8 down-regulation which
resulted in decreased cell migration [41].
Non-melanoma skin cancers (NMSC), one of the most common neoplasms known to causes
serious morbidity and mortality, are curable at early stages, but delayed diagnosis leads to
metastasis [42]. Although K8/18 pair is known to be aberrantly expressed in skin cancers [9], till
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now, to our knowledge there are no reports about the mechanism associated with the involvement
of K8 in neoplastic progression of basal SCCs [43]. Similarly, phosphorylation is associated with
many diverse physiological functions of K8 but the reports related to its role in the neoplastic
progression of different carcinomas and the underlying mechanisms are inconsistent. Hence
further studies are required to elucidate K8 and its phosphorylation function in neoplastic
progression of skin squamous cell carcinomas and mechanisms underlying the same; in vitro as
well as in vivo. Deciphering the role of K8 and its phosphorylation in tumourigenic potential of
skin epidermoid carcinoma cell line A431 and associated signaling will give us a better in sight
towards its role in oncogenic progression of skin SCC. Development of a tissue specific transgenic
mouse model expressing K8 wild type and phosphomutants followed by DMBA/TPA mediated
skin carcinogenesis will be useful to strengthen and signify role of K8 phosphorylation in
neoplastic progression of SCC.
1.1 Aims and Objectives:
1.1.1 Part 1:
Aim: To study the role of K8 phosphorylation in neoplastic progression of SCC using transgenic
mouse model.
Objectives:
a) To generate a tissue specific transgenic mouse model expressing wild type K8 and
phosphomutants.
b) To use DMBA-TPA mediated skin carcinogenesis in order to study the role of K8
phosphorylation in neoplastic progression.
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1.1.2 Part 2:
Aim: To investigate role of K8 phosphorylation in squamous epithelium derived cell lines at
phenotypic and molecular level so as to understand whether these effects are cell line specific and
further to understand mechanism underlying the same.
Objectives:
a) To express K8 phosphomutants and wild type in the cells with K8 null background.
b) To study the phenotypic and molecular changes on expressing K8 phosphomutants in cells with
K8 null background compared to WT.
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2.1 Intermediate filaments
Intermediate filaments (IF) are flexible, rod-shaped fibers averaging 10nm in diameter, a size that
is ‘intermediate’ between microfilaments (MF; 7-8nm) and microtubules (MT; 25nm) [1]. Out of
these, IFs are the most diverse and are encoded by approximately 70 IF genes in the human
genome. IFs are classified into six major families and are expressed in cell-type, tissue-type,
differentiation and developmental state specific manner. Families I–IV and VI are localized to the
cell cytoplasm whereas the type V, nuclear lamins are important organizers of the nuclear envelope
and karyoplasm. The integrated network formed by these filament systems is responsible for the
mechanical integrity of the cell and is critical for cellular processes like cell division, motility and
plasticity[2]. Unlike MTs and MFs, IFs are highly insoluble structures and are resistant to detergent
action as well as high and low ionic salt concentration. IFs can self-assemble into the characteristic
10-12nm wide filaments and they have been found to be highly dynamic in spite of their insoluble
nature. IFs are flexible intracellular fibrous polymers that provide resilience to the cells in which
they are expressed. They are mostly involved in the maintenance of cell shape, positioning of cell
organelles, locomotion, intracellular organization, cell division and transport [23].
2.1.1 IF Structure
In 1982, Geisler and Weber discovered that IF family members with distinct primary sequences
share a common tripartite structure made up of a central a-helical coiled-coil rod domain flanked
by flexible, little secondary structure containing and highly variable N- and C-termini that lead to
exceptional structural diversity among IFs.
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Figure 2.1.1.1 Schematic representation of the interaction of IF precursors with microtubule and
actin-associated motor complexes (Adapted from [1] ).

This diversity brings about the cell type specific functions to IF networks unlike the broadly
conserved functions of MT and MF. The interaction of IF precursors with microtubule and actinassociated motor complexes is shown in Figure 2.1.1.1. A centrally located rod domain of fixed
length (either ~310 or ~352 residues) is subdivided into α-helical segments featuring long-range
heptad repeats of hydrophobic/apolar residues (subdomains 1A, 1B, 2A and 2B), which are
interrupted by non- α -helical 8–17 amino acid linker (L) stretches, L1, L12, and L2. Rod domain
boundaries consist of highly conserved 15- to 20-amino-acid regions that are crucial for

42

Review of Literature

polymerization and are frequently mutated in human diseases. A coil consists of two or more αhelices wound around each other in a ‘superhelix’, and comprises of widespread structural motifs
in proteins. This structure is formed mainly due to the seven residue periodicity in the distribution
of apolar residues. The coiled-coil structure determines the overall elongated shape of IF dimers.
The central rod domain is highly conserved among all IFs whereas the head and the tail domains
are variable in Sequences as well as length. It is due to the variability of the end domains that IFs
proteins exhibit different molecular sizes, charge and antigenicity. The non-helical end domains
(head and tail domains) are also divided into subdomains based on homologous (H), variable (V)
or end (E) sequences. The structure of intermediate filament is depicted in Figure 2.1.1.2. The
flanking head and tail domains contain all the known post-translational modifications like OGlcNAcylation, phosphorylation, ubiquitination, sumoylation etc. [3, 44-47].
2.1.2 IF Classification
On the basis of Genomic structure and nucleotide sequence homology throughout the rod domain,
IFs are classified into six major types (I-VI). At the protein level, polymerization properties define
four assembly groups (A-D). Type I and type II IF genes encode the ‘acidic’ and ‘basic’ keratins,
respectively, which copolymerize in obligatory manner (assembly group A) to give rise to the IFs
present in the cytoplasm of all epithelial cells. Assembly group B includes proteins encoded by
type III, type IV and type VI IF genes, which encode cytoplasmic proteins. The prototypic type III
gene, vimentin, is expressed in non-epithelial cell types, and its product can homopolymerize to
form 10nm filaments. Many of the type III and type VI genes are expressed in muscle cells. Apart
from Vimentin, Desmin, Glial Fibrillary Acidic Proteins (GFAPs) and peripherin are grouped in
Type III, Neurofilaments and Nestin are grouped into Type IV, the nuclear lamins as type V and
Phakinin, Filensin as orphans (8, 42). Pattern of IF proteins expression in different tissues is shown
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in the Table 2.1.2. Type IV sequences, which consist of the neurofilament triplet proteins (NFLight, NF-Medium and HF-Heavy) and α- internexin, are expressed in neurons. In common with
keratins, neurofilaments are also obligatory heteropolymers of L, M and H subunits interacting
with a 5:3:1 molar ratio [10, 46, 48].

Figure 2.1.1.2 Schematic depictions of the common structure of intermediate filament: A) In the
representative IF structure, blue boxes correspond to different segments; orange boxes correspond to IFconsensus motifs (CD); and the yellow box represents an α-helical pre-coil domain (specific to vimentinlike IF proteins). L1, L12, and L2 are linker segments. “Head” and “tail” represent non–α-helical domains.
The stutter (st) indicates a discontinuity in the heptad repeat pattern of coil 2B. The blue box designated
lamin-specific “insertion” highlights a position in which an additional α-helical segment is found in lamins.
B) Schematic of the domain structure of the keratin dimer [44, 45].
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Table 2.1.2 Intermediate filament classification and their tissue distribution (Adapted from [48]).

2.1.3 IF assembly
The soluble subunit for creating intermediate filaments is a tetramer. The tetramer is created from
monomers in a stepwise fashion. First, two monomers associate via their central domains to form
parallel helical coils around each other. This parallel dimer then associates with another parallel
dimer in an antiparallel arrangement to form a staggered tetramer. The lateral association of eight
tetramers results in the formation of a unit-length filaments (ULF). Two ULFs are able to anneal
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longitudinally to form a thick filament, approximately 16nm in diameter. Further end-to-end
annealing of ULFs results in filament elongation, which is followed by radial compaction resulting
in the final intermediate filament diameter [1, 49, 50]. Figure 2.1.3 shows the schematic model of
filament formation from dimer to mature filament.

Figure 2.1.3 Schematic model of filament formation from dimer to mature filament, based on in vitro
assembly data (Adapted from [1]).

2.2 Keratins
The most diverse and abundant cytoskeletal components of epithelial cells are keratin intermediate
filaments. There are >50 keratin isotopes expressed in epithelia and account for the majority of
IF genes in the human genome as shown in Figure 2.2. They are expressed in all types of epithelial
cells. Like other IFs, keratins also form a cytoplasmic network like of 10-12nm wide filaments
[5].
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Figure 2.2 Organization of the human keratin genes in the genome. The type I and type II keratin
gene subdomains are located on chromosomes 17 and 12, respectively (Adapted from [5] ).

Keratins share a wide range of common properties to IFs as they are highly insoluble and are
known to provide structural integrity to the cells. Surprisingly, despite their resistant nature, like
other IFs, keratin filaments are highly dynamic and are involved in different mechano-transduction
pathways too. Mutations in most of them are now associated with specific diseases. Dynamic
nature of the keratins is regulated by their posttranslational modifications such as phosphorylation
and glycosylation [3].
2.2.1 Classification of keratins
Keratins are encoded by a large multigene family of more than 60 individual members which are
identified from the human genome sequence analysis. 53 of them are found to be functional genes.
Expression of 37 different polypeptides of keratins has been reported in different human epithelial
tissues [4, 5].
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Figure 2.2.1 Two-dimensional catalogue of the human keratins based on molecular weights (MW)
and isoelectric points (IEP) calculated from amino acid sequences (Adapted from [5]).

Keratins are subdivided on the basis of different classification systems like, Primary keratins and
Secondary keratins on the basis of pattern of synthesis or on the basis of distribution, Soft keratins
and Hard keratins etc. [6].
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Table 2.2.1 Keratin classification and expression pattern (Adapted from [32]).

But the most accepted classification was on the basis of biochemical properties like molecular
weight and isoelectric point, as depicted in Figure 2.2.1, was further renewed on amino acid
sequence; Type I and Type II keratins (relatively acidic and basic respectively) as shown in Table
2.2.1. According to recent classification, the type II keratins comprise of 20 different proteins (K1K8, K71-K86, K6b, K6c) and the type I keratins include 17 different proteins (K9-K28, K31-K40)
[5, 32].

49

Chapter-II

Chapter-II

Review of Literature

2.2.2 The keratin cycle:
The first step in the keratin cycle is nucleation where soluble keratin oligomers assemble into
particles in the cell periphery in proximity to focal adhesion sites. This is followed by elongation
where these particles grow and move toward the cell center in an actin-dependent process
(transport). Subsequently, integration occurs where elongated Keratin filament particles are
incorporated into the peripheral keratin network. Next to this, transport takes place in which
filament bundling occurs during further centripetal translocation toward the nucleus. Soluble
oligomers dissociate which is disassembly followed by diffusion throughout the cytoplasm, and
are reutilized for another cycle of Keratin filament formation in the cell periphery. Alternatively,
maturation occurs in which bundled filaments are further stabilized forming the stable peri-nuclear
cage [51, 52]. The Keratin cycle has been depicted in Figure 2.2.2.

Figure2.2.2 The keratin cycle (Adapted from [52]).

2.2.3 Keratins Expression
Keratins are expressed in all epithelial cells; from the single-layered epithelia of most internal
organs (simple epithelia) to the complex multi-layered epithelium (stratified epithelium) of the
epidermis. They are expressed in a highly tissue/ cell type specific and differentiation state specific
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manner. They are stable as a heterodimers made up of one Type I and one Type II keratin each
coming together in 1:1 molar ratio. Simple epithelia of internal parenchymatous organs where
comparatively less mechanical stress is experienced, express only a few keratin family members,
which form keratin network of scant and loosely distributed filaments in the cytoplasm. On the
other side majority of the keratins are being expressed and form densely bundled tono-filaments
in case of squamous epithelia and cornified stratified epithelia such as in the epidermis lining the
outer body surfaces. The loose filaments in the former case are composed of “simple-epithelial
keratins” like K8/K18 (and K19), while the bundled filaments (tonofilaments) in the latter case are
built up from keratins such as K5/K14 in the basal layer , K1/K10 in the suprabasal layers and
K2/K10 in the uppermost layers. Differentiating cells express K1/10 in skin, K4/13 in internal
stratified epithelia such as esophagus and K3/K12 in corneal cells. In breast epithelium the
basal/myoepithelial cells (proliferation compartment) express K5 and K14, while the luminal cells
(differentiation compartment) express K8 and K18. The strictly regulated tissue and differentiation
specific pattern of expression is suggestive of the fact that the keratins may have tissue specific
functions [5, 53-56].
2.2.4 Posttranslational modifications of keratins:
Like other IFs majority of the keratin functions are regulated by their post translational
modifications as shown in Table 2.2.4, including glycosylation, phosphorylation, sumoylation,
acetylation, proteolysis and transglutamination [12]. Six major posttranslational modifications
of keratins are as follows:
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2.2.4.1 Glycosylation:
Various Keratins have been identified to undergo glycosylation, like K13, K8 and K18. This
dynamic post translational modification is shown to be partly governed by the adjacent site specific
phosphorylation mediated crosstalk. Keratin solubility properties together with their filament
organization/reorganization are some of the known functions to be governed by glycosylation, in
a site dependent manner. The other functions of this modification are largely unknown and remain
to be investigated [12, 57, 58].
2.2.4.2 Transglutamination/Transamidation:
Transamidation, the formation of amide bonds between the ε-N group of Lysine and the γ-C group
of Glutamine is catalyzed by The activity of transglutaminase 2 (TGase 2) — an inducible
acyltransferase and in turn regulates IF function under various physiological and pathological
conditions. This modification is identified in both epidermal as well as simple epithelial keratins
and the first transamidation site was recently identified on K8 as Glutamine70 in the head domain.
Transamidation, appears to provide a keratin associated barrier function through the attachment of
several epidermal type II keratins to the cornified envelope of the skin. In the physiological
context, the role of this modification is clear in terms of providing a compact protective structure.
In the different pathological conditions like certain chronic liver diseases, K8 in hepatocytes
becomes cross-linked by TGase2 which results in the formation of K8/18 aggregates termed
Mallory–Denk bodies (MDBs) [12].
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Table 2.2.4 IF protein Post Translational Modifications and the modifying enzymes (Adapted from
[31]).

2.2.4.3 Sumoylation:
IFs are modified in a covalent and reversible manner by a modification analogous to Ubiquitylation
but which involves addition of SUMOs (small ubiquitin-like modifiers). Conjugation of SUMO
(SUMO1, SUMO2 and SUMO3) to mammalian proteins involves Lysine residues. Sumoylation
of cytoplasmic and nuclear IFs regulates their filament formation and solubility. Disease causing
alteration in sumoylation affects these properties of IFs e.g. especially during stress and extensive
tissue injury K8/K18/K19 get hypersumoylated, which retains keratins in an insoluble
compartment, thereby limiting their cytoprotective function [31, 59].
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2.2.4.4 Ubiquitylation:
Ubiquitylation of IF proteins is a normal physiological process which is involved in its turnover.
The obligatory heterodimeric nature of keratins suggests that one of the keratin monomer might
be degraded by the ubiquitin–proteasome system in the absence of its partner, which usually
provides a stabilizing function. Accumulation of ubiquitylated IF proteins occurs in the context of
cellular dysfunction, which is accompanied by proteasome inhibition [31, 60].
2.2.4.5 Proteolysis:
Apoptosis associated caspase mediated Proteolysis of K18 and K19 generates stable keratin
fragments that are highly enriched within the cytoskeletal compartment. It is likely that this
apoptosis-associated degradation involves all type I keratins [12].
2.2.4.6 Acetylation:
IF proteins are among ~1,000–1,700 acetylation targets and this Lysine acetylation is known to
modulate IF properties in response to metabolic changes. A conserved Lysine residue (Lysine 207)
in the rod domain of K8 was identified as a putative acetylation site. Basal acetylation at Lysine
207

reduces K8 solubility and promotes the formation of a dense perinuclear K8 filament network

whereas increased K8 acetylation is observed during hyperglycemia which is accompanied with
changes in K8 biochemical and filament properties. The dynamics of this process are regulated by
specific enzymes carrying out lysine acetylation and deacetylation. Keratin acetylation provides a
new mechanism to regulate keratin filaments, possibly via modulating keratin phosphorylation
[61].
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2.2.4.7 Phosphorylation:
Phosphorylation is one of the best-studied, highly dynamic and multifunctional posttranslational
modifications of keratins. In general, the Serine/Threonine phosphorylation which is modulated
by numerous kinases and phosphatases, facilitates IF reorganization and maintains filament
structural dynamics. This is achieved by ‘dynamic subunit exchange’, where new IF subunits can
be incorporated anywhere along the length of IF structures [12].
Phosphorylation also regulates keratin binding to other proteins (e.g. 14-3-3) and in-turn their role
in mechano-transduction. Head and the tail domains of keratins are known to harbor most of the
phosphorylation sites (mainly distinct Serine and Threonine residue) identified so far. Table
2.2.4.7 contains the list of kinases and their corresponding phosphorylation sites on keratins. The
‘head’ and ‘tail’ domains impart most of the structural heterogeneity, and hence tissue specific
expression and functions to keratins [11]. This suggests that phosphorylation plays an important
role in regulating tissue specific keratin functions. These Serine phosphorylation sites are targets
for several protein kinases, including members of the MAP kinases, p38, ERK, PKC, cAMP, JNK
and phosphatases including PRL3 and PP2A regulating keratin functions under specific
physiological conditions [32]. Several Serine/Threonine phosphorylation sites and some of the
relevant kinases have been characterized in case of K1, K8 and K18. Tyrosine phosphorylation is
rare but has been identified on K8 and K19. Other associated functions with keratin
phosphorylation include protection against cell stress, cell signaling, apoptosis, and cell
compartment-specific roles [11, 62]. Hyperphosphorylation of K8/18 is observed under conditions
of tissue injury and stress. It can be either protective or can also increase tissue damage. Serine23,
Serine73 and Serine431 are the three phosphorylation sites of K8. Serine431 is apparently specific to
K8 and in particular is phosphorylated in response to epidermal growth factor (EGF) stimulation.
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Serine73 is also specific to K8 and is phosphorylated in response to various types of cellular
stresses. In the case of K18, two phosphorylation sites Serine33 and Serine52 have so far been
demonstrated [11, 62]. K8 phosphorylation at a highly conserved residue in the rod domain
(Tyrosine267), promotes keratin insolubility and proper filament formation, whereas the effects of
Tyrosine phosphorylation on other IF proteins is poorly understood.
Table 2.2.4.7 List of kinases and their corresponding phosphorylation sites on keratins (Adapted
from [32]).

2.2.5 Functions of keratins
2.2.5.1 Mechanical functions of keratins
The most accepted function of keratins is to provide mechanical integrity and maintenance of cell
shape and viability [13]. In vitro suspensions of keratin IFs are shown to harbor remarkable

56

Review of Literature

micromechanical properties that are distinct from those of F-actin and microtubules. Keratin
mediated structural support is particularly important in tissues mostly exposed to physical stress
conditions, such as the surface epithelia (skin, oral mucosa, cornea) and muscle. Loss of these
functions due to single point mutations in keratin gene are reported are responsible for

many

keratin-associated human disorders. Such disease-causing mutations markedly weaken the
strength and stiffness of keratin IF in suspensions as shown in Figure 2.2.5.1. The single
dominating frame shift mutations in keratin genes can cause Sevier keratinopathies, including
epidermolysis bullosa simplex (mutations in K5/14 genes), epidermolytic hyperkeratosis
(mutations in K1/10 genes) and epidermolytic palmoplantar keratoderma (mutations in the K9
gene) [16]. Keratin cytoskeleton is also required for the maintenance of cell shape in epithelial
cells which retain the distinct morphologies of various surface-lining tissues.

Figure 2.2.5.1 Cells with mutant keratin are unable to withstand mechanical stress (Adapted from
[63])

K8 null mice showed significantly reduced microvilli together with a redistribution of
microtubules. Interaction of keratin filaments with constituents of the microtubule organizing
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center is involved in the apicobasal orientation of microtubules, which maintains the cell polarity
of enterocytes. Table 2.2.5.1 is the compilation of mouse keratins null mutations.
Similar phenotypes were also observed in case of other transgenic and knock out studies
confirming that keratins are organized into a network architecture, which in turn is important for
cellular micromechanics. It is also noticeable that keratins are functionally redundant, hence they
can assemble in various combinations to form keratin filaments (e.g. in the epidermis K1/K10,
K1/K9, K2/K9 or K2/ K10), and some keratins can be replaced by each other’s without a loss of
functionality of the keratin filaments [10, 64].
Table 2.2.5.1 Compilation of mouse keratins null mutations (Adapted from [7]).
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2.2.5.2 Regulatory functions of keratins
Keratins were thought to perform only structural or mechanical functions, which do not describe
their diverse tissue- and differentiation-specific expression patterns. None the less, recent evolving
evidence suggests that IF are not mere structural proteins but they also act as an important
framework for the modulation and control of essential cell processes, mainly signal transduction
events [16]. In addition to their widely accepted role as protectors of epithelial cell integrity under
a variety of stressful conditions, keratins are also considered to be important regulators of diverse
cellular functions, such as, protein translation control, organelle positioning and membrane protein
targeting, regulation of stress and apoptosis, proliferation, cell cycle, osmolarity, etc. by
modulating different signal transduction pathways [17, 19, 20]. Other regulatory functions of
keratins such as their role in cell differentiation and transformation are still emerging. Some of the
major known functions of keratins are described below
2.2.5.2.1 Keratins and the stress response
Involvement of Keratins in providing resistance towards multiple kinds of stress conditions has
been well accepted. It has been shown that persistent keratin cytoskeleton helps a cell to maintain
its tissue position even during osmotic swelling or shrinkage and provide a stress-resistant
framework upon which to recover its structure and shape after regulatory volume recovery. There
is evidence that cells devoid of intermediate filaments are less resistant to osmotic stress. It has
been suggested that intermediate filaments may have evolved to preserve tissue structure during
osmotic shock, because both the actin and tubulin filament systems of the cell are transiently
disrupted at this time. Toxic insults to cells may also result in osmotic imbalance which slows a
cell’s metabolism and in turn shutting down the membrane ion pumps. It is possible that osmotic
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protection is the key feature of the chemo-protective effect of keratin filaments in liver. In colon
carcinoma-derived HT29 and Caco cells, phosphorylation of K8, K18, K19 and K20 is
individually altered in the presence of osmotic stress [65].
Involvement of Keratins in providing resistance towards multiple kinds of stress conditions is best
reported in the studies using transgenic mouse model with K8 G61C mutation. It is the most
common keratin mutation in humans, associated with progression of cirrhosis and fibrosis in
hepatocytes. These mice showed an increased susceptibility to stress-induced hepatotoxic injury
and apoptosis by inhibiting stress activated protein kinases such as p38, JNK and p42 mediated
K8 Serine73 phosphorylation. Similar susceptibility to stress was also observed in the K8 S73A
mutant mice. Based on these observations, authors suggested that keratins during stress act as a
“phosphate sponge” absorbing the stress-activated phosphate kinases, thereby reducing their
untoward effects and hence protect the cells from injury [66]. K18 has also been documented to
play similar functions in response to stress stimuli. K18 interacts with Raf-1 kinase under basal
conditions. During oxidative stress or other toxin exposure, Raf1 activation disrupts the keratinRaf-1 association in a phosphorylation dependent manner. Thereby, keratins can regulate Raf-1
kinase

signaling

potential

by

kinase

sequestration,

activation,

inactivation

or

compartmentalization. Furthermore, in the absence of a normal K18 gene, expression of the
dominant negative mutant K18 R89C caused embryo lethality in mice that was rescued by K18 or
K19 allele. The injury model of lung alveolar epithelial cells also suggests the protective role of
keratin cytoskeleton in the presence of different kind of stress in a phosphorylation dependent
manner [67]. Similar functions of other keratins in response to stress stimuli are emerging.
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2.2.5.2.2 Keratins and Apoptosis
Keratins are known to be involved in both upstream and downstream events of apoptosis signaling
pathways. They have been shown to provide resistance to apoptosis before commitment. They are
also involved in activation of the caspase cascade which results in ordered cellular dismantlement
[20, 68]. The K8/18 pair can desensitize cells to pro-apoptotic signaling mediated by tumor
necrosis factor-α (TNF-α) or by Fas ligand, by either binding to their receptors or downstream
effectors. The disruption of K8/18 filaments is accompanied by an increase of JNK- and NFκBprotein levels, both being downstream targets of the TNF signaling pathway [20, 68, 69].

Figure 2.2.5.2.2 Keratins and apoptosis (Adapted from [69] ).

Recent reports suggest that the type I keratin such as K14 and K18 bind to downstream TNFR
effector, TNFR1-associated death domain (TRADD) in stratified and simple epithelia respectively.
These keratins seemed to sequester TRADD, thereby modulating TNFR1-mediated apoptosis
signaling [20]. Sequestration of signaling components by binding them to the cytoplasmic keratin
network could interrupt the signaling cascade, as has also been shown for Fas receptor mediated
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apoptosis. K8/18 dependent resistance to Fas mediated apoptosis occurs through a regulation of
Fas density at the surface together with a c-Flip-induced upregulation of pro-apoptotic caspases
and downregulation of anti-apoptotic ERK 1/2 signaling [70, 71]. A similar role for K17 in
modulating hair follicle cycling has been suggested by its association with TRADD [72], although
the mechanism underlying the genetic interaction for TNF-α and K17 has not been identified. The
association of keratins post translational modification such as phosphorylation with apoptosis has
also been demonstrated. The hyperphosphorylation of K8 Serine73, Serine431 and K18 Serine52
occurs during apoptosis [29]. These studies suggest that phosphorylation may have protective role
during apoptosis. Figure 2.2.5.2.2 is the representative image of the links between Keratin and
Apoptosis.
2.2.5.2.3 Keratins and Autophagy:
Autophagy is an important homeostatic cellular recycling mechanism which is responsible for
degrading unnecessary cellular organelles and proteins in all living cells. Autophagy is particularly
active during metabolic stress. In the cancer cells it is shown to perform a dual role harboring
tumor-promoting and tumor-suppressing properties. Various reports suggest that autophagy
modulates keratin-containing inclusion formation and apoptosis in cell culture in a contextdependent fashion. It has been shown that many proteasome inhibitors induce Mallory–Denk
body-like inclusions composed of K8/K18, ubiquitin, HSP70 and p62 etc. [73]. It is also speculated
that the intermediate filament-related inclusion formation and organelle reorganization might be
linked to the role for intermediate filaments in organelle positioning and function. Further,
inclusion mediated effects have been associated to keratin sequestration into the inclusions, which
is supported by changes in mitochondrial function, size and location in hepatocytes of K8-null
mice. Similar inclusion-associated changes have been described in non-epithelial contexts,
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including changes in Golgi and lysosome distribution in huntingtin expressing cells and in αsynuclein inclusion-containing cells. There are indirect reports where an increased level of K8,
K19 and K17 are associated with decreased autophagy suggesting an important role of these
keratins in autophagy, which can be further investigated [74].
2.2.5.2.4 Keratins, protein synthesis and epithelial cell growth
Unexpected function of keratins in protein synthesis and epithelial growth was shown by K17
knockout studies. K17-null keratinocytes were similar to wild-type controls in their ability to
attach to the substratum and go through the cell cycle, but showed 18-20% decreased protein
synthesis. The reduced protein synthesis correlated with decrease in activation of Akt and mTOR
kinases. K17 was specifically shown to bind adaptor 14-3-3s in a phosphorylation-dependent
fashion, and which was wound-inducible in skin. Further, it has been shown that K17/14-3-3s
interaction plays an important role in protein synthesis and cell growth by regulating the
distribution /localization of 14-3-3s in cytoplasm and nucleus [19]. Similar role for K10 and K18
has been shown in cell growth in association with 14-3-3 proteins [75].

Figure 2.2.5.2.4 Keratin, proteins synthesis and cell growth (Adapted from [69]).
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It is possible that keratins may regulate protein synthesis and cell growth also by their interaction
with additional components of the translational machinery including EF1g, EIF3, TSC1 and even
ribosomes [69]. Figure 2.2.5.2.4 is the representative image of role of Keratins in cell growth and
protein synthesis.
2.2.5.2.5 Keratin-dependent cell migration and wound healing
During the cell migration and wound healing, alterations are observed in the keratin filament (KF)
system that are induced by and coordinated with altered cell polarity and differentiation. These
alterations appeared to be one of the determinants of the altered migratory behavior of the cell [16,
76]. The recent reports indicate the link between KF formation and focal adhesions in lamellipodia
and subcellular localization of KF in migratory cells [77].

Figure 2.2.5.2.5 Keratin and cell motility (Adapted from [69]).

A similar association is suggested by delayed FAK autophosphorylation possibly via integrin
signaling in K8- deficient hepatocytes [78]. The knockdown/knockout experiments revealed that
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the reduction of the focal adhesion component talin led to inhibition of KF precursor formation,
resulting into reduced focal adhesion size, decreased adhesion and impaired migration [69, 77].
Similarly, loss of K17 compromised wound healing in mouse embryos and loss of K6a led to
delayed re-epithelialization upon skin wounding [79]. Role of aberrantly expressed K8/18 in cell
migration has also been documented in different cell types [80]. Overexpression of K8/18 in
human melanoma and carcinoma cells leads to increased migration and invasion of the cells [80,
81]. The mouse fibroblasts expressing complete K8/18 filaments also have a higher migratory and
invasive ability [82]. Recently, the association between keratin phosphorylation and tumor cell
migration has been shown in colorectal cancer (CRC).

Figure 2.2.5 Summation of Keratin mechanical and regulatory functions.

PRL-3 (phosphatase of regenerating liver-3) was found to be upregulated in metastatic tumors of
CRC and was correlated with decreased phosphorylation of K8 at residue Serine73 and Serine431.
In this study, authors have concluded that, PRL-3 may play an important role to promote cell
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migration and metastatic potential of CRC through K8 dephosphorylation [39]. However the
significance of K8 dephosphorylation in tumor cell migration and metastasis is still largely
unknown. The role of Keratins in cell migration and wound-healing has been shown in Figure
2.2.5.2.5. Further, a concise depiction of the structural and regulatory functions of Keratins has
been done in Figure 2.2.5.
2.2.5.3 Keratins in Cancer:
Keratins are among the earliest markers of epithelial tumors and are used as diagnostic markers of
different types of carcinomas. Table 2.2.5.8 lists the Keratins used as diagnostic markers in
different tumor pathology. Beyond their well-established role as diagnostic markers in cancer,
keratins have also been recognized as prognostic indicators in a variety of epithelial malignancies
[4, 53]. In colorectal cancer, reduced expression of K8 and K20 has been associated with epithelialto-mesenchymal cancer cell transition, which is generally indicative of higher tumor
aggressiveness, and decreased patient survival [83]. Squamous cell carcinomas, independently of
their site of origin, are characterized by the expression of the stratified epithelial keratins K5, K14
and K17 and the hyperproliferative keratinocyte-type keratins K6 and K16. K1/K10 may also be
focally expressed, and K4 and K13 to a lesser extent. Interestingly, in poorly differentiated
squamous cell carcinomas, co-expression of the simple epithelial keratins which are not normally
found in these tissues; K8, K18 and K19 is often observed [5, 24]. At present, the exact role of
these keratins in tumorigenesis is not completely understood and needs further investigation
Although most keratin Knock out and transgenic mice do not have any apparent tumor phenotype
[84], K8 deficiency (in the FVB background) resulted in colorectal hyperplasia and inflammation,
and also shortens the latency, but not the incidence or the morphological features in mammary
adenocarcinomas [85, 86] . Human K8 overexpression results in early neoplastic-like alterations
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in the pancreas, including loss of acinar architecture, dysplasia and increased cell proliferation
[87]. This correlates with the extent of spontaneous pancreatic injury [88]. Furthermore, Ectopic
expression of K8 in the skin causes epidermal hyperplasia in young mice, epidermal atypia and
pre-neoplastic changes in aging mice, and malignant progression of benign skin tumors induced
by chemical skin carcinogenesis assays [87]. Based on transgenic mice studies and overexpression
in cultured cells, K10 was anticipated to block cell cycle progression in a retinoblastoma protein
dependent manner through sequestration of Akt and PKCζ [25]. These K10 null mice showed an
increased turnover of skin cells in situ and showed decrease in papillomas formation compared to
wild type [16]. Another report where, Chen et al. expressed chimeric keratin that contained the
K14 rod flanked by the K10 head and tail domains in basal keratinocytes using K14 promoter.
The turnover of basal keratinocytes in these mice was unaffected but accelerated papilloma
formation was observed in these mice after the chemical skin carcinogenesis protocol, most likely
due to suppression of apoptosis [89]. Furthermore, it has also been reported that K17 promotes cell
proliferation and tumor growth by polarizing immune response in skin and establish an
immunomodulatory role for K17 in Hedgehog (Hh) signaling driven basaloid skin tumors [90].
2.2.5.3.1 Keratin 8/18 and Cancer
It was demonstrated that simple epithelial keratins, K8/18 are aberrantly expressed in majority of
the squamous cell carcinomas including OSCC [4, 34]. Further, their aberrant expression has been
correlated with aggressiveness of the tumor and poor prognosis [33, 91]. K8/18 along with
vimentin has also been associated with drug resistance, metastatic and invasive properties of some
carcinomas and melanomas [80]. Transgenic mice expressing human K8 in the epidermis have a
dramatic increase in the progression of papilloma towards malignancy [92]. Previous work in our
laboratory has shown that K8 overexpression leads to neoplastic transformation and increased
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invasive and metastatic potential in stratified epithelial cell line derived from human fetal buccal
mucosa [35]. It has also been reported that K8/18 expression indicates a poor prognosis in
squamous cell carcinomas of the oral cavity [93]. Our laboratory has also shown that loss of
keratins 8 and 18 leads to alterations in α6β4-integrin-mediated signalling and decreased neoplastic
progression in an oral-tumor-derived cell line [36]. These observations together raise the
possibility that apart from being used for diagnosis and prognosis of cancers, keratins 8 and 18
may also be potential targets for SCC therapies. Hence, the molecular mechanism of the K8/18
mediated neoplastic transformation needs to be investigated.
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Table 2.2.5.3 Keratins as diagnostic markers in different tumor pathology, where a indicates
Focal/heterogeneous staining in some, but not all, cases. b indicates Focal or extended staining in basallike tumor. c indicates Non-mucinous. d indicates poorly differentiated cases. (Adapted from [24]).

2.2.5.3.2 Keratin 8 phosphorylation and Cancer
Phosphorylation is established as a potent modulator of keratin 8 conventional functions, although
its role in malignant transformation and the mechanism involved to bring about the same is still
ambiguous. Recently it has been shown that, phosphatase of regenerating liver 3; PRL3 may play
an important role in cell migration, invasion and metastatic potential of colorectal cancer through
direct K8 dephosphorylation at Serine73and Serine431 positions. They have also shown increased
PRL3 expression levels and concurrent dephosphorylation of K8 Serine73/ Serine431 at invasive
front in CRC tumour samples [39]. This was supported by data from our laboratory where
overexpression of K8 phosphomutants in an oral SCC derived cell line (AW13516) resulted in
increased cell migration and tumorigenic potential of the cells compared with the cells expressing
K8 wild type. Further the loss of K8 phosphorylation was observed in human OSCC tissues which
significantly correlated with size, lymph node metastasis and stage of the tumour [40]. Contrary
to this, a recent report demonstrated reduced K8 Serine73 phosphorylation via P38 MAPK pathway
upon sec 8 down-regulation, resulting in decreased cell migration in case of oral SCC derived cell
line [41]. Altogether, these reports suggest a context dependent role of K8 phosphorylation in
different cancers, although, the associated mechanism is still to be investigated. Moreover, an invivo transgenic study could be helpful to better understand and clarify the exact role of K8
phosphorylation in SCC.
Keratin mutations are associated with several skin, oral, esophageal, ocular, hair, and liver diseases
and more than expression their mutations are deleterious. For example, livers of K8- or K18-null
mice or mice that express K18 A89C (an EBS-like mutation) manifest a remarkable predisposition
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to injury and apoptosis [94]. K18 R89C and K14 R125 residues and their surrounding amino acids
are highly conserved, and K14 R125 mutations cause the severest form of EBS and are the most
common in keratin-related skin diseases [95, 96]. Abrogation of K18 Serine52 phosphorylation by
Alanine mutation did not affect filament organization after partial hepatectomy nor the ability of
mouse livers to regenerate. However, exposure of K18 S52A expressing mice to the hepatotoxins,
griseofulvin or microcystin, resulted in more dramatic hepatotoxic injury compared to WT K18expressing mice [97]. This suggests a physiologic role of K18 in protecting hepatocytes from
stress-induced liver injury. As stated earlier, K8 S73A expressing transgenic mice, mimic the
susceptibility of K8 G61C mice to injury, and provide a link between K8 phosphorylation and
disease-associated mutation. Upon apoptotic stimulation, G61C and S73A hepatocytes showed
increased non-keratin pro-apoptotic substrate phosphorylation by stress-activated kinases,
compared with wild-type hepatocytes. This was followed by Fas or MLR administration mediated
significant lethality and the G61C mice were markedly more susceptible to lethal liver injury as
compared with non-transgenic and K8 WT mice.

Further, the inhibition of K8 Serine73

phosphorylation (K8 S73A mutation) increases susceptibility to Fas-mediated liver injury, which
was confirmed by the marked lethality of S73A, as compared with WT K8 and non-transgenic
mice. The increased lethality of K8 S73A mice is likely attributable to increased hemorrhage and
apoptosis [66]. Further, the role of these important physiological sites and their respective PTM in
cancer is still to be explored.
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3.1 Plasmids and Cloning:
3.1.1 For the generation of tissue specific transgenic mice, K8 wild type and phosphomutants
were first cloned in pCCL K14 GFP vector [98]. The K8 wild type was PCR amplified
from pEGFP-N3 vector with the help of forward and reverse primers containing 5’ AgeI
and kozak sequence and 3’ NotI-SalI enzyme sites respectively. Further AgeI and SalI
enzymes were used to replace GFP of pCCL-K14 GFP vector with K8 wild type GFP
cassette. pCCL-K14-K8 WT GFP was then used to generate the phosphomutants by SDM
with the same primers used earlier [40].
3.1.2

pTU6 puro vector containing the shRNA 8.2 (Generated earlier in the laboratory [36]) was
used to knock down K8 in A431 cells .

3.1.3 To generate stable clone expressing K8 WT and phosphomutants in a K8 knockdown
background, retroviral constructs (pLNCX2) containing shRNA-resistant K8 WT and
phosphomutants were prepared. For this initially, shRNA-resistant K8 wild type GFP from
pEGFP N3 vector backbone was subcloned into pCMV 3X-Flag vector with EcoRV and
BsrG1 enzymes. The whole cassette containing shRNA-resistant Flag-K8 WT GFP was
then excised from pCMV vector and further cloned in pLNCX2 retroviral vector to
generate pLNCX2-Flag-K8 WT GFP construct. Further, shRNA-resistant Phosphodead
mutants (pLNCX2-3XFlag-K8 S73A GFP and pLNCX2-3XFlag-K8 S431A GFP) and
Phosphomimetic mutants (pLNCX2-3XFlag-K8 S73D GFP and pLNCX2-3XFlag-K8
S431D GFP) were generated by site-directed mutagenesis of the pLNCX2-3XFlag-K8 WT
GFP using Quick change site directed mutagenesis kit (Stratagen). The Oligonucleotides
were designed according to manufacturer’s protocol (Table 3.1.3).
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Table 3.1.3 List of the primers used for K8 site directed mutagenesis

S/No

Primers for Site

Sequences of the primers (5’-3’)

directed mutagenesis
1

K8 S73A FWD

CCAGAGCCTGCTGGCACCCCTTGTCCTGG

2

K8 S73A REV

CCAGGACAAGGGGTGCCAGCAGGCTCTGG

3

K8 S431A FWD

GGGCCTCACAGCCCCCGGCCTC

4

K8 S431A REV

GAGGCCGGGGGCTGTGAGGCCC

5

K8 S73D FWD

CCAGAGCCTGCTGGACCCCCTTGTCCTGG

6

K8 S73D REV

CCAGGACAAGGGGGTCCAGCAGGCTCTGG

7

K8 S431D FWD

GGGCCTCACAGACCCCGGCCTC

8

K8 S431D REV

GAGGCCGGGGTCTGTGAGGCCC

3.2 Virus Production
3.2.1 To generate high titer Lentiviral particles of K8 wild type and phosphomutants, the K8
GFP wild type (pCCL-K14-K8 WT GFP) and phosphodead mutants (pCCL-K14-K8 S73A
GFP/ pCCL-K14-K8 S431A GFP) together with the Virapower packaging mix (Sigma)
were transfected in HEK293-FT cells (at 70-80% confluency) by X-tremeGENE™ HP
DNA Transfection Reagent (Roche) according to manufacturer’s protocol. After 48h
supernatant was collected and ultracentrifugation was carried out at 25000G for 90min
each. The pellet was further resuspended in 100µl of incomplete DMEM and stored at 80°C. 48h post-transduction, the titer of the viral particles was analyzed on A431 cells by
immunofluorescence and FACS.
3.2.2 To generate high titer retroviral particles, the shRNA resistant K8 wild type (pLNCX2
3XFlag-K8 WT GFP), phosphodead mutants (pLNCX2-3XFlag-K8 S73A GFP /pLNCX23XFlag-K8 S431A GFP) and phosphomimetic mutants (pLNCX2-3XFlag-K8 S73D GFP
and pLNCX2-3XFlag-K8 S431D GFP) together with the packaging plasmids (pCL-Eco
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and pMD2.G) were transfected in HEK293-FT cells (at 70-80% confluency) by XtremeGENE™ HP DNA Transfection Reagent (Roche) according to manufacturer’s
protocol. After 48h supernatant was collected and then ultracentrifugation was carried out
at 25000G for 90mins each. The pellet was further re-suspended in 100µl of incomplete
DMEM and stored at -80°C. 48h post-transduction, the titer of the viral particles was
analyzed on A431 cells by immunofluorescence and FACS.
3.3 List of reagents: The reagents used are listed in the Table 3.3
Table 3.3 List of reagents

Reagents

Catalogue

Company

Country

CHX

C 7698

Sigma-Aldrich

USA

DAPI

D 9542

Sigma-Aldrich

USA

Dulbecco's modified eagle’s
medium (DMEM)

12800-017

Life technologies

Carlsbad, CA,
USA

EGF

E9644

Sigma-Aldrich

USA

E64D

E8640

Sigma-Aldrich

USA

Fetal bovine serum

SH30071.03

Hyclone, Thermo
Scientific

Lafayette, CO

FITC-conjugated Phalloidin

P5282

Sigma Aldrich

USA

G418

A1720

Sigma-Aldrich

USA

Matrigel

354234

BD Biosciences

Franklin lakes,
NJ, USA

MG-132

474790

Calbiochem

San Diego, CA,
USA
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Protease inhibitor Cocktail

539131

Calbiochem

San Diego, CA,
USA

Puromycin

P8833

Sigma-Aldrich

USA

PVDF membrane

RPN303F

GE Healthcare

UK

Revert Aid First Strand cDNA
synthesis Kit

K1622

Thermo Fischer
Scientific

USA

TNF-α

T 6674

Sigma-Aldrich

USA

TRI reagent

93289-

Sigma-Aldrich

USA

H-1000

Vector Laboratories

CA, USA

Cat. No. 06 366
244 001

Sigma-Aldrich

USA

100ml
Vectashield mounting
Medium
X-tremeGENE™ HP DNA
Transfection Reagent

3.4 Maintenance of cell lines:
3.4.1 Reagents:


Dulbecco’s Modified Eagle’s medium: DMEM was procured from GIBCO and the
powdered medium was dissolved in 1l of water (3.7g of sodium bicarbonate per liter
was added and the pH of medium was adjusted to 7.4). The medium was filtered using
Tarson’s assembly – 0.45μM Membrane filter (Whatman). 1ml of the filtered medium
was added to the sterility test medium and kept at room temperature for 6 days under
observation to ensure the sterility.



Sterility test medium: 14.9g of Fluid- Thioglycolate was dissolved in approximately
250 ml of water. The volume was made up to 500ml in measuring flask and boiled.
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After aliquoting, 6ml of the medium in glass tubes a pinch of calcium carbonate was
added to each tube and autoclaved.


Complete medium was prepared by adding 10% FBS, 10% of HEPES (100mM) and
1% antibiotic solution (GIBCO).



Phosphate Buffered Saline (PBS) : 150mM NaCl, 2mM KCl, 8 mM Na2HPO4, 1mM
KH2PO4.



Trypsin-EDTA solution: 0.025% Trypsin, 0.2mM EDTA, 5mM D-glucose, 5mM
KCL, 0.1M NaCl, 6mM NaHCO3 and autoclaved deionized water was prepared and
filtered using Millipore assembly – 0.45μM Membrane before use.



Erythrocin B staining solution:0.4% Erythrocin B in 1X PBS.



Freezing medium: 90% Fetal Bovine Serum, 10% DMSO.

Majority of the experiments were performed using A431 (a human epidermoid carcinoma derived
cell line) and HEK 293-FT cell lines. The cell-lines were maintained in DMEM supplemented with
10% FBS, 1% antibiotic concoction and grown in 5% CO2 atmosphere at 37⁰C. For the routine
maintenance of the cell lines following protocols were used.
3.4.2 Protocols:
3.4.2.1 Revival of cells: A vial was taken out from liquid nitrogen cylinder and placed into a
37ºC water bath for quick thawing. The thawed cell suspension was mixed gently and
transferred into a sterile test tube. 5ml of complete medium was added drop wise with gentle
shaking. The thawed cells with medium were further mixed smoothly using glass pipette. The
cell suspension obtained was centrifuged for 10min at 1500 rpm at RT. The supernatant was
discarded and the pellet was dislodged by finger tapping. 3ml of complete medium was added
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drop wise to the test tube with continuous shaking followed by centrifugation at 1000rpm for
10min at RT. The supernatant was discarded and the pellet was dislodged by tapping and resuspended in 1ml of complete medium. Total cell count and the percent viability were
calculated by dye exclusion method using Erythrocin B dye on a haemocytometer under an
inverted microscope. The medium was mixed by pipetting and the 100mm petri plates were
seeded with 1 X 106 cells. The cells were incubated in a humidified CO2 (5%) incubator at
37ºC and their growth was observed each day under inverted microscope.
3.4.2.2 Subculture/Trypsinization and transfer of cells: The cells were washed with 1X PBS
twice and trypsin-EDTA was added to the culture plate. Excess trypsin-EDTA was discarded
and the plate was incubated till the cells were partially detached. Complete medium was added
to inhibit the trypsin activity into plate containing detached cells. The resulting cell suspension
was mixed by pipette to make a single cell suspension. Total cell count was taken and
appropriate amount of cells depending upon cell type were seeded in culture plates. The plates
were incubated in humidified CO2 incubator at 37ºC.
3.4.2.3 Freezing and cryopreservation of cells: Log phase cells were trypsinized and single
cell suspension was obtained. After noting the total cell count, the cell suspension was spun at
1500rpm for 10min at RT. The supernatant was discarded and the pellet was dislodged by
tapping. One ml of freezing medium was added drop wise into the tube and mixed gently by
pipette. The cells suspension was then transferred to freezing vials. The freezing vials were
then placed in bio-freezer with 3 rings. First ring was removed after 90min, the second ring
was removed after 120min and third ring was removed after 150min. The vials were then kept
in liquid nitrogen freeze boxes at -196ºC for long term storage.
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3.5 Generation of stable cell-lines:
To generate pTU6 puro vector control and K8 knockdown clones, A431 cells were transfected
with pTU6 puro empty vector and pTU6 shRNA 8.2 with the help of X-tremeGENE™ HP DNA
Transfection Reagent (Roche) according to manufacturer’s protocol, respectively. The stable
clones with significant K8 down-regulation were then selected and maintained in 500ng/ml of
puromycin and were validated with different biochemical techniques. Two of the K8 knockdown
clones thus generated (KD2/KD8) were further transduced with the respective viral particles: the
shRNA resistant K8 wild type (pLNCX2-3XFlag K8 WT GFP), phosphodead mutants (pLNCX23XFlag-K8 S73A GFP /pLNCX2-3XFlag-K8 S431A GFP) and phosphomimetic mutants
(pLNCX2-3XFlag-K8 S73D GFP and pLNCX2-3XFlag-K8 S431D GFP). Stable clones were then
selected and maintained in 500ng/ml of puromycin and 600ng/ml of G418 sulphate.
3.6 Generation of transgenic mice:
For the lentiviral mediated transgenesis Swiss mice Crl:CFW (SW) were bred and maintained in
the laboratory animal facility of ACTREC. For the generation of transgenic mice using
electroporation, the purified Expression cassette was sent to Dr. Majumdar’s laboratory, NII Delhi.
Mice (FVB/J), bred at the small animal facility of National Institute of Immunology, were used
for the study. All protocols for animal studies were reviewed and approved by the Institutional
Animal Ethics committee constituted under the guidelines of the CPCSEA, Government of India,
(Project number 05/2015). All animals were kept at 24 ± 2°C under 14h light and 10h dark cycles
and used as per the National Guidelines provided by the Committee for the Purpose of Control and
Supervision of the Experiments on Animals (CPCSEA). The animals were received an autoclaved
balanced diet prepared in-house as per the standard formula and sterile water adlibitum. Mice were
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housed in the Individually Ventilated Cage (IVC) system (M/S Citizen, India) provided with
autoclaved rice husk bedding material available locally.
3.6.1 Lentiviral Mediated Transgenesis by In vivo Manipulation of Spermatogonial Stem
Cells [99]: 28 day old Crl:CFW (SW) male mice were anesthetized by intraperitoneal injection of
Avertin (Sigma) (2,2 tribromo-ethanol and t-amyl alcohol at the rate of 0.015ml/g body weight).
Hair was removed from the inguinal area of mice and the surgical site was cleaned using betadine.
Anterior to the penis, a single midline cutaneous incision of approx. 1–1.5cm length was made
using sterile surgical scissors under aseptic conditions. After making the incision in the muscles,
the testes were removed from the scrotal sac with curved sterile forceps through the incision by
gently pulling the dorsal fat pad associated with the testis. A solution of lentiviral particles for each
of the constructs (pCCL-K14-K8 WT/ S73A/ S431A GFP) re-suspended in incomplete media and
injected slowly into the inter-tubular space of both the testis of male mice using a 30-gauge needle.
The animals were kept on thermal plate until they recovered from the surgery to avoid
hypothermia. The profounder male mice were co-habituated with wild-type females 35 days posttransduction and the pups generated were analyzed for the presence of transgene. The pre-founder
male mice were mated with wild-type females (ratio 1:2). The progeny obtained was screened for
the respective transgene integration by gDNA PCR for further use.
3.6.2 Generation of transgenic mice with non-surgical in vivo injection and electroporation
of mice testis [100] :
The protocol was performed at NII, Delhi as a collaborative work with Dr. Subeer Majumdar.
Briefly, about 30 days old male mice (FVB/J) were anesthetized for short duration by
intraperitonial injection (100μl) of ketamine hydrochloride (45mg/kg) and xylazine hydrochloride
(8mg/kg). After removing hair from lower abdominal and scrotal region, area was cleaned with
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betadine (povidone-iodine) solution. Subsequently, sterile water was spread on scrotal area to
remove excess betadine. The respective K8 WT GFP and phosphomutant expression cassette
having K14 promoter with 0.04% Trypan blue, which was used to monitor the accuracy of the
injection, was injected slowly into the testis using the 10μl Hamilton syringe (701N; Hamilton
Bonaduz AG, Switzerland) from two different, diagonally opposite sites. DNA was delivered
through one injection site at a time. A small (0.5-inch-long) 26-gauge sterile needle (usually
supplied with tuberculin syringe) was slowly inserted up to middle of the testis and withdrawn to
generate path for introducing the needle of a Hamilton syringe. For standardization, about 20μl–
25μl of sterile water containing respective plasmid DNA (concentration ranging from 0.5μg/μl–
1.2μg/μl) was delivered unilaterally into a testis. Mild square electric pulses ranging from 50V to
90V were delivered to testis injected with DNA using tweezer type electrode and an electric pulse
generator (Electroporator ECM2001, BTX Instrument Division, Harvard Apparatus, Inc.,
Holliston, Massachusetts, USA). Sterile normal saline was spread occasionally on scrotum to keep
the skin moist for uniform electrical conductance during the procedure.

3.7 Genomic DNA extraction from mouse tail snips:
For genotyping and screening of transgenic mice, tail snips of ~2 mm size were collected and used
immediately (or stored at -800C) for the genomic DNA extraction. Proteinase K, 20mg/ml and
TNES buffer (1M Tris-HCl pH 7.4, 0.5M EDTA pH 8, 5M NaCl, 10% SDS, sterile water) were
thawed at 55°C until the solutions are clear. 500µl TNES buffer followed by 12.5µl Proteinase K
was added to each tube with tail in it. The preparation was then incubated at 550C water bath
overnight. After the digestion was completed, tubes were shortly centrifuged to spin down the
remaining tissue along with the drops in the cap. 150µl 6M saturated NaCl was added to each tube
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and vigorously shaken for at least 1 minute. The solution was spun down at full speed (13,000rpm)
for 5min to pellet protein and tissue remnants. Supernatant was removed and transferred into fresh
tubes. 500µl 100% Ethanol was added to each tube and mixed by inverting. A white thread like
material was visible which was pelleted by spinning down at full speed (13,000rpm) for 5min. The
supernatant was decanted and tubes were monitored for the presence of pellet. Pellets were washed
with 500µl 70% Ethanol. Supernatant was removed and pellet was air dried at room temperature
for about 10min. 100µl autoclaved water was added to each of the tubes and kept for dissolution
overnight at 40C or at 650C for 20min. Concentration of the isolated DNA was measured using
nanodrop Spectrophotometer before performing PCR.

3.8 Genotyping by PCR:
To screen the transgene positive mice, PCR was performed and the gDNA isolated from mouse
tail snips was used as a template. Primers specific to GFP were used for the screening and for Patch
gene were used as internal control. The primers used are described in Table 3.8. Amplified PCR
products were analyzed in 2% agarose gels containing 0.5g/ml ethidium bromide.

Table 3.8 List of primers for genotyping

S/NO.

Primer name

Sequence of primers

Annealing
temperature
(°C)
52

Cycles

1.

GFP Forward 5’ GTGAGCAAGGGCGAGGAG 3’

2.

GFP Reverse 5’ GCAGGACCATGTGATCG 3’

52

34

3.

Ptch Forward 5’ CTGCGGCAAGTTTTTGGTTG 3’

58

30

4.

Ptch Reverse

58

30

5’ AGGGCTTCTCGTTGGCTACAAG 3’
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3.9 Slot blot analysis
The results of PCR were further confirmed by Slot blot analysis (T A Brown) of few PCR-positive
animals. Transgene specific probe (for EGFP region) was generated with αP32dCTP using High
Prime DNA labeling kit (Roche Diagnostic GmbH, Mannheim, Germany). About 1 μg of gDNA
was blotted on membrane and hybridized with transgene specific probe for detection of transgene
in the progeny.

3.10 Tissue immunofluorescence:
Skin tissue samples were collected from respective mice and IF was carried out to screen the mice
expressing transgene. Formalin-fixed, paraffin-embedded, 5μm thick mice tissue sections were
mounted on poly-l-lysine coated glass slides. Sections were de-paraffinized with xylene and
incubated with 3% hydrogen peroxide in methanol for 30min in dark to quench the endogenous
peroxidase activity of the tissues. After blocking with horse serum for 1h at 37°C in humidified
chamber, sections were incubated with respective primary antibodies overnight at 4°C. The
sections were washed thrice with 1X PBS for 10min each followed by incubation with anti-mouse
(Alexa Fluor 488) or anti-rabbit (Alexa Fluor 568) conjugated secondary antibody for 1h. DAPI
was used to stain the nucleus and sections were then mounted using antiquenching agent
(Vectashield) and sealed. Confocal images were obtained using a LSM 780 Carl Zeiss Confocal
system.

3.11 DMBA-TPA mediated skin carcinogenesis:
Mouse skin was shaved at Postnatal day 22 and then Briefly, mice were treated 3 times (at postnatal day 23, 25 and 27) with DMBA (9,10-dimethyl-1,2-benzanthracene) (50µg; 195nmol) and
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then treated twice weekly with TPA (12-O-tetradecanoyl phorbol-13-acetate) (2.5µg; 4nmol) until
their sacrifice. DMBA stock solution was prepared by dissolving 15mg DMBA in powder form in
4.68ml acetone (1500µg /4680µl acetone i.e. 3.2µg/µl of acetone). This was Diluted 10 fold (1ml
main stock to 9ml of acetone) to make a working solution of 0.32µg/µl of acetone. A final
concentration of 50µg/animal (156.25µl) was used at the time of application. For TPA, stock
solution of 1mg/ml in acetone i.e. 1000µg/1000µl was prepared. 2.5µg of TPA animal, i.e. 2.5µl
of main stock/animal is required for each application. For this TPA was diluted by adding 25µl of
main stock (1mg/ml) in 1975µl of acetone at the time of application (2.5µg/ 200µl).

3.12 Preparation of whole cell lysates
The cells grown up to 70-80% confluency were scraped and suspended in SDS lysis buffer {5mM
EGTA, 5mM EDTA, 0.4% SDS and protease inhibitor cocktail (Calbiochem, 1X solution contains
500μM AEBSF, 500μM EDTA, 1μM E-64, 1μM Leupeptin and 1μg/ml Aprotinin, Cat no.
539131) in 25mM Tris HCl pH 7.2}. The cell suspension was then boiled in a boiling water bath
for 5-10min followed by centrifugation at 13000 rpm for 15min to remove cell debris. The
supernatant was then aliquoted and stored at -80°C for further use.

3.13 Preparation of Mouse tissue lysates:
To generate skin tissue lysates, mice were first sacrificed, shaved and the skin was excised (2”×
2” approximately). The excised skin tissue was kept in Trypsin-EDTA (1X), epidermis facing the
bottom, at 40C overnight. The dermis was separated from epidermis the next day using two sterile
forceps. Further mouse skin tissue lysate was prepared by homogenization followed by sonication
in modified RIPA buffer (50mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.2% sodium deoxycholate,
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0.2% sodium dodecyl sulfate (SDS), 1mM sodium ethylene diamine tetra acetate, 1mM phenyl
methyl sulfonyl fluoride, 5µg/ml of aprotinin, 5µg/ml of leupeptin). The lysates for different
organs were prepared by first homogenizing in liquid nitrogen and then process in the same way
using RIPA buffer. Cell debris was removed by centrifugation (13000rpm, 4°C, 15min). The
supernatant was then aliquoted and stored at -80°C for further use.

3.14 Protein estimation by modified Lowry’s method [101]
Standards were prepared of BSA concentration gradient. 1ml of 5 to 25μg/ml BSA was taken in
test tubes in duplicates as standard along with blank. 3μl of whole cell lysates were added in test
tubes in duplicates and the volume was made up to 1ml by distilled water. 1ml of Copper Tartarate
Carbonate (CTC) solution (0.1 % copper sulphate (w/v), 0.2 % potassium tartarate (w/v), 10 %
Sodium carbonate (w/v), Solution A (Equal volumes of CTC solution, 10 % SDS (w/v), 0.8N
NaOH (w/v) and distilled water (1: 1: 1: 1 proportion)) was added to each test tube and the tubes
were vortexed followed by incubation at RT for 10min. 500μl diluted FC reagent (1 part of FC
reagent and 5 parts of distilled water) was added to each tube. The tubes were vortexed and
incubated at RT for 30min in dark and absorbance was read at 750nm using a spectrophotometer.
First the standard curve was plotted which was further used to determine protein concentrations of
respective samples.
3.15 SDS PAGE [102]
The samples were dissolved in PAGE sample buffer (62.5mM Tris HCl pH 6.8, 25% Glycerol
w/v, 2% SDS, 0.5% Bromophenol blue) and were separated on 10-15% SDS PAGE depending on
the molecular weight of the proteins being analyzed with 5% stacking gel.
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3.16 Western blotting[103]
After SDS-PAGE, the gel with resolved proteins and the activated PVDF membrane were placed
in form of the sandwich and wet electro-blotting using transfer buffer (190mM Glycine, 20%
methanol, 0.05% SDS, 25mM Tris base) was carried out at 100 V for 1h. Transfer of proteins was
visualized using Ponceau-S staining (0.2% ponceau stain in 5% acetic acid). The blot was
incubated in blocking solution (3% BSA in TBS or 5% Milk in 1X TBS) for 1h at RT on a rocker.
After blocking the blot was incubated with diluted primary antibody for 1h at RT on the rocker.
The list of primary antibodies used is given in the Table 3.16.1.1. The blot was then washed thrice
with TBST (0.1% TWEEN 20 (v/v), 150mM NaCl, 10mM Tris HCl pH 8.0) followed by
incubation with horseradish peroxidase (HRPO) conjugated secondary antibody for 1h at RT on
the rocker. The list of secondary antibodies used is given in the Table 3.16.1.2. The secondary
antibody was removed and the blot was washed thrice with TBST. Blots were developed using
ECL prime- chemiluminescence reagent according to the manufacturer’s protocol.
Table 3.16.1.1: List of primary antibodies used in western blotting and Immunofluorescence

S/N

Name of

o

antibody

1

Keratin 8

2

Catalog No

Western blotting dilutions
Primary

Secondary

Sigma(#C5301)

1:8000(WB)

1:4000 (anti mouse)

Anti-Flag

Sigma (#3165)

1:8000(WB)

1:4000 (anti mouse)

3

β-actin

Sigma(#A5316)

1:8000 (WB)

1:4000 (anti mouse)

4

Keratin8-

Sigma

1:1000(WB)

1:2000 (anti Rabbit)

pSer73

(#SAB4503768)

Keratin8-

Abcam(#ab59434)

1:1000(WB)

1:2000 (anti Rabbit)

5

pSer431
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6

Keratin14

Serotec(#MCA890)

1:8000(WB)

1:4000 (anti mouse)

7

Keratin5

Novacastra(#NCL-

1:1000(WB)

1:4000 (anti mouse)

CK5)
8

Keratin18

1:200(IF)

Sigma (#C8541)

1:4000(WB)

1:4000 (anti mouse)

1:200(IF)
9

ERK1/2

Abcam(#Ab36991)

1:2000(WB)

1:4000 (anti mouse)

10

Phospho

Abcam(#Ab4819)

1:1000(WB)

1:2000 (anti Rabbit)

Cell signaling

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

ERK1/2
pThr185/Thr202
11

JNK/SAPK

technologies (#9252)
12

Phospho

Cell signaling

JNK/SAPK

technologies (#9251)

pThr183/Tyr18
13

FAK

Cell signaling
technologies (#3285)

14

15

Phospho FAK

Cell signaling

pTyr397

technologies (#3283)

Shc

Cell signaling
technologies (#2432)

16

Phospho Shc

Cell signaling

pTyr317

technologies (#2431)
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Phospho-Shc

Cell signaling

pTyr239/240

technologies (#2434)

18

Fascin

19

Phospho Fascin

17

1:1000(WB)

1:2000 (anti Rabbit)

Abcam(#Ab49815)

1:1000(WB)

1:4000 (anti mouse)

Abcam(#Ab90618)

1:1000(WB)

1:2000 (anti Rabbit)

Millipore

1:1000(WB)

1:4000 (anti mouse)

1:1000(WB)

1:2000 (anti Rabbit)

pSer39
20

Beta 4 Integrin

(#MAB1964)
21

AKT

Cell signaling
technologies(#9272)

22

Phospho AKT

Abcam(#Ab27773)

1:1000(WB)

1:4000 (anti mouse)

23

p21

Santacruz(sc-471)

1:1000(WB)

1:2000 (anti Rabbit)

24

p27

Santacruz(sc-528)

1:1000(WB)

1:2000 (anti Rabbit)

25

E-cadherin

Abcam(#Ab1416)

1:1000(WB)

1:4000 (anti mouse)

26

TMSI

Cell signaling

1:1000(WB)

1:2000 (anti Rabbit)

technologies
(#13833)
27

PKCδ

Santacruz(sc-213)

1:1000(WB)

1:2000 (anti Rabbit)

28

RANBP1

Cell signaling

1:1000(WB)

1:2000 (anti Rabbit)

1:6000(WB)

1:4000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

technologies(#8780)
29

14-3-3γ

Cell signaling
technologies(#9637)

30

RhoGDI

Cell signaling
technologies(#2564)
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31

IκBα

Cell signaling

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:4000 (anti mouse)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:2000(WB)

1:4000 (anti mouse)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

technologies(#4812)
32

33

Phospho IκBα

Cell signaling

pSer32/36

technologies(#9246)

Ikkβ

Cell signaling
technologies(#2684)

34

35

Phospho Ikkα/β

Cell signaling

pSer170/180

technologies(#2697)

CDK6

Cell signaling
technologies(#3136)

36

SHIP1

Cell signaling
technologies(#2725)

37

Paxilin

Cell signaling
technologies(#2542)

38

39

Phospho Paxilin

Cell signaling

pTyr118

technologies(#2541)

Cofilin

Cell signaling
technologies(#3318)

40

41

Phospho Cofilin

Cell signaling

pSer3

technologies(#3313)

MARCKSL1

Cell signaling
technologies
(#59568)
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42

NFκβ

Abcam(#Ab7970)

1:1000(WB)

1:2000 (anti Rabbit)

43

Cdc2

Cell signaling

1:1000 (WB)

1:4000 (anti mouse)

1:1000 (WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:4000 (anti mouse)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

technologies
(#9116)
44

Cdc2

Cell signaling

pThr14

technologies
(# 2543)

44

45

46

47

Cdc2

Cell signaling

pTyr15

technologies(#9111)

MAPK

Cell signaling

(ERK1/2)

technologies(#9102)

MAPK (ERK1)-

Cell signaling

pTyr204/187

technologies(#5726)

PRAS40

Cell signaling
technologies(#2691)

48

49

PRAS40

Cell signaling

pThr246

technologies(#2997)

c-JUN

Cell signaling
technologies(#9165)

50

51

c-JUN

Cell signaling

pSer243

technologies(#2994)

eIF4B

Cell signaling
technologies(#3592)
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52

53

eIF4B

Cell signaling

pSer422

technologies(#3591)

4EBP1

Cell signaling

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

1:1000(WB)

1:2000 (anti Rabbit)

technologies(#9542)
54

55

4EBP1

Cell signaling

pThr37/46

technologies(#3929)

Cortactin

Cell signaling
technologies(#3503)

56

Cortactin

Cell signaling

pTyr421

technologies(#4569)

Table 3.16.1.2 List of secondary antibodies used in western blotting and Immunofluorescence

S/No

Name of antibody

Catalog No

Dilution

1

Anti-Mouse HRPO

GE

1:8000 (WB)

healthcare(#NA931)

2

Anti-Rabbit HRPO

GE

1:2000 (WB)

healthcare(#NA934)

3

Anti-Mouse Alexafluor 488

Invitrogen (#2465)

1:200(IF)

4

Anti-Rabbit Alexafluor 568

Invitrogen (#)

1:200(IF)

5

Anti-Mouse Alexafluor 568

Invitrogen (#A10011)

1:200(IF)
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3.17 Quantitative total and phosphoproteomics:
3.17.1 Cell lysis, Protein digestion and TMT labelling:
For total proteomics, cell lysates were prepared from A431 vector control and K8 knockdown cells
in TEABC lysis buffer (2% SDS, 5mM sodium fluoride, 1mM β-glycerophosphate, 1mM sodium
orthovanadate in 50mM Triethyl ammonium bicarbonate). The cell lysates were sonicated and
centrifuged at 12,000rpm for 10min. The protein concentration was estimated using Bicinchoninic
acid assay (BCA) (Pierce, Waltham, MA). 8mg of protein from each cell type was reduced (using
DTT at a final concentration of 5mM at 60˚C for 20min) and alkylated using 10mM iodoacetamide
for 10min at room temperature in the dark. We employed filtered sample preparation (FASP)
protocol as described earlier [104] to remove SDS. After SDS removal again protein estimation
was carried out. 1.4mg of protein from each cell types were subjected to digestion using TPCK
treated trypsin (1:20, Promega, cat. No. V542A) at 37°C for 12-16h. Peptides equivalent to 1.4mg
of protein from each cell type was labelled using TMT labelling method as per manufacturer’s
instruction in two different channels (700µg of protein was labelled per channel). Peptides derived
from vector control were tagged with TMT tag 128C/128n, K8 knockdown clone KD8 with
129N/C and K8 knockdown clone KD8 with 130C/131. For phosphoproteomics of K8 wild type
and phosphomutants, the lysates were prepared and processed as above. Peptides derived from
wild type (KD-8WT) were labelled with TMT tag 126 and 127C, KD8-S73A with TMT tag 127N
and 128C, KD8-S431A with TMT tag 128N and 129C, KD8-S73D with TMT tag 129N, and 130C
and KD8-S431D with TMT tag 130N and 131 (Table 3.17.1). After labelling, all the peptides were
pooled and subjected to basic reverse phase liquid chromatography.
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Table 3.17.1 Table depicting the TMT tags used for differential quantitative proteomics and
phosphoproteomics

3.17.2 Basic reversed-phase liquid chromatography (bRPLC)
Pooled labelled peptides were subjected to bRPLC fractionation generating 96 fractions, as
described earlier [105]. The fractions were concatenated into 12 fractions.

3.17.3 Phosphopeptides enrichment using TiO2 Chromatography (for phosphoproteomics):
Each fraction was subjected to TiO2-based phosphopeptide enrichment. The TiO2-beads
(Titansphere, GL Sciences Inc.) were incubated with DHB solution (80% ACN, 1% TFA and 3%
2,5-dihydroxybenzoic acid) for 1h at room temperature. Each fraction was resuspended in 3%
DHB solution and incubated with TiO2beads at 1:1 ratio for 30min at room temperature.
Phosphopeptide-bound TiO2beads were washed three times with DHB solution and twice with
40% ACN. Phosphopeptides were eluted three times with 40μL of 2% ammonia solution into tubes
containing 10μL of 20% TFA on ice. The phosphopeptides were dried and resuspended in 30μL
of 0.1% TFA and desalted using C18 Stage Tips. The eluted phosphopeptides were subjected to
LC-MS/MS analysis.
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3.17.4 LC-MS/MS analysis
The enriched phosphopeptides were analyzed on Orbitrap Fusion™ Tribrid™ Mass Spectrometer
(Thermo Electron, Bremen, Germany) interfaced with Easy-nLC 1000 liquid chromatography
system (Thermo Scientific, Odense, Denmark). The peptide digests were reconstituted in 0.1%
formic acid and loaded onto trap column (75µm x 2cm) packed in-house with Magic C18 AQ
(Michrom Bioresources, Inc., Auburn, CA, USA). Peptides were resolved on an analytical column
(75µm x 20cm) at a flow rate of 350nl/min using a linear gradient of 10-35% solvent B (0.1%
formic acid in 95% acetonitrile) over 80min. Data dependent acquisition with full scans in 3501700 m/z range was carried out using an Orbitrap mass analyzer at a mass resolution of 120,000
at 400 m/z. Fifteen most intense precursor ions from a survey scan were selected for MS/MS which
were fragmented using HCD fragmentation with 32% normalized collision energy and detected at
a mass resolution of 30,000 at 400 m/z. Dynamic exclusion was set for 30sec with a 10ppm mass
window. Internal calibration was carried out using lock mass option (m/z 445.1200025) from
ambient air.

3.18 RNA extraction
The RNA from cell lines was isolated by Tri reagent as per the manufacturer’s instructions. Briefly,
the cells were grown to a confluency of 80% in a 100mm dish. The medium was removed and
cells were lysed by adding 1ml/100 cm2 plate of Tri-reagent. The lysate was transferred into a
1.5ml tube and 100μl of chloroform was added and incubated for 2min at RT. The phase was
separated by centrifugation at 12000rpm and supernatant was transferred to a new tube. RNA was
precipitated by adding isopropanol and spun at 12000rpm. The pellet was washed by 75%ethanol;
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air dried and dissolved in 50μl of DEPC treated water. The purity and content of RNA was
determined using NanoDrop TM Spectrophotometer.

3.19 Reverse transcriptase based cDNA synthesis:
cDNA synthesis was carried out as per the manufacturer’s protocol (MBI fermantas). Briefly, 34μg of total RNA and 0.2μg (100pmol of random hexamer/oligo(dT) in a volume of 12μl were
incubated at 70ºC for 5min and chilled on ice and centrifuged. Reaction buffer, RiboLock™ RNase
Inhibitor, dNTP Mix was added to obtain final concentration of 1X, 1unit/μl and 1mM each
respectively and incubated at 25°C for 5min. RevertAid™ H Minus M-MuLV Reverse
Transcriptase (200 units) was added and the reaction mixture was incubated at 25°C for 10min
followed by 42°C for 1h. The reaction was terminated by heating at 70°C for 10min.

3.20 Semi Quantitative PCR
To determine mRNA levels of different genes, semi-quantitative PCR amplification method was
used. cDNA synthesis was carried out as per the manufacturer’s protocol (MBI fermantas). Briefly,
1µg of total RNA and 0.2µg (100pmol of random hexamer/oligo(dT) in a volume of 12µl were
incubated at 70ºC for 5min and chilled on ice and centrifuged. Reaction buffer, RiboLock™ RNase
Inhibitor, dNTP Mix was added to obtain final concentration of 1X, 1unit/µl and 1mM each
respectively and incubated at 25ºC for 5min. RevertAid™ H Minus M-MuLV Reverse
Transcriptase (200 units) was added and the reaction mixture was incubated at 25ºC for 10min
followed by 42ºC for 1h. The reaction was terminated by heating at 70ºC for 10min. PCR products
were run on agarose gel electrophoresis to compare RNA levels. The PCR conditions and primers
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used are described in the table 3.20. Amplified PCR products were analyzed in 2% agarose gels
containing 0.5g/ml ethidium bromide.

Table 3.20 RT-PCR details of target genes (Primer sequence and PCR Condition)

S/No.

Sequence (5’-3’)

Gene

1

GAPDH F

ATCGTGGAAGGACTCATGACC

Annealing
temperature (°C)
52

2

GAPDH R

AGGGATGATGTTCTGGAGAGC

52

27

3

Keratin 8 F

AGATGAACCGGAACATCAGC

54

30

4

Keratin 8 R

TCCAGCAGCTTCCTGTAGGT

54

30

5

Keratin 18 F

TGAGACGTACAGTCCAGTCCTT

56

30

6

Keratin 18 R GCTCCATCTGTAGGGCGTAG

56

30

7

Keratin 17 F

52

28

8

Keratin 17 R GCGGTTCTTCTCTGCCATCTTC

52

28

9

Keratin 5 F

GAGGCCAAGGTTGATGCACTG

58

30

10

Keratin 5 R

GTCCAGGTTGCGGTTGTTGTC

58

30

GGAGCTGGCCTACCTGAAGAAG

PCR cycles
27

F: Forward primer, R: Reverse primer

3.21 Immunofluorescence:
Cells were grown on glass cover slips for 48h till they reached a confluency of 60-70%. Adhered
cells were directly fixed either with chilled 100% methanol in -20°C or 4% paraformaldehyde at
RT for 10min and 15min respectively. After fixation, coverslips were washed thrice with 1X PBS
for 10min each. The cells were then permeablized using 0.3%Triton X-100 for 90sec in case of
methanol fixation and 10min in 0.7% Triton X-100 when cells were fixed with paraformaldehyde.
The coverslips were again washed thrice with 1X PBS for 5min each. They were then placed in a
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small humidified chamber and 5% BSA was layered over the cells for blocking and incubated for
1h. BSA was drained and the cells were layered with 50μl of primary antibody diluted in 5% BSA
and incubated for 1h. The coverslips were washed thrice with 1X PBS for 10min each followed
by incubation with 100μl of anti-mouse (Alexa Fluor 488) or anti-rabbit (Alexa Fluor 568)
conjugated secondary antibody for 1h and later washed with 1X PBS thrice for 10min each. DAPI
was used to stain the nucleus. Coverslips were then mounted using antiquenching agent
(vectashield) and sealed. Confocal images were obtained using a LSM 780 Carl Zeiss Confocal
system. Scatter Plots were generated and Pearson’s correlation coefficient(R) for colocalization
were calculated using Carl Zeiss (zen 2012 SPI black edition, 64 bit) software. List of the primary
and secondary antibodies used are given in the Table 3.16.1.1 and 3.16.1.2.

3.22 Luciferase Reporter assay:
A431 vector control and K8 knockdown cells were co-transfected with ConA luc control or 3x ĸB
ConA luc, pBIND-Renilla-Luc and other relevant vectors by calcium phosphate method. After
48h, cells were lysed and 10μg lysate was used for the assay. Luciferase assay was performed in
96 well white plate using Dual Luciferase Assay System (Promega) as per the manufacturer’s
protocol. Luciferase activity was measured using the 96-well luminescence plate reader. Renilla
luciferase was used for transfection normalization.

3.23 Rac Activity assay: Rac activity assay was performed as per manufacture protocol (RhoA /
Rac1 / Cdc42 Activation Assay Combo Biochem Kit (bead pull-down format) (Cat. # BK030)
Cytoskeleton, inc.
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3.24 Mass Spectrometry data analysis:
The mass spectrometry derived data was searched against “Human RefSeq protein database”
(Version 65, containing 36211 protein entries with common contaminants added) using
“SEQUEST” and “Mascot” search algorithms through “Proteome Discoverer” platform (version
1.4.1.14, Thermo Scientific,) as described in earlier report [105, 106]. The search parameters for
both algorithms included: carbamidomethylation of cysteine and TMT 10-plex (C229.163)
modification at N-terminus of peptide and lysine as fixed modifications; N-terminal acetylation,
oxidation of methionine, phosphorylation at Serine, Threonine and Tyrosine (+79.966 Da) as
variable modifications. MS/MS spectra were searched with a precursor mass tolerance of 10 ppm
and fragment mass tolerance of 0.05Da. Trypsin was specified as protease and a maximum of two
missed cleavages were allowed. The data were searched against decoy database and the false
discovery rate was set to 1% at the PSM level. The probability of phosphosite localization for each
Serine/Threonine site on each protein was calculated by the phosphoRS 3.1 node in the Proteome
Discoverer (version 1.4, Thermo Scientific). Phosphopeptides with > 75% localization probability
were considered. The phosphorylation sites that were identified with >75% localization probability
were assigned to different sites by the search algorithm and were manually corrected based on the
phosphoRS localization probability for a given residue. Peptide with ratio ≥1.5-fold cut-off were
considered for differential phosphosites.

3.25 Bioinformatics analysis
The mass spectrometry-derived data was searched against “HPRD” (Version 65, containing 36211
protein entries with common contaminants added) using “SEQUEST” and “Mascot” search
algorithms through “Proteome Discoverer” platform (version 1.4.1.14, Thermo Scientific,) as
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Phosphopeptides with a fold change of ≥1.5

(up/downregulated) were considered for further bioinformatics analysis. “PhosphoELM” [107],
“PhosphoSitePlus” and “Uniprot” database were referred to determine the known and novel
phosphosites identified in our Mass-spectrometry data. To determine the orthogonal or
overlapping phosphoproteomic profile amongst all the datasets, “Venny2.1 tool” was used.
“STRING analysis tool” was used for protein-protein interaction analysis of different
Phosphoproteins. All quantified phosphopeptides were analyzed using “Ingenuity Pathway
Analysis” (IPA, Ingenuity systems, Qiagen, used in collaboration with IOB, Bangalore) by core
analysis. The over represented “Biological processes”, “Molecular functions” and “Canonical
pathways” were generated based on information contained in the Ingenuity Pathways Knowledge
Base. The significance of the association between the dataset and the canonical pathway was
measured in 2 ways: (1) A ratio of the number of molecules from the dataset that map to the
pathway divided by the total number of molecules that map to the canonical pathway is displayed.
(2) Fisher’s exact test was used to calculate a p-value determining the probability that the
association between the genes in the dataset and the “Canonical pathways” is explained by chance
alone. “Enrichr tool” [108] was used to analyze “PPI hub proteins” of the set of phosphoproteins
showed significant reversal in phosphorylation levels. “PANTHER GO-functional annotation”
[109] was used to determine “Protein class” within the datasets showing significant reversal in
phosphorylation levels. Xcalibur version-3.0 was used to determine the quantitative spectra for
phosphopeptides.

99

Chapter-III
Chapter-III

Materials and Methods

3.26 In vitro wound healing assay for migration:
The cells were grown in 35mm plates to 95% confluency. Cells were replaced with fresh medium
containing 20μg/ml mitomycin C for 3h. After incubation medium was discarded and wounds were
scratched with the help of sterile 2μl pipette tip. The cells were fed with fresh medium without
serum and observed under an Axiovert 200 M Inverted Carl Zeiss microscope fitted with a stage
maintained at 37ºC and 5% CO2. Cells were observed by time lapse microscopy, and images were
taken every 20min for 20h using an AxioCam MRm camera with a 103 phase 1 objective.
Migration was measured using Axiovision software version 4.5 (Zeiss).

3.27 Boyden chamber cell invasion and migration assay:
The invasiveness of the cells was determined by the Boyden chamber invasion assay. 40μl
Matrigel (1mg/ml) with 140μl incomplete DMEM was applied to 8μm-pore-size polycarbonate
membrane filters and the bottom chamber was filled with 0.6ml of complete DMEM. 2 x 105 cells
were seeded in the chamber in serum-free medium, and then incubated for 16h at 37°C. At the
15thh, the cells on the upper surface were carefully removed with a cotton swab. The membranes
containing invaded cells were fixed with 4% PFA and stained with DAPI. The invasiveness was
quantified by counting 25 random fields under an upright microscope. Results obtained from three
independent experiments each in triplicate were represented as mean values using ±SEM obtained
from software Graphpad prism 5. For Boyden chamber migration assay, same protocol was
followed without adding matrigel to the 8μm-pore-size polycarbonate membrane filters.
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3.28 Cell proliferation/MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide) viability assay [110]
2000 cells/100μl were seeded per well, in a 96-well microtitre plate. Proliferation was studied
every 24h up to a period of 4 days. At the desired time points, 100μl of the medium was replenished
from the designated wells and 20μl MTT solution (5mg/ml MTT in 1X PBS) was added to each
well. Plate was incubated at 37°C in a CO2 incubator for 4h, then 100μl of acidified SDS (10%SDS
in 0.01N HCl) was added to each well and incubated overnight at 37°C. Next day, the absorbance
was measured on an ELISA plate reader at 540nm against a reference wavelength of 690nm.
Growth curve was plotted from three independent experiments.

3.29 Colony-forming assay
200 cells were plated in 60mm tissue culture plates in triplicates. Cells were grown in complete
medium for 14 days, with medium changes every 2–3 days. Cells were first fixed with methanol
for 5min at RT and then washed twice with 1X PBS. They were later stained with crystal violet
solution (0.5% crystal violet in 20% methanol) for 5min at RT. After washes with distilled water,
the images of stained cells were captured using high-resolution Nikon camera. The colonies were
counted with Metamorph software.

3.30 Soft agar colony forming assay
The assay was performed in a 35mm Petri plates. As a first step, 1ml of the basal layer was made
by adding equal volumes of 2X complete IMDM/DMEM and 2% low melting agarose. 1000 cells
in complete medium containing 0.4% low melting agarose were seeded over the basal layer. Plates
were fed with complete medium on every alternate day and incubated at 37°C in a 5% CO2
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incubator for 15 days. Opaque and dense colonies were observed and counted microscopically on
day 15. The assay was carried out in triplicates.

3.31 In vivo tumorigenicity assay:
The tumorigenic potential of K8 knockdown/vector control was determined by subcutaneous
injection in NOD-SCID mice. The cells were suspended in plain medium without serum and 1 x
106 cells were injected sub-cutaneously in the dorsal flank of 6-8 weeks old mice. 6 mice were
injected per clone and were observed for tumor formation over a period of approximately 2 weeks.
Tumor volume was determined using a digital vernier caliper and its calculation was carried out
by the modified ellipsoidal formula, [Tumor volume = 1/2(length x width2)]. All protocols for
animal studies were approved by the ‘‘Institutional Animal Ethics Committee (IAEC)’’ (Approval
ID: 5/2015). A Committee formed under the guidelines of the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA), Government of India.

3.32 Statistical analysis:
Two groups of data were statistically analyzed by t test using Graph-pad Prism5 Software. A p
value less than 0.05 was considered statistically significant.
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4.1 To generate Keratin 8-WT and phosphomutant expressing tissue specific Transgenic
mouse.
Our cell line based studies together with other reports have shown that K8 phosphorylation
regulates neoplastic progression of different carcinomas in a context dependent manner. To
understand the exact function of K8 phosphorylation in neoplastic progression, we wanted to
generate transgenic mouse model expressing K8 wild type and phosphomutants (K8 S73A and K8
S431A). Earlier reports have shown that, K8 S73A expressing mice (under a ubiquitous CMV
promoter) died due to hepatotoxic injuries under stress conditions. Therefore, we chose to generate
transgenic mouse model which would express K8 phosphomutants and wild type specifically in
basal cells of stratified epithelia with the help of K14 promoter.
4.1.1 Lentiviral Mediated Transgenesis:
4.1.1.1 Generation of lentiviral particles and determination of titer: The lentiviral particles
for all three constructs (pCCL-K14-K8 WT/S73A/S431A GFP) were generated as shown in the
Figure 4.1.1.1.1 A, B. The constructs were validated by restriction digestion with XhoI and
BamHI resulting in the release of K14 promoter (2.1kb) and K8 (1.5kb). The gel image is shown
in the Figure 4.1.1.1.1 C. All the three constructs were further sequence verified using CNV
forward and GFP reverse primers respectively (Figure 4.1.1.1.2 A, B). In addition the complete
expression cassette was sequenced using overlapping primers ( Figure 4.1.1.1.2 C). Further high
titer lentiviral particles were produces as described in Figure 4.1.1.1.3 using vira power packaging
mix. The transduction efficiency was assessed by transducing each of these viral particles with a
dilution of 1:100 and 1:1000 to the HEK 293 cells. 36h post transduction, these cells were
collected and the GFP positive cells were analyzed by FACS which confirmed titer to be 109TU/µl
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for all the three constructs in case of both the dilutions suggesting that a high titer viral particles
could be prepared for further use (Figure 4.1.1.1.4 A, B, C).

Figure 4.1.1.1.1: Generation and validation of K8 WT and phosphodead mutant constructs: A) The
schematic depicting the strategy used to generate pCCLK14-K8 WT GFP construct using AgeI-SalI
enzymes in pCCL-K14 GFP lentiviral vector backbone. B) Cartoon demonstrating the generation of
phosphodead mutant constructs (pCCL-K14-K8 S73A/ S431A GFP) by SDM of pCCLK14-K8 WT GFP. C)
Representative gel pictures showing positive clones for K8 WT GFP, K8 S73A GFP and K8 S431A GFP in
pCCL –K14 vector backbone.
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Figure 4.1.1.1.2: Sequence analysis of the respective lentiviral constructs: Representative images of
sequencing for the validation of insertion of the respective mutation in the phosphodead mutant constructs,
pCCL-K14-K8 S73A (A) and K8 S431A GFP (B) using CMV forward and GFP reverse primers respectively.
(C) Representative image of full length expression cassette “K14-K8 GFP” sequenced using overlapping
primers. (Respective primers are shown in the figure).
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Figure 4.1.1.1.3: Preparation of high titer lentiviral particles for generation of transgenic mice:
Schematic of the protocol used to generate the high titer lentiviral particles for all the three constructs.

4.1.1.2 Validation of viral particles: HEK 293 cells were transduced with each of the K8 wild
type and phosphomutant viral particles and incubated for 48h. Further the expression of K8 wild
type GFP together with phosphomutants was analyzed by immunofluorescence western blotting
and semi-quantitative PCR. The immunofluorescence images show proper filamentous
architecture of K8 WT and phosphomutants in the HEK293 cells post 48h of transfection (Figure
4.1.1.2 A). Further the 82kD high molecular band in the western blot corresponds to K8 GFP
whereas a 52kD band represents endogenous K8. The appearance of a higher molecular weight
band (82kD) validated the integration as well as expression of respective exogenous K8 GFP for
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all three constructs at protein level (Figure 4.1.1.2 B). Semi-quantitative PCR with GFP specific
primers further confirmed our results (Figure 4.1.1.2 C).

Figure 4.1.1.1.4: Preparation of high titer lentiviral particles for generation of transgenic mice: A)
Representative image showing the FACS analysis of HEK 293 cells post 48h of transduction of pCCL K14K8 WT GFP, pCCL K14-K8 S73A GFP and pCCL K14-K8 S431A GFP viral particles, respectively. For titer
calculations 1:100 and 1:1000 dilutions of concentrated viral particles were used. B) Table shows the
percent GFP positive cells and mean fluorescent intensity of HEK 293 cells post 48h of transduction of
pCCL K14-K8 WT GFP, pCCL K14-K8 S73A GFP and pCCL K14-K8 S431A GFP viral particles,
respectively. C) Table shows the titer calculated according to the formula given in the figure for viral particle
of each of the constructs.
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Figure 4.1.1.2: Validation of lentiviral particle: A) Immunofluorescence images of HEK 293 FT after 48h
of transfection with K8 WT and phospodead mutants. GFP positive cells (Green) were observed using
confocal microscopy for all the three constructs. Nucleus is counterstained with DAPI (blue) (Scale bar
20μm) B) Western blot analysis of HEK 293 FT cells post 48h of transfection with respective K8 WT or
phosphodead mutant constructs. Appearance of an 82kD band corresponds to K8 GFP. C) Representative
image of semi-quantitative PCR of full length K8 GFP (2.3kbp) for all the three K8 WT and phosphodead
mutant constructs.

4.1.2 Generation of transgenic mice by lentiviral mediated in vivo Manipulation of
Spermatogonial Stem cells: To generate tissue specific transgenic mouse model, in vivo
Manipulation of spermatogonial Stem Cells by high titer lentiviral particles was carried out. For
this 5-10µl of recombinant viral particles (109TU/µl) expressing K8 wild type as well as
phosphomutants were injected into the intertubular spaces of the testis of 3 weeks old Swiss mice
Crl:CFW (SW) targeting undifferentiated spermatogonia present in the seminiferous tubules.
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Injection into the intertubular space allows the lentivirus to infect undifferentiated spermatogonial
cells located at the basement of the seminiferous tubules. These male mice, referred to as prefounder mice, were mated with wild type females of the same strain (Swiss) 35 days post infection
(Figure 4.1.2.1, 4.1.2.2 and 4.1.2.3). To determine whether the progeny from these crosses carried
the transgene, genotyping by tail gDNA PCR was performed. For this genomic DNA was isolated
from the tail snips of all the pups. The integrity of the genomic DNA was verified by 0.8% agarose
gel electrophoresis (Figure 4.1.2.4 A). Further, to screen transgene positive pups PCR using EGFP
specific primers was performed. None of the mice showed integration of transgene in the
respective progeny for all the three clones. An amplification for the patch gene served as an internal
control, the gDNA from untransduced mice of the same strain served as a negative control and the
gDNA isolated from the cells transduced with the same viral particles served as a positive control
(Figure 4.1.2.4 B).

Figure 4.1.2.1: Schematic representation of inbreeding post 35 days of testicular injection of K14-K8 WT
GFP lentiviral particles into 3 FVB/j male mice. Identification numbers of respective male and female mice
are depicted in the figure together with number of pups obtained in the F1 generation post mating.
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Figure 4.1.2.2: Schematic representation of inbreeding post 35 days of testicular injection of K14-K8
S73AGFP lentiviral particles into 4 FVB/j male mice. Identification numbers of respective male and female
mice are depicted in the figure together with number of pups obtained in the F1 generation post mating.

Figure 4.1.2.3: Schematic representation of inbreeding post 35 days of testicular injection of K14-K8 S431A
GFP lentiviral particles into 4 FVB/j male mice. Identification numbers of respective male and female mice
are depicted in the figure together with number of pups obtained in the F1 generation post mating.
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Figure 4.1.2.4: Screening of the transgene positive pups: (A) Representative gel picture of tail genomic
DNA isolated from tail snips of mice for screening of transgene integration. Representative gel image of
gDNA PCR with Ptch primers as an internal control. (B) Representative gel images of gDNA PCR using
GFP specific primers to screen the transgene positive mice for all three K8 WT GFP and phosphomutant
constructs. The genomic DNA from a cell line transduced with the K14-K8 WT GFP was used as a positive
control. Note: None of the pups were positive for the transgene integration.
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4.1.3 Transgenesis by electroporation:
4.1.3.1 Preparation of expression cassette for electroporation:
As an alternative strategy for generation of tissue specific transgenic mouse model, the
electroporation of the expression cassette to the male germ cells was carried out. For this purpose,
the expression cassettes were excised from pCCL K14-K8 wild type GFP and phosphomutant
constructs with the help of HpaI and NdeI restriction enzymes. The gel picture shows the 5.2kbp
blunt end linearized expression cassette containing K14-K8 GFP wild type as well as
phosphomutants (Figure 4.1.3.1 A, B). After digestion the expression cassette was eluted out from
the gel and a final concentration of 200µg/200 µl was obtained after gel extraction. The integrity
and purity of expression cassette was further analyzed on agarose gel as shown in the gel picture
(Figure 4.1.3.1 C). The schematic representation of electroporation of expression cassette into the
testis of male mice is shown in the Figure 4.1.3.1 D.

4.1.3.2 Electroporation of the expression cassette and screening of transgene positive pups:
The electroporation of the expression cassettes was carried out at NII, New Delhi in collaboration
with Dr. Majumdar. For this, the testicular germ cells of 3 weeks old FVB/j male mice were
electroporated with K14-K8 GFP constructs for wild type and phosphomutants (K14-K8 S73A
GFP/ K14-K8 S431A GFP) respectively. These fore-founders were allowed to mate with the
normal females of the same strain (FVB/j). Further, transmission of transgene from electroporated
mice (fore-founder) to several of their progeny was discerned by tail genomic DNA PCR analysis.
We could obtain few transgene positive pups for all the three constructs as shown in the gDNA
PCR analysis with GFP specific primers in the third attempt.
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Figure 4.1.3.1: Preparation of expression cassette for generation of transgenic mice by
electroporation: (A) Schematic of the constructs used to generate the transgenic mice (pCCL K14-K8 WT
GFP, pCCL K14 K8 S73A GFP and pCCL K14-K8 S431A GFP respectively) by electroporation. Two main
restriction sites (HpaI-NdeI) used to cleave the respective expression cassettes are highlighted in the vector
map. (B) Gel picture showing 5.2kbs expression cassettes cleaved off from the vector backbone for all the
three constructs (Right panel). (C) Gel picture showing intact and purified expression cassettes for K8 WT
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and phosphodead mutants to generate transgenic mice by electroporation. (D) Schematic representation
of the protocol for electroporation of expression cassette to generate transgenic mice.

Figure 4.1.3.2.1: Screening of the transgene positive mice: (A) Gel image for tail genomic DNA PCR
based validation of transgene positive pups, selected for inbreeding and generation of different lines of
mice for all the three constructs (K14-K8 WT GFP, K14-K8 S73A GFP and K14-K8 S431A GFP). Primers
specific to EGFP were used for genotyping whereas Ptch primers were used as an internal control. The
genomic DNA from a cell line transduced with the K14-K8 WT GFP was used as a positive control. The tail
genomic DNA of normal mice (non-transgenic) of the same strain (FVB/j) was used as negative control.
Specific identification numbers of mice are depicted in the figure. (B) Slot blot analysis demonstrating the
transgene positive pups for K14-K8 WT GFP, K14-K8 S73A GFP and K14-K8 S431A GFP constructs.
Corresponding panels for all the three are depicted in the figure, respectively. The red circles highlight
transgene positive mice selected for further experiments. (C) The table shows list of transgene positive
pups selected for further inbreeding and generation of different lines of mice for all the three constructs
(K14-K8 WT GFP, K14-K8 S73A GFP and K14-K8 S431A GFP).

Here amplification for the patch gene served as an internal control, the gDNA from normal mice
of the same strain served as a negative control and the gDNA isolated from the cells transduced
with the same viral particles served as a positive control (Figure 4.1.3.2.1 A, B). These results
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were further confirmed by slot-blot analysis where GFP region of the transgene was detected with
αP32 labelled probe (Figure 4.1.3.2.1 C). The positive male and female mice (data shown in table)
for respective clones were brought to ACTREC animal house facility and were subjected to further
in breeding to generate pure line of mice after validating all the results. Further in breeding for the
transgenic mice from all the three groups was carried out and the representative pedigree analysis
is shown in the (Figure 4.1.3.2.2 A, B, 4.1.3.2.3 A, B, 4.1.3.2.4 A, B).

Figure 4.1.3.2.2: Inbreeding and genotyping of K14-K8 WT GFP expressing transgenic mice: (A)
Pedigree analysis for pre-founder mice 4 (female) and 2 (male) showing germ-line transmission of the
transgene. Individual mice were assigned numbers for further experiments. (B) Genomic DNA amplification
using primers for EGFP is shown in the gel picture whereas Ptch is used as an internal control.

117

Chapter-IV

Chapter-IV
Chapter-III

Results

Figure 4.1.3.2.3: Inbreeding and genotyping K14-K8 S73A GFP expressing transgenic mice: (A)
Pedigree analysis for pre-founder mice 2896 (female) and 2891 (male) showing germ-line transmission of
the transgene. Individual mice were assigned numbers for further experiments (B) Genomic DNA
amplification using primers for EGFP is shown in the gel picture whereas Ptch is used as an internal control.
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Figure 4.1.3.2.4: Inbreeding and genotyping of K14-K8 S431A GFP expressing transgenic mice: (A)
Pedigree analysis for pre-founder mice 2903 (female) and 2894 (male) showing germ-line transmission of
the transgene. Individual mice were assigned numbers for further experiments. (B) Genomic DNA
amplification using primers for EGFP is shown in the gel picture whereas Ptch is used as an internal control.

4.1.3.3 Validation of transgene expression at protein level: To validate the expression of the
transgene in case of K8 wild type and phosphomutant transgenic mice, few of the transgene
positive mice were sacrificed and the skin was collected. The lysates from these tissue samples
were prepared in RIPA buffer after separating epidermis from dermis as mentioned in material
methods. This was followed by western blotting. Our western blotting data showed an 82kD high
molecular weight band for transgene whereas negative control (the tissue samples from normal
mice) did not show any signal at the same position. This further confirmed that the PCR positive
mice are able to express the transgene at protein level (Figure 4.1.3.3 A, B, C). In addition, the
tail snips were taken and paraffin embedded blocks were prepared for all the PCR positive pups.
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The transverse sections of the tail snips were further used to perform tissue immunofluorescence
with keratin 8 and GFP antibody. Nucleus was counter stained with DAPI. The tail sections of the
normal FVB/j mice were used as a negative control. The immunofluorescence images show both
GFP as well as K8 expression in the different layers of skin epithelia of PCR positive pups whereas
negative control showed a faint signal mostly at the stromal region (Figure 4.1.3.3 D, E, F, G).

Figure 4.1.3.3: Biochemical and histological validation of K8-GFP expression in respective
transgenic mice: (A-C) Representative western blot images of K8 GFP expression in the skin epidermal
tissue lysates of transgene positive mice for K8 WT GFP (A), K8 S73A GFP (B), K8 S431A GFP (C).
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Antibody against human K8 was used for the validation of K8 GFP resulting in an 82kD high molecular
weight band. β-actin was used as a loading control. The skin tissue lysates of a non-transgenic normal
(FVB/j) mice was used as a negative control. (D, E, F, G) Immunofluorescence analysis of mice for K8 GFP
expression. Paraffin embedded skin tissue sections for all the three constructs were stained with the
antibodies against GFP (green, Alexa flour 488) and K8 (red, Alexa flour 568). Nucleus was counterstained
with DAPI (blue) in all the cases. Skin sections of non-transgenic mice were used as a negative control.

4.2 DMBA TPA mediated skin carcinogenesis to understand the role of K8 phosphorylation
in neoplastic progression of skin SCC:
To determine the exact role of site specific K8 phosphorylation in neoplastic progression of skin
SCC in vivo, DMBA TPA mediated skin carcinogenesis was performed. To begin with, minimum
of three transgene positive pups, for all the three constructs (pCCL-K14-K8 WT/ S73A/ S431A
GFP) were subjected to DMBA TPA mediated skin carcinogenesis protocol. For this 3-4 weeks
old transgene positive pups were first subjected to DMBA treatment thrice for one week. Post
DMBA treatment TPA was applied to the skin of these mice twice a week till the formation of
tumor. In the present study, we followed the tumor progression in the stepwise manner mice till
35th week for all the three groups of transgenic mice. In the K8 WT GFP group two of the mice
showed an earlier onset of tumors after one week of TPA application which further progressed
towards a full grown tumor of ~12-14mm by 6th week. One of the K8 WT GFP mice showed
regression of the tumor after 4th week of TPA application possibly because of metastasis. The TPA
treatment for this mouse is still ongoing. Furthermore, both K8 phosphodead (K8 S73A and K8
S431A) expressing mice showed delayed onset of tumor after 15th

and 9th week of TPA

application, respectively. In addition, the K8 S431A expressing mice progressed towards full
grown tumors by 16th week of TPA application. Altogether, in concordance with our in vitro data
(as presented in this thesis in the next part results 4.3), this preliminary observations suggest that
K8 phosphorylation may provide an increased aggressiveness to the tumors during neoplastic
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progression of skin SCC. Besides this, on the basis of this pilot experiment, minimum 18 mice
from each group (K8 WT/ S73A/ S431A GFP) are being treated with DMBA/TPA mediated skin
carcinogenesis to further strengthen our hypothesis. This will also overcome the effects of genetic
heterogeneity and environment and will allow us to better extrapolate the results (Figure 4.2.1
and 4.2.2).

Figure 4.2.1: DMBA –TPA mediated skin carcinogenesis of transgenic mice: Tumor progression after
4 weeks of DMBA-TPA application in three sets of mice; K8 WT GFP, K8 S73A GFP and K8 S431A GFP
(n= 3) in a pilot experiment.
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Figure 4.2.2: Sequential changes after DMBA –TPA mediated skin carcinogenesis of transgenic
mice: The representative images of all the three sets of mice during DMBA-TPA application. Images were
taken initially once a week and then every 3rd day for all the mice till 49th day of TPA application.

4.3 To investigate the role of K8 in neoplastic progression of Skin SCC derived A431 cells:
4.3.1 Generation of stable clones:
In order to generate stable K8 knockdown and vector control clones, the shRNA construct,
shRNA-K8.2 or the empty vector control (pTU6 puro) were transfected into the skin SCC derived
A431 cell line. K8 knockdown clones showed a significant reduction in K8 protein as well as RNA
levels upto 80% (Figure 4.3.1A & B). The immunofluorescence imaging showed a substantial
reduction in K8 filament formation with K18 (the preferential binding partner) (Figure 4.3.1 C).
There was no change in mRNA levels of K18 indicating that the reduction in K18 was due to the
decreased stability of the protein in absence of its type II binding partner (Figure 4.3.1 B). We
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also observed a significant upregulation of K7 at protein level, which is a probable binding partner
of K18 in the absence of K8 (Figure 4.3.1 A). Immunofluorescence imaging for K18 showed a
significant reduction in their protein level together with the loss of normal filament architecture
suggesting that K7/18 might be forming proto-filaments rather than complete filaments after K8
knockdown (Figure 4.3.1 C).

Figure 4.3.1 Establishment of K8 knockdown clones in A431 cells: (A) Western blot analysis of pTU6
vector control (VC) and knockdown clones (KD2/KD8) derived from A431 cells with antibodies to K8, K18,
K7, respectively. β-actin was used as a loading control. Cell lysate from AW13516 cell line was used as a
positive control. (B) RT-PCR analysis of K8 and K18 in pTU6 vector control (VC) and stable K8 knockdown
clones (KD2/KD8). GAPDH was used as internal control. cDNA from AW13516 cell line was used as a
positive control (C) Immunofluorescence analysis of K8 and K18. Note: Significant decrease in K8 levels
and defective filament architecture in K8 knockdown clones compared to vector control cells. Keratin 8 was
stained with alexa flour 488 (Green) whereas the nucleus is counter stained with the DAPI (Blue), (Scale
bars: 10μm).

4.3.2 K8 knockdown leads to a reduction in the tumorigenic potential of A431 cells both in
vitro and in vivo:
4.3.2.1 Reduction in cell motility and Invasion: To assess the effect of K8 knockdown on
migratory potential of A431 cells, scratch-wound healing assay was performed. K8 knockdown
124

Results

cells (KD2 and KD8) showed a significant reduction (by ~50-60%) in cell motility compared to
vector control cells (p < 0.0001) (Figure 4.3.2.1 A). Further, invasive potential of K8 knockdown
cells compared to vector control cells was determined by Boyeden chamber matrigel invasion
assay. K8 knockdown cells (KD2 and KD8) showed a significant decrease (p < 0.001 and 0.0005
respectively) in the invasive potential compared to vector control cells (by ~60-70%) (Figure

4.3.2.1 B).

Figure 4.3.2.1 K8 knockdown resulted in reduced cell migration and invasion: (A) Scratch wound
healing assay of pTU6 vector control (VC) and K8 knockdown clones (KD2/KD8). Phase contrast images
(10X) of wound closure at 0, 3 and 6h are shown (upper panel) (Scale bar: 100μm). Migration rate was
calculated by AxioVision software. The data shown is the average from three independent experiments with
the mean and standard deviation (p < 0.0001) as shown in the bar graph (lower panel). (B) Boyden
chamber invasion assay of pTU6 vector control (VC) and K8 knockdown clones (KD2/KD8). Membrane
filter inserts were coated with Matrigel and cells were seeded in the upper chamber. After 12h of incubation,
the cells that invaded through the membrane were stained with DAPI and images were captured using
upright microscopy. A representative field for each clone has been shown in the figure. (Magnification- 20X)
(Upper panel). Cell invasion was quantified by counting cells in all the fields using Metamorph software.
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The data shown is the average from three independent experiments with the mean and standard deviation
(p < 0.001 and 0.0005 for KD2 and KD8 respectively) (Lower panel).

4.3.2.2 Soft Agar Assay showed reduction in colony formation:
In order to find out the effects of K8 down-regulation on tumorigenic potential of A431 cells, soft
agar assay was performed on the K8 knockdown (KD2/KD8) and vector control cells. A
significant reduction was observed in size (by ~60-70%; p < 0.0005) and number of colonies
formed (by ~50-60%; p <0.0005 and p < 0.001) of K8 knockdown cells in soft agar colony
formation assay compared with vector control cells (Figure 4.3.2.2 A).
4.3.2.3 Reduction in Cell proliferation and clonogenic potential of A431 cells:
To evaluate the effect of K8 knockdown on proliferative potential of A431 cells, MTT cell viability
and clonogenic assays were performed. K8 knockdown clones showed a significant reduction in
proliferation compared to vector control cells in MTT cell viability assay (Figure 4.3.2.2 B). In
correlation with this clonogenic assay demonstrated a significant reduction in number of colonies
(by ~70-80%) in K8 knockdown clones compared to vector control clone (p < 0.0005 and p <
0.001) (Figure 4.3.2.2 C). Together with this, there was a visible decrease in colony size in K8
knockdown clones compared to vector control clone.
4.3.2.4 In vivo tumorigenicity assay:
Further, in vivo tumorigenicity potential of K8 knockdown clones and vector control clone was
assessed by sub-cutaneous injection in NOD SCID mice. The representative pictures of mice
injected for each of the clones is given in the Figure 4.3.2.4 A. There was a delayed onset of tumor
formation in K8 knockdown cells i.e. 2 weeks post subcutaneous injection whereas, the vector
control cells formed tumors within 1 week.
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Figure 4.3.2.2: K8 knockdown resulted in reduced soft agar colony formation and proliferative
potential of A431 cells: (A) Representative phase contrast (10X) images of soft agar colonies of the pTU6
vector control (VC) or K8 knockdown clones (KD2/KD8) after 14 days (Upper panel). Bar graph shows the
total number of colonies formed per plate by the respective clones. Mean and standard deviation of 3
independent experiments is plotted for size (p<0.0005) and number of colonies (p< 0.001 and 0.0005)
formed, (Lower panel). (B) Cell proliferation curve of pTU6 vector control and K8 knockdown (KD2/KD8)
cells using MTT assay. Fifteen hundred cells were plated per well in 96 well plates; medium was changed
every 2 days. The cell number was determined at the times indicated using MTT assay. Each point
represents the mean and the standard errors of three independent experiments done in triplicate. (C)
Representative images of Colony-forming assay of pTU6 vector control and K8 knockdown (KD2/KD8) cells
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after staining with crystal violet (Upper panel). Bar graph shows the total number of colonies formed per
plate by the respective clones. Mean and standard deviation of 3 independent experiments is plotted for
the number of colonies (p < 0.001 and p < 0.0005) formed (Lower panel).

Figure 4.3.2.4: K8 knockdown resulted in reduced tumorigenicity: (A) Representative images of
NOD/SCID mice bearing tumors of pTU6 vector control (VC), K8 knockdown (KD2/KD8) and K8 WT clones
after 28 days of the injection. (B) Tumor growth was plotted against time interval of 3 independent
experiments done in triplicate (Total 12 animals were injected for each clone). Note: Decreased
tumorigenicity in K8 knockdown clones (p < 0.0005 and p < 0.001) and rescue of phenotype in K8 WT clone
(p < 0.0005). (C) Representative images of excised tumors after sacrificing the mice injected for each of
the clones.

The mean volume of the tumors formed by K8 knockdown clones was significantly lowered than
the average volume of tumors formed by the vector control cells (p < 0.0005 and p < 0.001) (Figure
4.3.2.4 B and C). To determine that the effects associated with K8 knockdown were not due to off
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target effects of the shRNA, a rescue experiment was performed using the construct K8 WT GFP
which is resistant to the shRNA, “shRNAK8.2”. The stable clones expressing K8 WT GFP showed
an early onset and large tumor volume, in the in vivo tumorigenicity assay compared to K8
knockdown cells (p < 0.0005). This suggested a reversal in the tumorigenic potential of A431 cells
upon re-expression of K8 WT GFP in K8 deficient background (Figure 4.3.2.4 B and C).

4.3.3 Deciphering molecular mechanism associated with K8 mediated regulation of
tumorigenic potential of A431 cells: To understand the molecular basis behind K8 mediated
regulation of tumorigenic potential of A431 cells, TMT based quantitative total proteomics was
performed for VC, KD2 and KD8 clones at IOB Bangalore (Figure 4.3.3.1 A & B). There were a
total of 2952 proteins detected in the TMT based total quantitative proteomics, out of which, KD2
clone showed 140 proteins to be differentially expressed whereas, KD8 clone showed 122 proteins
to be differentially expressed in comparison to vector control cells (Figure 4.3.3.1C). Venn
diagram analysis showed 78 common proteins to be significantly altered (up/downregulated) in
both the K8 knockdown clones compared to vector control cells (Figure 4.3.3.1D & E).
Furthermore, the heat-map was plotted for the differentially regulated proteins (with a cut off of
1.5 fold) in response to K8 downregulation. The heat map clearly indicated common proteins
which are deregulated among both the knockdown clones (Figure 4.3.3.2).
In order to evaluate the global changes upon keratin knockdown we performed Ingenuity pathway
analysis (Figure 4.3.3.3A) which showed significant alterations in cellular pathways like cancer,
cell motility, cell death and survival, cellular growth and proliferation, cell morphology, apoptosis
etc. (Figure 4.3.3.3 B). The associated molecules which demonstrated a substantial level of
differential expression included TMS1, Rho GDI2, MARCKSL1, RANBP1, 14-3-3γ, CDK6,

129

Chapter-IV

Chapter-IV
Chapter-III

Results

EIF6, SHIP1 (Figure 4.3.3.3 C). For authentication of the MS/MS data quantitative spectra were
generated for some of these proteins (Figure 4.3.3.4 A-D, F) and were considered for further
validation and pathway analysis. Together with this our MS/MS data also confirmed a significant
reduction in K8 protein levels in both the K8 knockdown clones which could be verified by the
quantitative spectra shown in the Figure 4.3.3.4 E. To our surprise, apart from these important
signaling molecules, some of the keratins like K5, K17 and K15 were also found to be significantly
downregulated (quantitative spectra are shown in the Figure 4.3.3.4 G, H) after K8 knockdown.
Therefore, we went ahead to decipher the mechanism associated with altered keratin expression.

Figure 4.3.3.1: TMT based Differential quantitative proteomics after K8 knockdown in A431 cells: (A)
A representative image showing the protocol used for TMT based quantitative proteomics. (B) The table
depicts TMT tags used for quantitative proteomics. (C) The table shows differentially expressed proteins in
both the K8 knockdown clones (KD2/KD8) compared to vector control cells with a cut off of ≥ 1.5 fold.

130

Results

Figure 4.3.3.2: Heat map of differentially expressed (≥1.5 Fold) proteins in KD2 and KD8 cells in
comparison to VC cells. The values ≥1.5 represents the upregulated genes and ≤0.66 represents the
downregulated genes. The color code represents to the fold change in relative levels of protein expression.
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Figure 4.3.3.3: IPA analysis of differential quantitative proteomics data: (A) Representative ray
diagram showing the protocol followed for IPA analysis. (B) The bar graph generated using IPA
corresponds to the significantly altered signaling pathways in response to K8 knockdown in A431 cells. A
≥1.5 fold cut off is used to analyze the data. (C) A representative IPA network showing differentially
regulated proteins belonging to biological pathways like cellular movement and apoptosis. Some of the
important proteins are highlighted in the table.
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Figure: 4.3.3.4: Quantitative MS/MS spectra of differential regulated proteins: Quantitative MS/MS
spectra for the upregulated proteins; (A) MARCKSL1, (B) RhoGDI2, (C) PyCARD, (D) 14-3-3γ and the
downregulated genes (E) Keratin 8 (Verifying the K8 knockdown clones), (F) RanBP1, (G) Keratin 17 (H)
Keratin15 were generated using Xcalibur version-3.0 software. Representative spectra are shown in the
figure. The values in the green boxes represents the relative fold change for the proteins.

4.3.4 Keratin 8 associated changes in keratin 17 expression:
As shown in the quantitative proteomics data, K5/17, another major keratin pair of A431 cells was
found to be significantly decreased (~50%) after K8 knockdown. These findings were confirmed
by immunoblotting for both K5 and K17 (Figure 4.3.4A). Further the transcript levels of these
keratins remained unchanged. These results suggest that down regulation of

K5/17 upon K8

knockdown could be because of alterations in their protein synthesis or turnover (Figure 4.3.4 B).
In addition, changes in the filamentous network of K5/17 could be observed after keratin 8
knockdown compared to vector control cells by immunofluorescence analysis. We could observe
a significant reduction in the levels of K5/17 together with disrupted filament organization in both
the K8 knockdown clones compared to vector control cells (Figure 4.3.4 C). Another possibility
was the off target effect of shRNA based gene silencing as majority of keratins show a lot of
sequence homology although our semi quantitative RT-PCR analysis ruled out this possibility
(Figure 4.3.4B). Consistent with our quantitative proteomics and immunoblotting data,
immunofluorescence staining of Keratin 5/17 showed considerable down- regulation and disrupted
filament architecture in K8 knock down clones compared to vector control cells (Figure 4.3.4C).
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Figure 4.3.4: K8 knockdown leads to reduction in K5/17 levels: (A) Western blot and (B) RT-PCR
analysis of K5 and K17 levels in pTU6 vector control (VC) and both the K8 knockdown clones (KD2/KD8).
β-actin and GAPDH were used as a loading control, respectively. (C) Representative immunofluorescence
images of K5/17 showing its protein level as well as filament architecture after K8 downregulation.

4.3.5 Keratin 17 undergoes caspase mediated degradation upon K8 knockdown: Since
transcript level of K5/17 was unaffected, we analyzed turnover of these proteins after K8
knockdown. Generally, keratins are very stable proteins and their turnover is more than 48h. The
half -life of K17 was drastically reduced to less than 1h in K8 knock down clones in response to
CHX (50µg/ml) mediated protein synthesis block for 0 to 24h time points, while K5 showed a
half-life of ~12h (Figure 4.3.5.1 A, B and C). Although reduction in K5 turnover was also very
significant, but it started after 11h of K17 degradation. This suggests that K5 might be getting
degraded because of depletion of K17, its preferential binding partner. These results clearly
indicate that K8 downregulation affects stability of K17 at protein level which in-turn leads to K5
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degradation. Unlike this, K18 levels were consistent in the K8 knockdown clones after CHX
treatment suggesting its turnover to be unaffected (Figure 4.3.5.1 B).

Figure 4.3.5.1: K8 knockdown affects K17 stability: (A) Western blot analysis of K5 and K17 levels after
CHX treatment (50µg/ml) for 0, 8, 16 and 24h time points in pTU6 vector control (VC) K8 knockdown clone
(KD2). (B) Western blot analysis of K17 and K18 levels after CHX treatment for 0, 8, 16 and 24h time points
in pTU6 vector control (VC) and K8 knockdown clone (KD8). (C) Western blot analysis of K17 levels after
CHX treatment (50µg/ml) for 0, 1, 2, 4, 6, 8 and 12h time points in pTU6 vector control (VC) and K8
knockdown clone (KD8). β-actin was used as a loading control.

Next, to understand the mechanism associated with K17 degradation, we blocked various protein
degradation machineries for different time points and assessed stability of

K17. For this, the

vector control and knockdown cells were treated with specific reagents to block the degradation
machinery and at the same time with CHX to block the protein synthesis. For each experiment,
untreated (for reagents dissolved in DMSO, media supplemented with required amount of the
DMSO served as a vehicle control), only CHX treated, only degradation blocking reagent treated
and cells treated with CHX as well as blocking reagent were used. The pattern of K17 degradation
was observed for different time points from 0 to 12h by immunoblotting for all the four sets in
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vector control and knockdown cells. Proteasomal degradation is known to regulate keratin
turnover. Therefore MG132 was used to block proteasomal degradation for different time points
till 6h. Immunoblotting followed by proteasomal block did not show any significant alteration in
stability of K17 in both the K8 knockdown clones (KD2/KD8) compared to vector control cells
(Figure 4.3.5.2 B).

Figure 4.3.5.2: K8 mediated regulation of K17 degradation: (A) Schematic representation for CQN,
MG132, E64d and CHX treatment protocol used. (B) Western blot analysis of K17 levels after treatment
with proteasomal inhibitor (MG132-10µM for 6h and CHX 50µg/ml for 3h). (C) Western blot analysis of K17
levels after treatment with lysosomal block (CQN-10µM for 12h and and CHX 50µg/ml for 3h) inhibitor. (D)
Western blot analysis of K17 levels after treatment with Calpain block (E64d-10µM for 6h and CHX 50µg/ml
for 3h) inhibitor. Note: In each case, cells were treated with 50µg/ml of CHX, 3h prior to completion of the
protocol. β-actin was used as a loading control.
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Figure 4.3.5.3: Caspase mediated degradation of K17: (A) Western blot analysis of K17 levels after pan
caspase inhibition (Z-VAD-FMK-50µM for 8h and CHX 50µg/ml for 3h) in both the pTU6 vector control (VC)
and K8 knockdown clones (KD2/KD8). (B) Representative bar graphs showing densitometry analysis of
K17 levels after pan-caspase inhibition in the respective K8 knockdown clones compared to vector control
cells. (C) Schematic representation for Z-DEVD-FMK, Z-VAD-FMK and CHX treatment protocol used. (D)
Cartoon depicting caspase mediated K17 degradation after K8 knockdown. (E) Western blot analysis of
K17 levels after caspase 3 inhibition (Z-DEVD-FMK- 20µM for 12h and CHX 50µg/ml for 3h) in both the
pTU6 vector control (VC) and K8 knockdown clones (KD2/KD8). (F) Bar graph depicts the densitometry
analysis of K17 levels after Caspase 3 inhibition. Note: In each case, cells were treated with 50µg/ml of
CHX, 3h prior to completion of the protocol. β-actin was used as a loading control.
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Further, lysosomal degradation was blocked by Chloroquine treatment for 12h. The western blot
data did not show any significant alteration in K17 stability after lysosomal block (Figure 4.3.5.2
C). Blocking calpain with E64D for 6h and followed by immunoblotting in similar fashion didn’t
show any changes in K17 protein stability (Figure 4.3.5.2 D). Together, these results suggest, that
alterations in K17 stability were not due to changes in any of these major protein degradation
machineries.
Another important group of proteases known to cleave keratins are caspases. Therefore, we next
blocked caspases with Z-VAD-FMK (a pan-caspase inhibitor) for 8h. Interestingly, a significant
stabilization of K17 at protein level could be observed after pan caspase inhibition in K8
knockdown clones (Figure 4.3.5.3 A & B). Furthermore, caspase-3 specific inhibitor Z-DEVDFMK treatment for 12h showed accumulation of K17 but not as significant as pan-caspase
inhibition, suggesting the possibility of other caspases to be involved in this process (Figure
4.3.5.3 E & F).

4.3.6 K8 and apoptosis:
It is known that K17 together with K15 undergoes caspase mediated degradation during TNF-α
induced apoptosis. Therefore, we checked the apoptotic sensitivity of K8 knockdown clones after
18h of TNF-α (20ng/ml) and CHX (50µg/ml) treatment. Annexin-V staining was performed to
assess the extent of apoptosis. There was a 2-3 fold increase in apoptotic cells in K8 knockdown
clones compared to vector control cells (Figure 4.3.6 A, B).
This suggested an increased sensitivity of K8 knockdown clones towards apoptotic stimuli and the
same could be responsible for K17 degradation after K8 knockdown. We also assessed the effect
of K8 knockdown on autophagy by western blotting and immunofluorescence of LC3B. There was
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no change in the levels or appearance of LC3B after K8 knockdown which ruled out the possibility
K8 mediated regulation of autophagy and thereby tumorigenicity of A431 cells (Figure 4.3.6 C).

Figure 4.3.6: Effects of K8 knockdown on apoptotic sensitivity and autophagy of A431 cells: (A, B)
Graphical representation of the apoptotic cell count (Annexin-V positive cells) after TNF-α (20ng/ml) and
CHX (50µg/ml) treatment for 18h in both the pTU6 vector control (VC) and K8 knockdown clones
(KD2/KD8). (C) Immunofluorescence and western blot analysis of LC3B in in both the pTU6 vector control
(VC) and K8 knockdown clones (KD2/KD8) after Rapamycin treatment (500µM for 16h), respectively.

4.3.7 K8 regulates apoptosis through NF-κB pathway:
Our quantitative proteomics data showed an upregulation of TMS1/ACS which is known to be a
potent regulator of TNF-α mediated apoptosis and is epigenetically silenced during various
malignancies. Our western-blot analysis showed significant up-regulation of TMS1 which
confirmed our MS/MS data (Figure 4.3.7.1 A). TMS1 is a known regulator of NF-κB activity both
positively and negatively during TNF-α induced apoptosis. Therefore, we evaluated transcriptional
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activity of NF-κB using luciferase reporter gene assay. The experiment was performed in both
TNF-α treated and untreated conditions and the results were normalized with renilla luciferase.
The K8 knockdown clones showed 2-2.5-fold downregulation in NF-κB transcriptional activity in
both the treated as well as untreated conditions compared to vector control cells (Figure 4.3.7.1
B, C). Further, NF-κB transcriptional activity is largely dependent on its nuclear localization
therefore we performed immunofluorescence analysis for NF-κB after 20mins of TNF-α treatment.
The data showed 2 to 3 fold decrease in NF-κB nuclear translocation in both the K8 knockdown
clones compared to vector control cells (Figure 4.3.7.2 A, B, C). RanBP1 an indirect regulator of
NF-κB nuclear localization was also found to be significantly decreased in our differential
proteomics data which was validated by western blotting as shown in the Figure 4.3.7.2 D.

IκBα is an upstream regulator of NF-κB therefore the turn-over of IκBα, was analyzed post CHX
treatment for 0, 8, 12 and 16h time-points (Figure 4.3.7.3 A). The western blot analysis
demonstrated a significant difference in the stability of IκBα in K8 knockdown clones compared
to vector control cells. In K8 Knockdown cells IκBα was stable for more than 8h whereas in vector
control cells it gets degraded much before. Together with this, even after 20min of TNF-α
treatment the IκBα was more stable in K8 knockdown clones compared to vector control cells
(Figure 4.3.7.3 B). This was accompanied by its decreased phosphorylation at Serine32/Serine 36
residues after 20min TNF-α treatment. Further, the stability of IκBα is largely dependent on its
phosphorylation by IκBα kinase complex which is required for its degradation (Figure 4.3.7.3 C).
IκBα kinase complex is in-turn activated by IKKβ Tyrosine188 phosphorylation. K8 knockdown
clones showed significant reduction in phosphorylation of IKKβ at Tyrosine188 compared to vector
control cells as shown by the western blot data. Additionally, the upstream regulator of IKK
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phosphorylation during NF-κB mediated apoptosis, PKC𝛿 was found to be downregulated in
knockdown clones at total protein levels (Figure 4.3.7.3 D). Apart from this, other associated
modulators of same pathway like AKT/pAKT, ERK/pERK and JNK/pJNK were also assessed
(Figure 4.3.7.3 E, F). Amongst these, the stress activated kinase JNK and its phosphorylation
levels were significantly increased after K8 knockdown (an important event after diminished NFκB activity during apoptosis) whereas others were unaffected. Altogether, this data suggests that
TMS1 – NF-κB pathway regulates apoptotic sensitivity of A431 cells upon K8 downregulation
(Figure 4.3.7.3 G).

Figure 4.3.7.1: K8 knockdown affects NF-κB pathway in A431 cells: (A) Western blot analysis of TMS1
validating differential quantitative proteomics data after keratin 8 knockdown. (B) Picture depicting the
luciferase reporter assay for NF-κB activity. (C) Bar graph showing the NF-κB activity in luciferase assay at
the basal level as well as after TNF-α treatment (20ng/ml) in pTU6 vector control (VC) and K8 knockdown
cells (KD2/KD8) after normalization with renilla luciferase.
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Figure 4.3.7.2: K8 regulates NF-κB translocation to nucleus: (A) Immunofluorescence image
demonstrating the nuclear localization of NF-κB in pTU6 vector control (VC) and K8 knockdown clones
(KD2/KD8) after 20 mins of TNF-α treatment (20ng/ml). (B) The experiment was performed twice in
triplicates and the mean values are plotted as the bar graph showing the quantitation of percent p65 in
nucleus in pTU6 vector control (VC) and K8 knockdown (KD2/KD8) cells (p < 0.001) after TNF-α treatment
(20ng/ml). (C) The cartoon depicting its probable effect on NF-κB nuclear translocation. (D) Western blot
analysis of RANBP1 validating differential quantitative proteomics data after keratin 8 knockdown.
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Figure 4.3.7.3: K8 knockdown affects NF-κB activity through regulation of IκBα degradation: (A)
Western blot analysis of IκBα levels after protein synthesis block by CHX (50µg/ml) for 0, 8, 12 and 16h
time-points. (B, C) Western blot analysis showing IκBα degradation and its phosphorylation pattern (at
pS32/36 residues) in pTU6 vector control (VC) and K8 knockdown (KD2/KD8) cells after 20min of TNF-α
treatment (20ng/ml). (D) Western blot demonstrating the IKKβ phosphorylation at Y188 together with PKCδ
levels in K8 knockdown clones compared to vector control cells. (E) Western blot showing the levels of
AKT/pAKT and ERK/pERK in pTU6 vector control (VC) and K8 knockdown clones (KD2/KD8). (F) Western
blot showing the levels of JNK/pJNK in pTU6 vector control (VC) and K8 knockdown (KD2/KD8) cells. (G)
Cartoon depicting the possible links between K8 knockdown and NF-κB pathway mediated apoptosis

4.3.8 Cell migration associated signaling pathway is altered upon K8 downregulation:
Consistent with phenotypic assays, IPA analysis of quantitative proteomics data also showed
alterations in molecules associated with cell motility, upon K8 downregulation. One of the key
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regulators of actin organization MARCKSL1 was found to be significantly upregulated in both the
K8 knockdown clones compared to vector control cells in the differential quantitative proteomics
data which was further confirmed by western blotting (Figure 4.3.8.1 A, B). The downstream
effector of MARCKSL1 i.e. Paxillin, showed an increased phosphorylation at Y118 residue, which
is known to activate it (Figure 4.3.8.1 A, B). Increased phosphorylation of Paxillin is responsible
for focal adhesion formation as well as regulation of actin organization in association with FAK.
Further, downregulation of K8 led to a decreased phosphorylation of FAK at S397, which is
necessary for its activity (Figure 4.3.8.1 A, B). Previous studies have shown that paxillin
phosphorylation in absence of FAK leads to the formation of shorter actin filaments. We also
observed similar alterations in actin organization, when stained with phalloidin-FITC, which binds
exclusively to filamentous actin. The K8 knockdown clones showed shorter actin fibers compared
to vector control cells with mature elongated cortical actin fibers along the arch (Figure 4.3.8.1
C). We could also observe an increased paxillin puncta at the membrane of both K8 knockdown
clones (KD2 and KD8) whereas vector control cells showed a paxillin organized at lamellipodia
like membrane extensions (Figure 4.3.8.2). Contrary to this, FAK did not show any proper
staining.
FAK phosphorylation is known to regulate RhoGTPase activity and thereby cell migration.
RhoGTPases regulate actin associated membrane protrusions e.g. fillopodia (CDC42),
lamellipodia (RAC1) and stress fibers (Rho) at the migratory front. To identify, the probable Rho
GTPase regulating K8 mediated migratory phenotype, actin staining at migratory edges for K8
knockdown and vector control cells was carried out. This demonstrated a clear mature
lamellipodial organization in the migratory edges of vector control cells, whereas knockdown cells
showed immature lamellipodial organization (Figure 4.3.8.3A). In addition, the lamellipodial
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organization post EGF treatment (20ng/ml for 5min) along with cell spreading on laminin was also
found to be negatively affected after K8 knockdown compared to vector control cells (Figure
4.3.8.3 B, C).

Figure 4.3.8.1: Effect of K8 knockdown on “Cellular movement pathway”. (A) western blot analysis
demonstrating effect of K8 knockdown on the levels of MARCKSL1, Paxillin/pPaxillin, FAK/pFAK. (B)
Pictorial representation of sequential involvement of these signaling molecules in regulating the cell motility.
(C) Phalloidin FITC (green) staining followed by immunofluorescence imaging shows defects in actin
filament architecture in the K8 knockdown clones compared to vector control cells. The zoomed out images
of the same are shown. Nucleus is counter stained with DAPI (blue) in all the cases. (Scale bar 20µm)
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In accordance with this observation, active RAC (RAC-GTP) levels were also found to be
significantly decreased after 5min of EGF treatment in K8 knockdown cells compared to vector
control cells as assessed by RAC-GTP pull down assay. This suggests that RAC activity modulates
lamellipodial organization and affects cell migration in K8 dependent manner (Figure 4.3.8.4 A,
B). Another important protein RhoGDI, which is an upstream regulator of RAC signaling pathway
was upregulated after K8 knockdown validating our quantitative proteomics data. Cofilin, an
Important downstream modulator of RAC activity which bears actin severing properties and
thereby affects actin organization, was further analyzed in K8 knockdown and vector control cells.

Figure 4.3.8.2: K8 down regulation affects Paxillin and FAK mediated focal adhesion in A431 cells:
Immunofluorescence images of paxillin (green) staining in pTU6 vector control (VC) and K8 knockdown
(KD2) cells. Nucleus is counter stained with DAPI (blue) in all the cases (Scale bar 20µm). The experiment
was performed twice in triplicates and the mean values are plotted as the bar graph showing the quantitation
of adhesion puncta per cell in pTU6 vector control (VC) and K8 knockdown (KD2/KD8) cells (p < 0.001 and
p<0.0005).

We did not see any change in total cofilin levels while its phosphorylation at Serine3 was found to
be increased after K8 knockdown, indicating its inactivation and thereby modulation of RAC
mediated actin organization. Further, we observed a significant upregulation in 14-3-3γ levels after
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K8 knockdown, which validated our total quantitative proteomics data (Figure 4.3.8.4 C). Similar
observations have been made by Jovceva E et al., where they have shown RAC mediated
regulation of Cofilin-1 phosphorylation by inhibition of binding of Slingshot phosphatases to 143-3γ. Together, these results indicate that K8 regulates cell migration by modulation of
MARCKSL1-FAK- RAC signaling axis in A431 cells (Figure 4.3.8.4 D).

Figure 4.3.8.3: K8 downregulation affects lamellipodial organization in A431 cells: (A)
Immunofluorescence images of actin phalloidin (FITC-green) staining in pTU6 vector control (VC) and K8
knockdown (KD2/KD8) cells at the migratory edges, post 3h of scratching the wound. (B) Representative
immunofluorescence images of actin phalloidin staining after EGF treatment (20ng/ml for 5min). (C) Cell
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spreading on laminin was assessed after actin phalloidin (FITC-green) staining in pTU6 vector control (VC)
and K8 knockdown (KD2/KD8) cells. Nucleus is counter stained with DAPI (blue) in all the cases (Scale bar
20µm).

Figure 4.3.8.4: K8 downregulation affects cell motility through RAC mediated actin organization
defects at lemmalepodial fronts of A431 cells: (A) Pictorial representation of EGF treatment affecting
RAC activity in K8 knockdown and vector control cells. (B) RAC-GTP pulldown showing effect of K8
downregulation on RAC activity after EGF treatment (20ng/ml for 5min). (C) Western blot analysis for
RhoGDI, Cofilin/pCofilin and 14-3-3γ. β-actin was used as a loading control. (D) Cartoon depicting the
possible links between K8 knockdown and cellular movement pathway.

4.3.9 Rescue of molecular changes observed in K8 knockdown clones by re-expression of
shRNA resistant K8 WT GFP:
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In order to further confirm that the molecular changes observed are the result of K8 downregulation
rather than any off-target effects, rescue experiment was performed. Upon K8 WT GFP
expression, the K5 and K17 levels were substantially stabilized as shown in the western blot and
immunofluorescence data. The K17 levels were stable upto 12h in K8 WT GFP clone compared
to K8 knockdown cells (KD2) (Figure 4.3.9 A, B).

Figure 4.3.9: Rescue of molecular alterations of K8 knockdown cells. (A) Western blot analysis of K17
stability after trans-expression of K8 WT GFP in KD2 knockdown clones post CHX treatment (50μg/ml) for
0-12h time points. (B) Immunofluorescence imaging showing rescue of K17 and K5 filamentous network
(Red) after stable re-expression of K8 WT GFP in KD2 K8 knockdown clones. (C) Western blot analysis of
stable K8 WT GFP (WT), pEGFP vector control (GFP VC) and pTU6 vector control (VC) cells with
antibodies to TMS1, MARCKSL1, CDK6, Cofilin/pCofilin, Paxilin/pPaxilin, JNK/pJNK. β-actin was used as
a loading control.
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Apart from this, there was a reversal in the protein levels of molecules associated with apoptotic
and migratory pathways such as TMS1, RANBP1, MARCKSL1, Paxillin/pPaxillin,
Cofilin/pCofilin and 14-3-3γ. (Figure 4.3.9 C) Together these observations confirmed the role of
K8 in neoplastic progression of skin SCC derived A431 cells through the regulation of above
mentioned migratory and apoptosis associated proteins.
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4.4 To understand the role of Keratin 8 phosphorylation in neoplastic progression of Skin
SCC derived A431 cells
4.4.1 Generation of stable clones expressing shRNA-resistant K8 WT and phosphomutants:
Stable clones expressing shRNA-resistant 3X-Flag-(N-term)-GFP-(C-term) tagged K8 WT,
phosphodead mutants (K8 S73A & K8 S431A), and phosphomimetic mutants (K8 S73D & K8
S431D) were generated (Figure 4.4.1.1), in previously established shRNA-based K8-deficient
stable clones of A431 cells.

Figure 4.4.1.1: Generation of K8 WT and phosphomutant constructs and their mass spectrometric
validation: (A) Schematic showing the strategy for cloning K8-WT-GFP, from pCMV-3X flag vector to
pLNCX2, a retroviral vector, using AgeI-SalI enzymes. Further site directed mutagenesis was performed
to generate phosphodead and phosphomimetic mutants for S73 and S431 sites as shown in the cartoon.
(B) Gel picture showing the positive clones with a 2.3kbp pop out for K8 GFP after digesting the constructs
with AgeI-SalI.
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Figure 4.4.1.2 Point mutation validation on K8-constructs: (A-D) Sequence verification for pLNCX2-K8
mutant constructs after SDM. (E) Mass spectrometric analysis of K8 GFP to validate the phosphorylation
status in-vivo for WT as well as respective mutants. Overexpressed WT and phosphomutants K8-GFP were
pull down using anti-flag antibody and the corresponding 82 KDa K8 GFP band was excised from
Coomassie stained gel. Further, mass spectrometry was carried out and results were analyzed to detect
phosphorylation at respective sites as depicted in cartoon.

Genomic DNA sequencing (Figure 4.4.1.2 A-D) together with Mass spectrometric (Figure 4.4.1.2
E) analysis further confirmed the integration as well as expression of respective phosphomutants
clones. Further, immunofluorescence analysis showed appropriate filament organization of transexpressed K8 GFP in all the five clones (Figure 4.4.1.3 A). A significant up-regulation of 3XFlag(N)-GFP(C) tagged K8-WT and phosphomutants was observed in the western blot analysis
for all the clones when probed with total K8 antibody. Further, loss of K8 phosphorylation on
respective sites was observed for all four phosphomutant clones (K8 S73A, K8 S73D, K8 S431A
and K8 S431D) when probed with K8 Serine73 or Serine431 phosphorylation specific antibodies
(Figure 4.4.1.3 B).
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Figure 4.4.1.3: Validation of stable clones trans-expressing K8 GFP (WT/phosphomutants): (A)
Immunofluorescence imaging of Keratin 8 GFP (WT/phosphodead/phosphomimetic) using LSM 780 Zeiss
microscope at 488nm and 568nm wavelength respectively to observe K8/18, filament organization in all
five K8 wild type and phosphomutant clones. Green color represents K8 GFP whereas red color represents
K18. Nucleus is stained with DAPI, (Scale bar 20µm) (B) Western blot analysis of the 5 clones
overexpressing wild type and phosphomutants K8 GFP using K8 antibody (left panel) and phosphospecific
antibodies (K8 pS73 and K8 pS431) (right panel). VC and K8-KD8 depicts vector control and K8 knockdown
clones

respectively.

Higher

molecular

weight

bands

represent

trans-expressed

K8-GFP

(WT/phosphodead/phosphomimetic).

4.4.2 Phosphoproteomic profiling and quantification
Next, we performed a TMT-based quantitative phosphoproteomics for all the five clones, in order
to understand the alterations in their global phosphoproteome profile in response to site specific
K8 phosphorylation modulation in skin-SCC derived cell-line. A schematic representation of the
overall strategy acquired for TMT-based quantitative phosphoproteomics is shown in Figure
4.4.2.1.

Figure 4.4.2.1: Schematic representation of the methodology acquired for TMT-based quantitative
phosphoproteomics.
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When searched against human protein database, a total of 5839 unique phosphopeptides
corresponding to 2145 proteins were detected. Out of this, a total of 4915 (84.17%), 802 (13.73%)
and 122 (2.08%) singly, doubly and phosphopeptides phosphorylated at more than three sites were
identified respectively (Figure 4.4.2.2 A). Further, 4644 (86.4%) phospho-Serine, 655 (12.2%)
phospho-Threonine and 76 (1.4%) phospho-Tyrosine containing phosphopeptides were detected
with a high “phosphoRS Site Probabilities” (Figure 4.4.2.2 B).

Figure 4.4.2.2: Summary of differential quantitative phosphoproteomics data: (A) The table depicts
a total summary of phosphopeptides, phosphoproteins and phosphosites detected after LC-MS/MS
analysis together with summary of total number of phospho-serine, phospho-threonine and phosphotyrosine detected. Table shows number of phospho-serine/tyrosine/threonine detected. (B) Table
represents differential phosphorylation levels at known and novel phosphorylation sites on proteins in all 4
different clones with a cut-off of ≥1.5-fold change.
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Next, Line graphs for entire phosphoproteomics data, representing significant phosphorylation
alteration on phosphoproteins detected in all the 4 datasets (K8 S73A, K8 S73D, K8 S431A, K8
S431D) compared to K8 WT were plotted.

There were, (346/337), (436/687), (169/208),

(260/271) unique phosphosites found to be up/down regulated, amongst the total 5375
phosphosites, with a threshold ≥1.5 fold in case of K8 S73A, K8 S73D, K8 S431A, K8 S431D
datasets respectively (Figure 4.4.2.2 C). In addition, to identify total known and novel
phosphosites, differentially phosphorylated amongst all the dataset, Phospho-ELM database was
used. These results suggested a significant alteration in the phosphoproteomic profile of A431 cells
in response to K8 phosphorylation modulation in a site specific manner.

4.4.3 Determining the orthogonal or overlapping phosphoproteomic profile amongst all the
datasets
Comparison Analysis of phosphoproteomic profile between phosphodead and phosphomimetic
mutants datasets was carried out in order to attribute the effects of site specific K8 phosphorylation
in regulating different signaling mechanisms. Significant alterations in the phosphorylation status
of corresponding phosphoproteins was observed upon initial overlay analysis of the total
phosphoproteome profile between aforementioned datasets for both sites. Furthermore, we
observed 79 and 24 common phosphoproteins to be upregulated in phosphodead mutants (K8
S73A and K8 S431A) and downregulated in corresponding phosphomimetic mutants (K8-S73D
and K8 S431D) simultaneously, using Venny 2.1 software. Similarly, 48 and 35 common
phosphoproteins were upregulated in phosphomimetic mutant (K8 S73D and K8 S431D) datasets
and downregulated in corresponding phosphodead mutant (K8 S73A and K8 S431A) datasets
alongside. In addition, there were 80 common phosphoproteins upregulated and 97 common
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phosphoproteins downregulated within the phosphodead mutant (K8S73A and K8 S431A)
datasets. Concurrently, there were 108 common phosphoproteins upregulated and 178
downregulated within the phosphomimetic mutant (K8 S73D and K8 S431D) datasets (Figure
4.4.3.1 A, B).
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Figure 4.4.3.1: Venn diagram analysis of differential phosphoproteomics data: (A, B)
Phosphoproteins, with a cut-off of ≥1.5-fold change in their phosphorylation levels from all the 4 data sets
were subjected to the Software Venny 2.1 and the diagrams representing the number of orthogonal or
within overlapping phosphoproteins the respective clones. (C) Line graph showing the total (5839)
phosphopeptide distribution in K8 S73A, K8 S431A, K8 S73D and K8 S431D datasets.

A positive correlation between many common effectors with differential phosphorylation within
as well as among phosphodead and phosphomimetic mutants could be identified which
substantiated their involvement in a site specific K8 phosphorylation mediated biological functions
(Figure 4.4.3.1 C).

4.4.4 Functional correlation of Phosphoproteins detected across different datasets
For the intricate analysis of the differential quantitative Phosphoproteomic data different
bioinformatics tools were used as shown in the figure above (Figure 4.4.4). Ingenuity Pathway
analysis (IPA) was performed for independent datasets of phosphomutants in comparison to K8WT (K8 S73A/WT, K8 S73D/WT, K8 S431A/WT and K8 S431D/WT) to understand the
functional relevance of K8 phosphorylation ablation mediated global phosphoproteomic changes.
Subsequent to this “Comparison Analysis” within the datasets of K8S73 group (K8 S73A/WT, K8
S73D/WT, K8 S73A/73D) and K8 S431 group (K8 S431A/WT, K8 S431D/WT, K8 S431A/431D)
was carried out. Comparison Analysis facilitated the identification of trends or similarities and
differences between mutants within the group for both the phosphosites by visualization across
multiple analyses. Further, for significantly altered signaling in case of independent and
Comparison analysis, extended heat maps and bar charts for the “Canonical pathways”, “disease
and Biological functions” together with “Networks” were generated.
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Figure 4.4.4: Schematic representation of methodology for phosphoproteomic data analysis.

4.4.4.1 Functional signaling networks modulated by K8 Serine73 phosphorylation
The independent IPA-“canonical pathways” analysis showed significant alterations in
phosphorylation of proteins involved in the signaling pathways, like: mTOR, ATM, Regulation of
eIF4, HIPPO and Apoptosis, for K8 Serine73 phosphorylation modulation (Figure 4.4.4.1.1 A).
Furthermore, the independent “Disease and biological function” analysis of the same revealed
many of the differentially phosphorylated proteins associated with RNA Post-Transcriptional
Modification, Cancer, Cell Morphology, Cellular Growth and Proliferation, Gene expression and
Cell cycle (Figure 4.4.4.1.1 B). Similarly, the differential regulation of phosphoproteins related to
“canonical pathways” including Hippo, UVC induced MAPK, Cell cycle control and PKA
signaling was observed in K8 S73D dataset (Figure 4.4.4.1.1 A). Interestingly, an inverse
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correlation between K8 S73A and K8 S73D datasets could be seen in the IPA-Comparison
Analysis for the altered “Canonical pathways” which further strengthened the role of K8 Serine73
phosphorylation as a potent modulator of these pathways. Some of such pathways significantly
modulated included; GNRH, Renin angiotensin, P70 S6K, Integrin, Rho GTPase, ATM pathway
etc.

Figure 4.4.4.1.1: Analysis of phosphoproteomic data obtained from TMT-based global
phosphoproteome profiling: (A) Representative Bar chart for IPA “Canonical Pathways” showed
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significantly altered signaling pathways with high -log P-value for both K8 S73A and K8 S73D datasets.
The numbers against every bar corresponds to the no. of filtered proteins involved in the mentioned
pathway. (B) The representative bar chart depicting distribution of the differentially regulated
phosphoproteins (with high -log P-value) according to their Biological functions. (C) Heat maps generated
through IPA for “Comparison Analysis” of K8 Serine73 datasets (K8 S73A/WT, K8 S73D/WT, K8
S73A/S73D) including “canonical pathways” and “disease and biological function” demonstrate the
significantly altered molecular signaling pathways as well as biological functions.

Figure 4.4.4.1.2: Extended IPA Gene Heat Map of “canonical pathway” in K8 Serine73 dataset:
Comparison analysis of K8 Serine73 dataset using Ingenuity Pathway Analysis (IPA)-“Gene Heat Map”
showing phosphoproteins involved in canonical pathways like Integrin, Cdc42, PAK, ERK/MAPK and Actin
cytoskeleton organization signaling.
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Figure 4.4.4.1.3: Bar chart representing the comparative analysis of significantly altered with high
threshold value “Canonical pathways” determined by IPA for K8 Serine73 dataset.
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Figure 4.4.4.1.4: Networks showing the phosphorylation status of phosphoproteins involved in
biological functions: (A) Formation of actin stress fibers, (B) Formation of actin filaments, (C) M-phase
for K8 Serine73 dataset determined by IPA. The value below each molecule represents the
up/downregulation of phosphorylation levels at specific residues mentioned aside (Red: up and Green:
down).
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Figure 4.4.4.1.5: Network showing the phosphorylation status of phosphoproteins involved in
biological function- “Protein synthesis” for K8 Serine73 dataset determined by IPA. The value below each
molecule represents the up/downregulation of phosphorylation levels at specific residues mentioned aside
(Red: up and Green: down).

Moreover, gene heat maps for some major cancer associated pathways including Integrin, cdc42,
PAK, ERK/MAPK and Actin cytoskeleton organization signaling were generated, to ascertain the
specific phosphoproteins involved. Likewise, IPA-Comparison Analysis for “Disease and
biological functions” revealed pathways such as Apoptosis & cell survival, Cell proliferation,
Microtubule dynamics and Cell migration to be substantially altered upon deregulation of K8
phosphorylation at Serine73 residue. This again showed an inverse correlation between
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phosphodead and phosphomimetic mutants. Altogether, these results discovered the involvement
of many pivotal phosphoproteins including AKT1S1, CTTN, eIF4EBP1, LMNA, CDK1, ZYX
and CAV1 as potent modulators of K8 Serine73 phosphorylation mediated oncogenesis (Figure
4.4.4.1.1C). For all the important canonical pathways and biological functions, the elaborate gene
heat maps, bar charts and ray diagrams are shown in the Figure 4.4.4.1.2, 4.4.4.1.3, 4.4.4.1.4 (A,
B, C), 4.4.4.1.5.

4.4.4.2 Functional signaling networks modulated by K8 Serine431 phosphorylation
The independent IPA- “canonical pathways” analysis determined differential phosphorylation of
phosphoproteins involved in pathways comprising Estrogen receptor, Hippo, Sertoli cell junction,
JNK/SAPK and CDC42 signaling for K8 Serine431 phosphorylation modulation (Figure 4.4.4.2.1
A). The independent “Disease and biological function” analysis for the same exhibited differential
regulation of phosphoproteins accompanying; cancer, cell growth, gene expression and cell cycle
(Figure 4.4.4.2.1 B). Correspondingly, signaling pathways including Sertoli cell junction,
Estrogen receptor, Telomerase, JNK/SAPK, CDC42 and Hippo signaling were significantly
altered, in K8 S431D dataset (Figure 4.4.4.2.1 A). Furthermore, IPA-Comparison analysis for
“Canonical pathways” showed pathways such as; integrin, HIPPO, AMPK, CDC42, Rac, STAT3
and Actin signaling to be significantly altered. Likewise, the “Disease and biological function”
analysis for the same, showed most of the phosphoproteins to be involved in Cell survival &
viability, Actin dynamics, Microtubule dynamics, Cell proliferation, Invasion and migration.
Overall, these results discovered the involvement of many pivotal phosphoproteins including
BUB1B, CARHSP1, CTTN, SCRIB, CDK11B and CDK12 as potent modulators of K8 Serine431
phosphorylation mediated oncogenesis (Figure 4.4.4.2.1 C). For all the important canonical
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pathways and biological functions, the elaborate gene heat maps, bar charts and ray diagrams are
shown in the figure (Figure 4.4.4.2.2, 4.4.4.2.3, 4.4.4.2.4, 4.4.4.2.5 A & B, 4.4.4.2.6).
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Figure 4.4.4.2.1:

Differential phosphoproteomic analysis using IPA for K8 S431A/WT and K8

S431D/WT datasets: (A) Representative Bar chart for IPA “Canonical Pathways” shows significantly
altered signaling pathways with high-log P-value for both K8 S431A and K8 S431D datasets. The numbers
against every bar corresponds to the number of filtered proteins involved in the mentioned pathway. (B)
Representative bar charts determined by IPA showing Biological function associated with the
phosphoproteins for K8 S431A/WT individual dataset. (C) Heat maps generated through IPA for
“Comparison Analysis” of K8 Serine431 dataset (K8 S431A/WT, K8 S431D/WT, K8 S431A/S431D) including
“canonical pathways” and “disease and biological function” demonstrate major molecular signaling
pathways as well as biological functions affected.

Figure 4.4.4.2.2: Extended IPA Gene Heat Map of “canonical pathway” in K8 Serine431 dataset:
Comparative analysis of K8 Serine431 dataset using IPA “Gene Heat Map” showing phosphoproteins
involved in canonical pathways: integrin, UVC induced MAPK signaling, EGF, cdc42, RAC and Rho-GDI
signaling.
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Figure 4.4.4.2.3: Bar chart representing the comparative analysis of significantly altered “Canonical
pathways” with high threshold value determined by IPA for K8 Serine431 dataset.

Figure 4.4.4.2.4: Networks showing the phosphorylation status of phosphoproteins involved in biological
functions like “Invasion of tumor cell line” for K8 Serine431 dataset determined by IPA with a high p-value.
The value below each molecule represents the up/downregulation of phosphorylation levels at specific
residues mentioned aside (Red: up and Green: down).
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Figure 4.4.4.2.5: Network showing the phosphorylation status of phosphoproteins involved in biological
functions like, (A) “microtubule dynamics” and (B) “shape change of tumor cell line” for K8 Serine431 dataset
determined by IPA with a high p-value. The value below each molecule represents the up/downregulation
of phosphorylation levels at specific residues mentioned aside (Red: up and Green: down).
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Figure 4.4.4.2.6: Network showing the phosphorylation status of phosphoproteins involved in biological
functions like “colony formation” for K8 Serine431 dataset determined by IPA with a high p-value. The value
below each molecule represents the up/downregulation of phosphorylation levels at specific residues
mentioned aside (Red: up and Green: down).

4.4.5 Differential phosphorylation pattern of phosphoproteins involved in migration,
proliferation and apoptosis in response to K8 phosphorylation
IPA analysis mostly shows signaling pathways or biological functions altered based on the total
protein knowledgebase whereas phosphorylation at particular site may affect the function of a
protein in many different ways. Therefore, we next focused on the specific phosphosite associated
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functions of the phosphoproteins involved in the pathways which were significantly altered as
shown in IPA. Further, the phosphoproteins from all 4 datasets were screened according to their
involvement in Cell adhesion, migration, proliferation and Apoptosis. These were then subjected
to GO-functional annotation. Subsequently, Heat-Maps were generated for the relative
phosphorylation levels of selected phosphoproteins using MS-Office-excel. Significant increase
in phosphorylation of proteins like CAP1, CTTN, AKT1S1, CDK1, eIF4EBP1, CARHSP1 and
LIMA1 could be observed at biologically relevant phosphosites (Sites whose effects on the
function of protein upon being phosphorylated or dephosphorylated, is well understood) in case of
K8 S73A dataset, whereas K8 S73D dataset showed reversal of the same, in the phosphosite
specific heat map. In addition, most of the phosphoproteins were found to be differentially
phosphorylated at phosphosites which are novel or less characterized in case of K8 Serine431
phosphomutant datasets. Three major phosphoproteins which showed differential phosphorylation
at biologically relevant phosphosites with inverse correlation between phosphodead and
phosphomimetic mutant for K8 Serine431 dataset were; CTTN, BUB1B and CARHSP1 (Figure
4.4.5.1). Heat map for phosphoproteins associated with cell proliferation including, eIF4B, CDK1,
eIF4EBP1 and AKT1S1 showed significantly increased phosphorylation at biologically relevant
phosphosites in case of K8 S73A dataset with an inverse correlation in K8 S73D dataset.
Additionally, similar differential phosphorylation pattern on unidentified/less-characterized
phosphosites in case of K8 S73A and K8 S431A mutants together with reversal of the same in K8
S73D and K8 S431D datasets for LAMTOR1, MYC, STK10, BAP1, BRAF, ZYX, LARP1,
CDK11B was observed (Figure 4.4.5.2 A). Most of the phosphoproteins like CASP1, BCL2L12,
EEF1D and HNRNPK which are involved in apoptotic pathways were found to be differentially
phosphorylated at the novel or less-characterized phosphorylation sites among the phosphodead
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and phosphomimetic datasets for both the mutants (Figure 4.4.5.2B). Altogether, these
computational analyses demonstrated many known and novel phosphorylation sites of
phosphoproteins involved in cancer associated phenotypes to be differentially phosphorylated in
response to K8 phosphorylation ablation in site specific manner (Figure 4.4.5.1 and 4.4.5.2 A, B).

Figure 4.4.5.1: Phosphorylation oriented functional annotation Heat-maps for Cell adhesion-migration
depicting the differential phosphorylation sites on the phosphoproteins; mentioned in column-1 & 2. The
color code represents to the fold change in relative levels of phosphorylation at specific sites.
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Figure 4.4.5.2: Phosphorylation oriented functional annotation Heat-maps for (A) “Cell proliferation” and
(B) “cell death and apoptosis” depicting the differential phosphorylation sites on the phosphoproteins;
mentioned in column-1 & 2. The color code represents to the fold change in relative levels of
phosphorylation at specific sites.

4.4.6 Interaction analysis of different Phosphoproteins detected across different
phosphomutant datasets
Next, to elucidate the Protein-Protein Interaction (PPI) amongst the large variety of
aforementioned phosphoproteins, we performed STRING analysis for all the datasets as there were
a significant proportion of total phosphoproteome altered in response to a single twitch i.e., K8
site specific phosphorylation. A significant number of interactions between phosphoproteins with
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high –log P-values could be confirmed by PPI network analysis (Figure 4.4.6.1 A, 4.4.6.2 A,
4.4.6.3 A, 4.4.6.4 A). We selected cell migration associated signaling network (Figure 4.4.6.1 B,
4.4.6.2 B, 4.4.6.3 B, 4.4.6.4 B)., one of the significantly altered biological function as shown in
our IPA analysis and GO-Functional annotation, as a proof of principle and plotted separately
(Figure 4.4.6.5). There were strong interactions between CAP1, CDK1, ZYX, CTTN, TJP2, DSP,
PKP3, MAPK1, JUN, MYC, PNN and KRT8 as shown in PPI analysis. The pictorial
representation in figure shows the predicted interactions within phosphoproteins associated with
Cell migration. The differentially regulated phosphosites were annotated on the respective
phosphoproteins. Nevertheless, to establish their chronology in the pathway, further validation of
the phosphorylation status together with the interactions of these proteins is essential.
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Figure 4.4.6.1: (A) STRING analysis for biological
interactions with significant alteration in their relative
phosphorylation levels) for K8 S73A/WT dataset. (B)
STRING analysis for the differential regulated genes in
K8 S73A/WT dataset; associated with cell migration
function. The blue line represents the confidence levels
and thickness indicates the strength of data support.
The red-dotted circle indicates Keratin 8 position in the
networks.

177

Chapter-IV

Chapter-IV
Chapter-III

Results

Figure 4.4.6.2: (A) STRING analysis for biological
interactions

within

phosphoproteins

with

significant

alteration change in their relative phosphorylation levels for
K8 431A/WT dataset. (B) STRING analysis for the
differential regulated genes in K8 S431A/WT dataset;
associated with cell migration function. The blue line
represents the confidence levels and thickness indicates the
strength of data support. The red-dotted circle indicates
Keratin 8 position in the networks.
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Figure 4.4.6.3: (A) STRING analysis for biological interactions
within phosphoproteins with significant alteration in their relative
phosphorylation levels) for K8 S73D/WT dataset. (B) STRING
analysis for the differential regulated genes in K8 S73D/WT
dataset; associated with cell migration function. The blue line
represents the confidence levels and thickness indicates the
strength of data support. The red-dotted circle indicates Keratin
8 position in the networks.
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Figure 4.4.6.4: (A) STRING analysis for biological
interactions

within

phosphoproteins

with

significant

alteration change in their relative phosphorylation levels for
K8 431D/WT dataset. (B) STRING analysis for the
differential regulated genes in K8 S431D/WT dataset;
associated with cell migration function. The blue line
represents the confidence levels and thickness indicates
the strength of data support. The red-dotted circle indicates
Keratin8 position in the networks.
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Figure 4.4.6.5: Schematic model representing possible interactions within the phosphoproteins
derived from STRING analysis for cell migration and adhesion function.

In addition, we used Enrichr analysis web server to determine the PPI hub proteins (The key
regulators) upstream to the significantly altered phosphoproteins with inverse correlation in both
K8 Serine73 and K8 Serine431 datasets. Majority of phosphoproteins from our dataset were found
to be clustered under CDK2, GSK3β, MAPK14, CDK1 and MAPK1 like protein kinases in the
Clustergrammer with ‘protein kinase’ as enriched term. This enabled us to narrow down to major
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key kinases and their corresponding downstream effectors (which showed differential
phosphorylation and an inverse correlation between the phosphodead and phosphomimetic
mutants) befall together in the dataset. For instance, SRRM2, eIF4EBP1, ZYX, CTTN; which fall
in the K8 Serine73 dataset together with CDK1 the key upstream kinase for them. Such kinases
were considered for further analysis based on the biological relevance of their corresponding
phosphosites (Figure 4.4.6.6 A, B). In addition, we subjected the phosphoproteins with
significantly altered phosphorylation (showing reversal of differential phosphorylation status
between phosphodead and phosphomimetic datasets) to “Panther classification system”.
According to protein class the distribution of such phosphoproteins showed 7 kinases (CDK1,
CDK10, MAPK1, AAK1, PGK1, CDK12 and CDK11B) and 3 kinases (CDK12, CDK11B and
MAP3K11) in K8 Serine73 and K8 Serine431 datasets respectively (Figure 4.4.6.7 A, B). These
results put forward a hypothesis that under the effect of K8 site specific phosphorylation
modulation, these kinases may regulate the phosphorylation of many phosphoproteins and thereby
govern cancer associated signaling pathways. Based upon the intricate analysis of
phosphoproteomics data, comprehensive model pathways were then reconstructed using IPA tool
for functions which were predominantly altered in response to site specific K8 phosphorylation
ablation. Major signaling cascades emphasized many phosphoproteins associated with Cell
proliferation, Actin organization, Cell survival and Gene expression regulation to be deregulated
by K8 phosphorylation modulation, (the pathways were depicted with phosphorylation annotation)
(Figure 4.4.6.8 and 4.4.6.9).
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Figure 4.4.6.6: Extended clustergrammer and network analysis for differentially regulated
phosphoproteins: (A, B) “Enrichr-PPI hub proteins” analysis of common phosphoproteins (differentially
regulated with inverse correlation) within both the phosphodead and phosphomimetic mutant pair; (A) K8
S73A/D and (B) K8 431A/D dataset. The clustergrammer chart depicts the PPI hub proteins clustered under
kinases as Enriched Terms, with highest p-value at left-hand side, upstream to the corresponding
phosphoproteins.
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Figure 4.4.6.7: Panther analysis for protein class of the phosphoproteins showed significantly reversal
phosphorylation levels within the two phosphodead and phosphomimetic pairs; (A) K8 S73A/D and (B) K8
431A/D dataset. Pie chart shows the protein class with highlighted kinase molecules within the list inserted.
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Figure 4.4.6.8: K8 Serine73 phosphorylation mediated signaling pathways mapped by IPA. The
phosphorylation sites detected were assigned with the phosphoproteins.

4.4.7 Validation of identified proteins by Western blotting:
Western blot analysis was then performed to validate differentially phosphorylated
phosphoproteins within K8 Serine73 and K8 Serine431 datasets with phospho-specific antibodies
whereas total protein antibodies of the respective phosphoproteins were used as control. The
distribution of the phosphoproteins according to the protein class showed 7 kinases (CDK1,
CDK10, MAPK1, AAK1, PGK1, CDK12 and CDK11B) in K8 Serine73 dataset and 3 kinases
(CDK12, CDK11B and MAP3K11) in K8 Serine431 dataset to be differentially phosphorylated.
Generation of qualitative and quantitative MS/MS spectra using Xcalibur software for specific
phosphopeptides of some representative Kinases (CDK1, MAPK1, CDK11B and CDK12) and
signaling molecules (eIF4EBP1T37/T46, AKTS1T246, eIF4BS422, CTTNY421, and cJUNS243) further
authenticated our phosphoproteomics data (Figure 4.4.7.1-4.4.7.6 A, B).
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Figure 4.4.6.9: K8 Serine73 phosphorylation mediated signaling pathways mapped by IPA. The
phosphorylation sites detected were assigned with the phosphoproteins.

For biochemical validation by western blotting, we selected some of the kinases and corresponding
signaling molecules as per our computational analysis. Western blot analysis showed an increased
phosphorylation at Threonine14/Tyrosine15 of CDK1 in K8 Serine73 phosphodead mutant
expressing clones in comparison to WT and phosphomimetic mutants. Similarly, MAPK1
phosphorylation at Tyrosine187 was significantly decreased in K8 S73D mutant compared to WT
and phosphodead mutants in concordance to our MS/MS data. In addition, the corresponding
signaling molecules (eIF4EBP1T37/T46, AKTS1T246, eIF4BS422, CTTNY421, and cJUNS243) which
were shown to be associated with tumorigenic potential, were validated by respective phosphosite
specific antibodies (Figure 4.4.7.7 A). Western blot analysis of these phosphoproteins correlated
well with the MS/MS data. In case of K8 Serine431 dataset, western blot validated the differential
phosphorylation of CTTN for phosphorylation at Tyrosine421 (Figure 4.4.7.7 B).
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Figure 4.4.7.1: Quantitative and qualitative MS/MS spectra of CDK1 and MAPK1 for the given
phosphopeptides. For the verification of MS/MS data, representative quantitative and qualitative spectra
for selected kinases were generated using Xcalibur software version-3.0 and Proteome discoverer version
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1.4.1.14, Thermo Scientific respectively. The representative spectra for kinases, CDK1 and MAPK1 are
shown in the figures.

Figure 4.4.7.2: Quantitative and qualitative MS/MS spectra of AKT and JUN for the given
phosphopeptides. For the verification of MS/MS data, representative quantitative and qualitative spectra
for selected kinases were generated using Xcalibur software version-3.0 and Proteome discoverer version
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1.4.1.14, Thermo Scientific respectively. The representative spectra for AKT and c-JUN are shown in the
figures.

Figure 4.4.7.3: Quantitative and qualitative MS/MS spectra of eIF4B and CTTN for the given
phosphopeptides. For the verification of MS/MS data, representative quantitative and qualitative spectra
for selected kinases were generated using Xcalibur software version-3.0 and Proteome discoverer version
1.4.1.14, Thermo Scientific respectively. The representative spectra for eIF4B and CTTN are shown in the
figures.
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Figure 4.4.7.4: Quantitative and qualitative MS/MS spectra of eIF4EBP1 for the given
phosphopeptides. For the verification of MS/MS data, representative quantitative and qualitative spectra
for selected kinases were generated using Xcalibur software version-3.0 and Proteome discoverer version
1.4.1.14, Thermo Scientific respectively. The representative spectra eIF4EBP1 is shown in the figures.
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Figure. 4.4.7.5: Quantitative and qualitative MS/MS spectra of CDK11B and CDK12 for the given
phosphopeptides. For the verification of MS/MS data, representative quantitative and qualitative spectra
for selected kinases were generated using Xcalibur software version-3.0 and Proteome discoverer version
1.4.1.14, Thermo Scientific respectively. The representative spectra for kinases, CDK11B and CDK12 are
shown in the figures.
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Figure 4.4.7.6: Quantitative and qualitative MS/MS spectra of SCRIB and CARHSP1 for the given
phosphopeptides. For the verification of MS/MS data, representative quantitative and qualitative spectra
for selected kinases were generated using Xcalibur software version-3.0 and Proteome discoverer version
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1.4.1.14, Thermo Scientific respectively. The representative spectra for SCRIB and CARHSP1 are shown
in the figures.

Figure 4.4.7.7: Validation of MS results for selected phosphoproteins: Validation of MS results by
western blot analysis for selected proteins. Western blot analysis was carried out (n = 3, ±SD) for some of
the selected phosphoproteins with high statistical and biological significance. Western blots using
phosphospecific antibodies for CDK1 (pT14/Y15), MAPK1 (pY187), eIF4B (pS422), AKT1S1 (pT221),
eIF4EBP1 (pT37/T46), CTNN1 (pT401/S405), c-JUN (pS243) showed expected differential expression
verifying the MS-MS Data in S73A/D (A) and S431A/D (B) datasets. Quantitative values for the specific
phosphopeptides from the MS/MS data are indicated below the respective western blots (blots obtained
using phosphorylation specific antibodies). Respective blots for total proteins were used as control together
with β-actin. A representative blot for K8 overexpression and its phosphorylation status (for both the sites
K8 Serine73 and Serine431) is also shown in the figures. Quantitative spectra could only be used to
authenticate differential phosphorylation of such proteins. Overall, the mass-spectrometric data could be
confirmed by western blot analysis of the biologically relevant phosphoproteins thereby substantiating their
role in Keratin 8 phosphorylation mediated oncogenic pathways.
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4.4.8 Site specific phosphorylation on K8 regulates cellular migration, invasion and
proliferation in A431 cells
IPA analysis, heat map profiling and Western blot validation for all the four datasets indicated
significant alterations in cell migration, invasion, and proliferation associated signaling pathways.
This prompted us to validate our observations by phenotypic assays. Hence, we performed scratch
wound healing and Boyden chamber migration assay along with matrigel invasion and MTT cell
proliferation assay for all the clones. In scratch wound healing assay, the clones expressing K8
phosphodead mutants (K8 S73A and K8 S431A) showed a significant decrease (30–40%) in cell
migration rate as compared to K8-WT expressing clone (Figure. 4.4.8 A). Whereas, both the
clones expressing K8 phosphomimetic mutants (K8 S73D and K8 S431D) showed a migration
rate of 80–90%. For matrigel invasion assay, the K8 phosphodead mutant cells showed 50–60%
decrease in invasive potential compared to K8 WT expressing cells whereas, both the K8
phosphomimetic mutant expressing cells showed an invasive potential of 90–100% (Figure. 4.4.8
B). Boyden chamber migration assay correlated well with the scratch wound healing assay
(Figure. 4.4.8 C). In addition, K8 phosphodead mutant expressing clones showed 30–40%
decrease in the cell proliferation compared to K8 WT expressing clones. Whereas, cell
proliferation potential for both the K8 phosphomimetic mutant clones was found to be 80–100%
(Figure. 4.4.8 D). The data clearly indicates that the K8 phosphomimetic mutant cells exhibit a
reversal of migratory, invasive, and proliferative potential as compared to phosphodead mutant
cells. These results are in concordance to our phosphoproteomics data. In summation, these results
suggest that K8 phosphorylation at Serine73 and Serine431 significantly modulated the migratory,
invasive, and proliferative ability of A431 cells. This subsequently strengthens our findings of K8
phosphorylation to be a modulator of tumorigenic potential of A431 cells.
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Figure 4.4.8 : K8 Phosphorylation at Serine73 and Serine431 residue regulates tumorigenic potential
of A431 cells. (A) Scratch wound healing assay was performed for all 5 different clones (K8 WT,
phosphodead and phosphomimetic mutants) following the protocol described as materials and methods.
Representative time lapse microscopy images showing wound healing at 0h and 20h time points. Rate of
migration was calculated by MacBiophotonics–ImageJ software. The graph represents relative migration
rate ± SEM of three independent experiments done in triplicates. (B) Boyden chamber matrigel invasion
assay was performed as described in materials and method section. The graph represents average number
of invaded cells (stained with DAPI) ± SEM of three independent experiments done in triplicates.
Representative images depicting invaded cells visualized for GFP and DAPI under upright microscope. (C)
Boyden chamber migration assay was performed as described in materials and method section. The graph
represents average number of migrated cells (stained with DAPI) ± SEM of three independent experiments
done in triplicate. (D) MTT-based cell proliferation assay was performed for all 5 clones till six days. The
relative proliferation was plotted for each of the clones. [Each bar graph data represents ± standard error
mean (SEM) of three independent experiments].
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5.1 To study the role of K8 phosphorylation in neoplastic progression of SCC using
transgenic mouse model.
Keratin 8 undergoes phosphorylation at two main residues Serine73 (Head domain) as well as
Serine431 (tail domain) and thereby performs different regulatory functions [11]. Deregulation of
phosphorylation at these two sites regulates tumor progression either positively or negatively in
different malignancies, in a context dependent manner as shown by various cell line based in vitro
studies [39-41]. Although cell line based studies provide important information, the major
drawback of this system is lack of tissue microenvironment and cell-cell/cell- tissue interaction
and therefore cannot be directly extrapolated to human systems. Apart from this, cell lines are
usually transformed, exhibiting different gene expression and cell cycle profiles than those of cells
in the living organism. Therefore, to understand the exact role of K8 phosphorylation in cancer
initiation and progression, a model that mimics the multistep tumorigenesis of human cancers,
from the initial genetic insults in single cells to malignant progression in a proper tissue
environment is required. Tumors arising in genetically modified mouse models (GEMMs) mimic
the histopathological and molecular features of their human counterparts, display genetic
heterogeneity, and are able to spontaneously progress toward metastatic disease. Furthermore,
two-stage skin carcinogenesis studies using transgenic mouse model provide valuable tools to
study the mechanisms underlying processes such as cancer initiation, progression, organ‐specific
metastasis formation, and role of tumor microenvironment. As opposed to, cancer cell line based
studies and xenograft models, GEMMs develop de novo tumors in a natural immune‐proficient
microenvironment and are therefore important tool in deciphering the contribution of tumor cell‐
extrinsic factors such as cancer‐associated fibroblasts (CAFs) and immune cells in tumorigenesis.
Also, the development of methods for targeting genetic modifications in a tissue specific manner
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avoids complications such as embryonic lethality or systemic effects [111-113]. Hence, in order
to understand the exact role of K8 phosphorylation in neoplastic progression of SCC and to
monitor the effects at different stages of skin SCC in a stepwise manner, we generated tissue
specific transgenic mouse model expressing K8 wild type and phosphodead mutants under K14
promoter. This was followed by DMBA-TPA mediated skin carcinogenesis. Here we used K14
promoter which drives the expression of a gene in the basal keratinocytes of skin. We chose to use
tissue specific model of transgenesis since it has been reported earlier by Nom On Ku et, al that
mice expressing K8 S73A under a CMV a ubiquitous promoter enhanced the susceptibility of mice
to hepatotoxic injury upon apoptotic stimulation [66].
To generate tissue specific transgenic mice expressing K8 wild type as well as phosphomutants
under K14 promoter, the expression cassettes were electroporated to the spermatogonial stem cells
of the male mice. In the third attempt we obtained few of the transgene positive pups for all the
three constructs as shown by the tail genomic DNA PCR data using GFP primers. This suggested
a successful integration of the transgene into the mouse genome. In addition, in the western blot
analysis, an 82kD high molecular weight band corresponding to K8 GFP was observed in the skin
tissue lysates for all three constructs. Apart from this, we observed a dark patch at the region of 50
to 55kD. This is the region where most of the type two keratins appear. Similar observations have
been made by Cassanova et.al., when they generated K8 expressing transgenic mice. According to
them, appearance of this band might be because of the sporadic expression of K8 in the hair
follicles and Whiskers cells of the skin [66, 87, 92]. Furthermore, we could verify the transgene
positive mice from all the three lines by immunofluorescence analysis, using both K8 as well as
GFP antibodies. Together these results suggest that not only the transgene is integrated in the
genome but is also being expressed at protein level.
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encountered while performing these studies in relation to keratins are; 1) Keratins are obligate
hetero-polymers, generally unstable when expressed alone and 2) as stated earlier, during
neoplastic progression an aberrant expression of endogenous K8 starts which might interfere with
the effects of ectopically expressed phosphomutants. In this context, it has been reported by
Cassanova et,al., that K8 might get stabilized by K14, in absence of its type two binding partner
K18 in the skin as shown by their electron microscopy results [66, 87, 92]. This could be true in
our case also. Apart from this, it is well known that K8 phosphomutants are dominant negative,
which ruled out possibility of interference of endogenous K8 phosphorylation to mask the effects
of the ectopically expressed phosphodead mutants of K8 . After successful generation of transgenic
lines for all the three K8 wild type and phosphomutant constructs, initially, three male mice from
each set (K14-K8 WT/S73A/S431A GFP) were subjected to DMBA TPA mediated skin
carcinogenesis protocol, as a pilot study. Here, we could observe that, amongst the three sets, K8
WT GFP expressing transgenic mice showed the onset of tumors the earliest, followed by K8
S431A and then K8 S73A expressing mice. It is known that at basal level, K8 is generally
phosphorylated at Serine431 residue which further increases during specific conditions like mitosis.
In contrast, K8 Serine73 acts as a switch on switch off mechanism and thus is a more potent
regulator of K8 functions compared to K8 Serine431. Therefore, when there is an insufficiency of
K8 Serine73 phosphorylation, it leads to less tumorigenic phenotype in transgenic mice compared
to K8 Serine431. Furthermore, two of the wild type expressing transgenic mice showed a 12-14 mm
sized tumors to be formed by 6th week where as one of them showed the regression by 4th week of
TPA application. There are few reports which suggest that the regression during chemical
carcinogenesis may occur because of metastasis. This could be the possible reason behind our
observation regarding the regression of tumor in one of K8 wild type mice. Altogether this data
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indicate that K8 phosphorylation might be providing more aggressiveness to the skin SCC cells
under in vivo conditions. Our data supports the report by Tanaka et.al. This group has recently
shown that depletion of Sec8 in HSC3, a human oral squamous cell carcinoma-derived metastatic
cell line, suppressed its migration by controlling the phosphorylation of K8 at Serine73. They also
showed that this reduced K8 phosphorylation at Serine73 is regulated by the activation of ERK and
p38 mitogen-activated protein kinases (MAPK) signaling pathways [41]. In agreement with this
study, results of our in vitro studies have shown that, forced expression of shRNA-resistant
phosphodead mutants in K8 deficient-skin epidermoid carcinoma derived A431 cells resulted in a
decreased tumorigenic potential when compared to wild type expressing cells (as discussed in 5.3).
Notably, the phosphomimetic mutant expressing cells showed an inverse correlation when
compared to phosphodead mutant. Thus, our preliminary in vivo data presented here supports the
hypothesis that K8 phosphorylation provides more aggressiveness to the cells during neoplastic
progression of skin SCC, which goes along with our in vitro data. We have also shown possible
mechanisms behind the effects of site specific K8 phosphorylation on aggressiveness of Skin SCC
in our in vitro study. Future studies are required to ascertain whether these observations hold true
in the in vivo conditions. Apart from this, it has been shown by different groups that K8
phosphorylation is required during proliferation, protects cells from apoptosis by working as a
phosphate sponge as well as is required for its binding to other proteins like 14-3-3 during various
signaling mechanisms [32]. Its dephosphorylated form might be negatively affecting the
proliferative and anti-apoptotic properties and thereby tumorigenic potential. In addition, human
skin SCC tissue samples can be probed for K8 phospho-specific antibodies to further establish its
function in skin SCC.
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5.2 To study the role of K8 in neoplastic progression of skin SCC derived cells:
One of the major characteristics of keratins is their tissue specific and differentiation state
dependent expression pattern [4, 54]. Keratin 8/18, a preferential keratin pair of simple epithelial
tissue is reported to be aberrantly expressed in different squamous cell carcinomas. Its aberrant
expression has been correlated with increased invasiveness and poor prognosis of these tissues[4,
33, 93]. Skin SCCs (Non-melanoma skin cancers -NMSC), one of the most common neoplasms
which is known to cause serious morbidity and mortality, is curable at early stages, but delayed
diagnosis leads to metastasis [42]. Although, K8/18 pair is known to be aberrantly expressed in
skin cancers [24], till now, there are no reports about the involvement of K8 in the neoplastic
progression of skin SCCs and the mechanisms associated with it. To investigate if this keratin pair
has any role in tumorigenic potential of skin SCC and if yes what is the molecular mechanism, K8
was depleted from an human epidermoid carcinoma derived cell line A431. This led to a significant
decrease in tumorigenic potential of A431 cells in vitro as well as in in vivo tumorigenicity assay.
In case of in vivo tumorigenicity assay the effect of K8 downregulation could be rescued by reexpression of K8 WT GFP in the K8 deficient background. Together, these results suggest that
K8 regulates tumorigenic potential in A431 cells in vitro as well as in vivo. Further, these results
were in accordance with an earlier report from our laboratory, in which K8 downregulation in an
oral SCC derived AW13516 cells resulted in decreased tumorigenic potential of these cells [36].
In addition, Consistent with our data, a previous report by Casanova et al., demonstrated that K8
expressing transgenic mice undergo alterations in epidermal differentiation markers. The severity
of the skin phenotype of these transgenic mice increase with age, leading to areas of pre-neoplastic
transformation. Furthermore, Skin carcinogenesis in these mice showed that K8 alters the
epidermal cell differentiation, favors the neoplastic transformation of cells, and is responsible for
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the invasive behavior of transformed epidermal cells, leading to faster conversion of benign tumors
to malignant once [87, 92].
Next, to understand the associated mechanism, we performed a differential quantitative proteomics
for keratin 8 knockdown clones (KD2/KD8) and vector control cells. The data showed a total of
140 and 122 proteins to be differentially expressed in KD2 and KD8 knockdown clones
respectively, compared to vector control cells. There were 78 common proteins which were
significantly altered (up/down-regulated) in both the K8 knockdown clones compared to vector
control cells. The quantitative proteomics confirmed a substantial down-regulation of K8
expression upto 80% in both the knockdown clones. Together with this, K18 (a normal binding
partner of K8) also showed a down-regulation of Up to 30-40%, which could be further verified
by the western blot data. This might be because of destabilization of K18 in the absence of its
preferential type II binding partner K8, which is in line with earlier observations [36]. Conversely,
to our surprise, there was a significant decrease in the levels of K5, K17 and K15 upon K8
knockdown as shown in the differential proteomics data. Our western blot analysis confirmed a
significant down-regulation of K5/17 at protein level. Furthermore, it is well known that, in A431
cells, K5/17 form a major keratin pair apart from K8/18 [114]. Our immunofluorescence data
showed that upon K8 downregulation, neither K8/18 nor K5/17 could form proper filamentous
network. Nonetheless the transcript levels of K5/17 were largely unaffected. This observation
ruled out any likelihood of off target effects of the shRNA, which was a possibility because
keratins share a large amount of sequence homology. This also indicates the possibility of defects
in protein synthesis or their turnover. Generally keratins, like other cytoskeletal proteins are very
stable with a half-life of more than 48h [60]. Interestingly, after K8 knockdown, the turnover of
K5 and K17 was decreased upto less than 12 and 1h after CHX treatment respectively, which
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suggested a possible alteration in the degradation pattern of these proteins. Altogether this data
indicated that K8 down-regulation affects the turnover of

K17 and the fast depletion of K17

probably makes it unavailable to hetero-dimerize and stabilize K5, leading to its further
degradation. In addition, the cells expressing K8 WT GFP showed a considerable stabilization of
K5/17 levels compared to GFP vector control cells, further strengthening our hypothesis.
Inhibition of major degradation machineries (proteasome, lysosome, Calpain) did not show any
changes in K17 stability whereas caspase inhibition resulted in substantial stabilization of the
same. An earlier report has shown that TNF-α induced apoptosis resulted in the caspase mediated
degradation of K15 as well as K17 [115]. This suggested that depletion of K8 might be causing
increased sensitivity of A431 cells towards apoptotic stimuli, which was confirmed by Annexin V
staining after TNF-α treatment. Altogether this data suggested that K8 might be favoring the
resistance towards TNF-α mediated apoptosis in A431 cells. In case of simple epithelia, K8/18 is
a major keratin pair and one of its important functions is to provide resistance towards stress and
apoptosis [70, 116]. It is also suggested that during apoptosis or stress conditions, keratins undergo
caspase cleavage and reorganization which may initiate the orderly processing of the filament
proteins during apoptosis in epithelial cells [117, 118] . K5/17 degradation after K8 knockdown
may have the same function as it is the major keratin pair of A431 cells. In addition to this, annexin
V staining suggested that K8 might be responsible for providing resistance towards apoptosis to
A431 cells. Therefore, its down-regulation leads to increased sensitivity of A431 cells which might
be resulting in the degradation of K17 for the survival of these cells. This also explains a probable
reason behind the slow growing capacity of K8 knockdown clones as shown by the clonogenic
and soft agar assays. Apart from K8/18, there is an emerging role of K17 in proliferation as well
as apoptosis. The type I keratin 17 is co-expressed with its type II partners such as, K5 and K6, in
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epithelial appendages like in the hair follicles, nails, various glands, oral papillae etc. In hair
follicles, K17 is important for mechanical support and promotes the anagen phase of the hair cycle
by antagonizing TNF-α-induced apoptosis. K17 expression is also shown to be induced in
regenerative epithelia and different types of cancers [5]. Furthermore induction of K17 expression
has been observed in various malignancies which could be associated with poor prognosis [119121]. Increased K17 expression is also considered as a marker of keratinocyte proliferation [122].
It is known to play an important role in regulation of signaling pathways such as Akt/mTOR in
OSCC and Hedgehog (Hh) in (BCC) Besal cell carcinomas [121, 123]. Altogether, these reports
support our in vitro data and suggest a possible role of K17 mediated regulation of cell growth and
apoptosis to be involved in decreased tumourigenic potential of A431 cells upon K8 knockdown.
In accordance with this, our differential proteomics data showed that there was a 2 to 6 fold upregulation of TMS1, a card domain containing apoptosis associated protein, in K8 knockdown
clones compared to vector control cells. TMS1 is shown to be epigenetically silenced in many
cancers and is associated with their tumorigenic potential [124-126].These observations support
our phenotypic analysis. Furthermore, TMS1 regulates apoptosis through NF-κB signaling by
modulating IKK phosphorylation and in-turn IκB alpha stability [127]. Our data showed a
significant reduction in NF-κB activity and its nuclear translocation after K8 downregulation
through decreased IKK phosphorylation and thereby decreased IκB alpha degradation. NF-κB
itself is a dual regulator of apoptosis, although in majority of the cases it regulates the transcription
of anti-apoptotic genes [128-130].
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Figure 5.2.1: Schematic representation of proposed model pathway for the probable mechanism of
K8 mediated regulation of apoptosis in A431 cells

A significant reduction in PKC and activation of JNK pathway supports reduction in its antiapoptotic function. Reports suggesting contrasting Roles of PKCδ in Cell Survival vis a vis Cell
Death and its involvement in activation of IκB Kinase b further supported our data [131, 132].
Further more, it has been reported that the absence of NF-κB-mediated Inhibition of c-Jun NTerminal Kinase activation Contributes to Tumor Necrosis Factor alpha-induced Apoptosis [133].
In addition to this, RanBP1, one of the key factors involved in nuclear import and export of NLS
sequence containing proteins, was found to be two fold down-regulated in quantitative proteomics
data. NF-κB is also a NLS containing protein and its nuclear localization has been shown to be
regulated by RCC a Ran GTP binding protein. RCC functions in association with RanBP1. This
might be one of the factors resulting in impaired NF-κB nuclear localization after K8 knockdown.
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Apart from this, literature suggests that RanBP1 is up-regulated in many malignancies and also is
associated with apoptosis. In agreement with our data, one of the reports suggests that reduction
in RanBP1 levels results in an increased sensitization of cancer cells towards taxol [134].
Altogether, our data in association with the available literature, suggest that K8 might be providing
survival benefits to A431 cells by differentially regulating many pro and anti-apoptotic signalling
molecules and thereby apoptosis (Figure 5.2.1).

Figure 5.2.2: Schematic representation of proposed model pathway for the probable mechanism of
K8 mediated regulation of migratory potential of A431 cells

Apart from apoptosis and proliferation, another important factor involved in metastatic potential
of a cancer cell is its migratory and invasive potential. We could observe a significant decrease in
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the migratory and invasive potential of A431 cells upon K8 downregulation as shown in our
phenotypic data. In relation to this, our IPA analysis revealed “actin organization” and “cellular
movement” pathways to be affected upon K8 downregulation. It is well documented that cell
migration is a highly integrated multistep process that is initiated by the protrusions of the cell
membrane. Protruding structures formed by migrating and invading cells could be either filopodia,
lamellipodia, or invadopodia/podosomes, on the basis of their morphological, structural, and
functional Characters [135]. Formation of these structures is driven by spatially- and temporallyregulated actin polymerization at the leading edges. MARCKSL1 which is significantly
upregulated upon K8 downregulation (as shown in the differential proteomics data) is one of the
important regulator of cellular movement (Figure 5.2.2).
MARCKSL1 regulates actin cytoskeleton homeostasis together with filopodium and
lamellipodium formation during cell migration. The key downstream target of MARCKSL1 is
paxillin [136-138]. Number of reports suggest that paxillin localizes to discrete structures in the
cells called focal adhesions, which are sites of close cellular contact with the underlying
extracellular matrix. The Tyrosine118 phosphorylation of Paxillin is important for its activity at
focal contacts during fibrillogenesis and cell migration in association with focal adhesion kinase
(FAK) [139, 140]. Paxillin phosphorylation initiates focal contact formation together with FAK.
Further maturation and disassembly of focal contacts for proper cell migration requires FAK
phosphorylation [141]. In this study, when K8 was downregulated, it resulted in an increased
paxillin phosphorylation at Tyrosine118, while decreased FAK phosphorylation at Serine397 was
seen. According to a previous report, paxillin in absence of FAK phosphorylation can initiate the
focal contact formation while maturation and fibrillogenesis of these focal contacts is inhibited
leading to decreased migratory potential of such cells. This might be the reason why K8
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knockdown cells are less migratory as we could observe a more of paxillin at the cell periphery of
the K8 knockdown cells (thick pin point paxillin dots) whereas vector control cells showed paxillin
to be localized in the lamellipodial fronts. Additionally, we observed shorter actin filaments in K8
knockdown clones which corroborated with an earlier observation where more paxillin
phosphorylation resulted in shorter actin bundles [138]. Furthermore, FAK dephosphorylation
regulates cell migration through Rho-GTPases [142, 143]. Our actin staining showed mature
lamellipodial organization in vector control cells together with more RAC activity. This suggests
that decreased FAK phosphorylation together with less RAC activity might be responsible for less
migratory phenotype of A431 cells, after K8 knockdown. Rac activity regulates actin dynamics
through cofilin Serine3 phosphorylation. Cofilin is a actin severing protein which gets inactivated
upon Serine3 phosphorylation [144]. In association with the above data we could observe a
significant increase in cofilin phosphorylation. Previous reports suggest that when RAC is
activated it leads to activation of slingshot phosphatases by releasing it from 14-3-3γ. In the
absence of RAC activity, slingshot phosphatases are inactivated resulting in more and more
accumulation of phosphorylated and inactivated cofilin [145-147]. Our quantitative proteomics as
well as immunoblotting data showed significant upregulation of 14-3-3γ levels in both the K8
knockdown clones suggesting its role in the increased phosphorylation of cofilin after K8
downregulation. In accordance with this, it has been shown that if there are shorter actin filament
bundles in a cell, it causes the inactivation of cofilin by increased Serine3 phosphorylation to seize
its actin severing activity as a feedback loop [148]. In addition to the earlier observations, reexpression of K8 WT GFP in the K8 knockdown background resulted in the rescue of the
molecular changes associated with both apoptosis (TMS1, RanBP1) as well as migration
(MRCKSL1, Paxillin1/pPaxillin1, Cofillin/pCofillin). This further strengthened the involvement
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of K8 in regulation of these pathways. Together with this, we did not get any changes in
Fascin/pFascin, AKT/pAKT or ERK/pERK levels suggesting that these pathways might not be
involved in K8 mediated regulation of skin SCC. Altogether our results provide a new insight in
to the role of K8 in neoplastic progression of skin SCC derived A431 cells possibly by regulating
apoptosis and migration.
5.3 To understand the role of K8 phosphorylation in neoplastic progression of skin SCC
derived A431 cell line:
Phosphorylation is a proven modulator of K8 conventional functions; however, its role in
malignant transformation and the mechanism involved to bring about the same is still obscure. In
this part of our study, we carried out the total phospho-proteome profiling and quantification after
K8 phosphorylation modulation in a skin carcinoma derived A431 cell-line using TMT-based
quantitative phosphoproteomics. Comparative data analysis using various computational
bioinformatics tools facilitated identification of number of differentially regulated signaling
pathways associated with biological functions like cell proliferation, migration, invasion and
metastasis. Additionally, protein phosphorylation levels validations together with phenotypic
analysis correlated well with our phosphoproteomics data, signifying K8 phosphorylation to
impart increased aggressiveness to skin-SCC derived cells.
In our phosphoproteomic study, in response to K8 phosphorylation modulation, we could observe
a considerable proportion of the total phosphoproteome to be altered. A number of overlapping
and orthogonal phosphoproteins were found to be up or down-regulated between the different
datasets as shown in Venn diagram analysis. The data demonstrated many phosphoproteins with
increased phosphorylation upon K8 phosphodead mutant expression while expression of
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phosphomimetic mutants resulted in decreased phosphorylation of these phosphoproteins and
vice-versa. These results indicated that the effects of K8 phosphodead mutants might be reversed
by K8 phosphomimetic mutants through phosphorylation modulation of such common target
proteins.
Next, for comprehensive understanding of the system wide phosphoproteome data, “Ingenuity
pathway analysis” was carried out for all the four datasets. This uncovered many cancer associated
phosphoproteins to be differentially phosphorylated. Surprisingly, as indicated in the results,
regulation of “RNA post transcriptional modification” followed by “Cancer” in K8 S73A as well
as K8 S73D independent data sets were the most significant biological functions altered. Further,
deregulation of mTOR and ATM signaling pathways in K8 S73A dataset whereas Hippo signaling
in K8 S73D dataset which have never been reported earlier in context of K8 phosphorylation were
identified during Canonical pathway analysis for the same. Comparison Analysis of K8 Serine73
dataset demonstrated changes in many signaling pathways, most importantly GNRH, Renin
angiotensin, P70S6K, mTOR and ATM signaling, which were not reported previously in relation
to K8 phosphorylation ablation. Earlier studies have shown deregulation of GnRH signaling in
many different malignancies together with high GnRH-Receptor’s altered expression [149] .
Similarly, there are accumulating molecular and in-vivo evidences showing that the Renin–
angiotensin system (RAS) increases cell proliferation and modulates the growth of vascular cells
during angiogenesis [150]. In addition, p70S6K which is a Serine/Threonine kinase regulated by
PI3K/mTOR pathway, plays a crucial role in controlling cell cycle, growth and survival [151].
ATM and mTOR signaling pathways are also well established critical effectors which are
commonly deregulated in human cancers [152, 153] . Together with this, antagonists/inhibitors of
these pathways are being considered as probable candidates in cancer therapy [149-153].
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Altogether, the data analysis on the backdrop of the available literature shows an expanding role
of K8 Serine73 phosphorylation in cancer.
Similarly, to identify signaling mechanisms and associated phosphoproteins which are
differentially regulated in case of K8 Serine431 dataset, the “biological function analysis” for K8
S431A and K8 S431D independent datasets was carried out. This showed most of the differentially
regulated phosphoproteins to be associated with RNA post transcriptional modifications and
cancer. The “canonical pathway” analysis for the same revealed estrogen receptor, Hippo and
JNK/SAPK signaling to be significantly altered in both the datasets. Some of the phosphoproteins
like CAV1 and ZYX which are a part of integrin mediated signaling network, could be possible
new links between K8 Serine431 phosphorylation and cancer progression. Recent studies have
implicated a loss of caveolin-1, in driving early tumor recurrence, metastasis, and poor prognosis
[154] . Zyxin, an actin associated protein, which concentrates at focal adhesions along the actin
cytoskeleton, is reported to regulate actin dynamics, apoptosis, cell migration and metastasis in
many different cancers [155]. These results along with the available literature collectively
indicated the role of K8 Serine431 phosphorylation modulation in regulation of phosphorylation
dependent functions of many phosphoproteins and thereby cancer.
In addition to IPA tool based functional analysis, we have also carried out phosphorylation site
annotation using online databases including PhosphoELM, PhosphoSitePlus, HPRD and Uniprot.
This helped us to attribute the exact function which these site specific phosphorylation provides to
the phosphoproteins. This revealed many biologically relevant phosphosites to be altered in
different datasets. For instance, in case of K8 Serine73 dataset, differential phosphorylation of
Threonine401 Serine405 and Tyrosine421 of cortactin was identified.

The phosphorylation of

cortactin at these residues regulates actin cytoskeletal network reorganization and in turn cell
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motility [156]. Similarly, the phosphosites Serine307 and Serine309 identified on CAP1 regulate its
binding to cofilin resulting in accumulation of actin stress fibers and in turn cancer cell migration
and metastasis [157]. In addition to this, K8 Serine431 dataset demonstrated differential
phosphorylation of BUB1B at Serine1043, which has importance in the processes like cell
proliferation and apoptosis [158]. Although, many phosphorylation sites from our data have been
reported in the published literature, we have also unraveled many less characterized or novel
phosphosites on biologically relevant protein molecules. For instance, MAP3K11S705 and ZYXS344
are novel phosphorylation sites found to be altered in our dataset, but their biological functions are
still unknown [159, 160]. Validation of these novel phosphosites by mutational studies can provide
new insights into their functional relevance and may open new avenues in the area of cancer
research.
Systematic analysis of phosphorylation site dependent complex interaction dynamics by
“STRING” analysis not only highlighted the hub proteins but also uncovered many relevant
interactions in our study. For example, PPI network for cell migration suggested many
multifaceted indirect interactions between phosphoproteins. These might contribute to novel crosstalk in cancer signaling upon K8 phosphorylation modulation. Furthermore, our “Enrichr” analysis
for key upstream regulators identified many upstream kinases which could bridge the gap between
K8 site-specific phosphorylation and the final downstream effectors identified by the same. For
example, CDK1 and its target eIF4EBP1 seem to be good candidates to elucidate K8 Serine73
phosphorylation mediated signaling cascade, based on the biological relevance of corresponding
phosphosites. Moreover, IPA comprehensive model pathways together with phosphosite
annotation featured many phosphoproteins accompanying functions like Cell proliferation, Actin
organization, Cell survival and Gene expression regulation being deregulated by K8
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phosphorylation modulation. Consistent with these observations, the protein phosphorylation level
validation of few of such phosphoproteins including; eIF4B, AKT1S1, CTNN1, 4EBP1 and
upstream kinases like MAPK1, CDK1 in K8 Serine73 datasets confirmed our phosphoproteomics
data.
Furthermore, to validate the major biological pathways shown to be altered in computational
analysis such as those regulating cell migration, invasion and proliferation; different phenotypic
assays were carried out. Skin SCC derived A431 cells, upon expressing either of the phosphodead
mutants, showed abolition of oncogenic potential for all the three assays and regained the
tumorigenic potential upon expressing either of the phosphomimetic mutants. In agreement with
our present data, a recent report demonstrated reduced K8 Serine73 phosphorylation via p38 MAPK
pathway upon Sec8 downregulation. This in turn resulted in decreased cell migration in case of
oral SCC derived cell-line [41]. Contrary to these findings, Mizuuchi et al. have demonstrated
correlation of PRL-3 dependent K8 dephosphorylation at Serine73 and Serine431 with increased cell
motility in colorectal cancer derived-cells [39]. This data is further supported by the data from our
laboratory in an OSCC derived cell-line [40]. These reports suggest that K8 phosphorylation
associated effects in cancer progression might be context dependent. Our quantitative
phosphoproteomics and immunoblotting data suggests an upregulation of CDK1 inhibitory
phosphorylation at Threonine14/Tyrosine15 in case of K8 Serine73 phosphodead mutant. It is
reported that wee1 and myt1 mediated inactivation of CDK1 by phosphorylation at
Threonine14/Tyrosine15 leads to G2-M arrest and in turn decrease proliferation [161, 162]. We also
observed similar phenotypic changes which validated our phosphoproteomics data. eIF4EBP1, an
important regulator of mitotic cap-dependent translation which is downstream to CDK1, was found
to be dephosphorylated at the residues Serine44, Threonine46 and Threonine50. The hierarchical
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phosphorylation of these sites on eIF4EBP1 is essential for release of eIF4E [163] which further
associates with eIF4F and eIF4A at the initiation complex and hence is indispensable for capdependent translation initiation [164]. eIF4E-BP1 phosphorylation at Threonine37/Threonine46
residues is governed by CDK1 [165].

Figure 5.3:

Model pathway summarizing possible molecular mechanism associated with K8

Serine73 Phosphorylation mediated regulation of proliferation, cellular migration and invasion.

Our results have shown decreased phosphorylation of 4EBP1 at these residues probably because
of CDK1 inactivation. This might be leading to reduced mitotic cap-dependent translation and
hence shows less proliferation. Although, eIF4EBP1 has another potent modulator for its
phosphorylation vis mTORC1; it has been reported that CDK1 can substitute its function in mitotic
cap-dependent translation [165-167]. However, we observed a 5-fold up-regulation of eIF4B
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phosphorylation at Serine422 residue which is an indirect downstream target of mTORC1.
Furthermore, some other kinases such as PKB can directly phosphorylate eIF4B, which again
suggests that mTORC1 might be inactivated in K8 S73A mutant cells [168]. eIF4B, when
phosphorylated at Serine422, acts as co-activator of eIF4A helicase activity during cap-dependent
translation initiation [169]. Because of the consistent impaired cap-dependent translation, the
upstream kinases like AKT/PKB, might be activated in a feedback loop which is reflected in an
enhancement of pRAS40 phosphorylation at Threonine246 and eIF4B at Serine422 as observed in
our data. Nevertheless, the initial step of translation initiation complex formation i.e. release of
eIF4E from eIF4E-BP1 might be abrogated because of decreased phosphorylation of eIF4E-BP1.
Hence, hyperphosphorylated form of eIF4B and pRAS40 as observed, might not be sufficient for
driving the translation initiation and hence it is stalled and shows reduced proliferation in these
cells. We have also observed increased phosphorylation of cortactin at Serine405 and Tyrosine421.
Mutational analysis has shown that ERK mediated Serine405 phosphorylation of cortactin enhances
its binding with N-WASP and WASP but is inhibited by Src mediated Tyrosine421 phosphorylation
of cortactin [170]. This inhibits further activation of the Arp2/3 complex and in turn affects actin
nucleation and dynamics. Similarly, GSK3 mediated phosphorylation of CAP1 at Serine307 and
Serine309 was increased on K8 S73A mutation, which is known to inhibit its binding to cofilin and
further accumulation of actin stress fibers [157]. Both these molecules are important modulators
of actin dynamics and in turn cell migration and invasion which is also validated by our phenotypic
data. Altogether, our data suggests K8 phosphorylation at Serine73 position can modulated intricate
pathways and thereby migration and metastatic potential of the cells. Earlier reports have shown
aberrant

accumulation of an important

oncogenic

transcription

factor

c-Jun upon

dephosphorylation at Serine243 leading to accelerated G1/S transition and thereby hyper-
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proliferation [171] as observed in our K8 S73D phosphomimetic mutant dataset . In case of K8
Serine431 dataset, despite the significant phenotypic alteration, majority of the differentially
regulated phosphosites were novel/less characterized, hence we could not propose any
phosphorylation based model pathway. However, a protein level comprehensive model pathway
generated by IPA, provides multiple start-points for further mechanistic studies for elucidating K8
Serine431 phosphorylation mediated oncogenic pathways (Figure 5.3).
Overall, the bioinformatics analysis suggested that the K8 phosphorylation might be modulating
cancer related phenotype by differentially regulating an important part of the cellular
phosphoproteome. In concordance with our global phosphoproteome profiling, the biochemical
and phenotypic validations confirmed a potential role of K8 phosphorylation in neoplastic
progression of skin-SCCs. In addition, our phosphoproteomic analysis not only ratifies previous
findings but also unravels many novel K8 phosphorylation mediated functional networks and
signaling mechanisms, underlining its much broader regulatory role in cancer.
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6.1 Part 1: Objective 1 and 2
6.1.1 Summary:
•

Transgenic mice for K14-K8 WT GFP, K14-K8 S73A GFP and K14-K8 S431A GFP could
successfully be generated.

•

DMBA/TPA mediated skin carcinogenesis was carried out and the preliminary data
suggest an early initiation in K8 WT expressing mice compared to phosphodead mutants.

6.1.2 Conclusion:


Our preliminary results showed a delayed onset of tumors in K8 phosphorylation deficient
mice compared to the K8 WT mice. Conducting the DMBA/TPA experiment in the large
number of mice is required to further strengthen this hypothesis.

6.2 Part 2: Objective 1
6.2.1 Summary
•

Depletion of K8 in a human epidermoid carcinoma derived A431 cells leads to a significant
decrease in its tumorigenic potential.

•

TMT based differential quantitative proteomics profiling revealed key regulators including
MARCKSL1, Rho GDI, TMS1, RANBP1, 14-3-3γ, K17 to be involved in K8 mediated
oncogenic pathways.
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•

K8 knockdown leads to apoptotic sensitization of A431 cells probably through TMS1PKCδ-NF-κB signaling pathway.

•

K8 downregulation affects actin organization and thereby cell migration probably
through MARCKSL1-Paxillin-Rac signaling pathway.

6.2.2 Conclusion:
 This part of the study suggests a potent role of keratin 8 in regulating tumorigenic potential
of Skin SCC derived A431 cell line possibly by modulating MARCKSL1-Paxillin-Rac
and TMS1-PKCδ-NF-κB axis and thereby cell motility and apoptosis. Human skin SCC
tissue sample based studies and intricate analysis of these proposed model pathways will
be required to further endorse its role in skin SCC.

6.3 Part 2: Objective 2
6.3.1 Summary:
•

Quantitative phosphoproteomic analysis identified differential phosphorylation of many
known and novel phosphosites of proteins, which are well established key players in cancer
and are associated with cell migration, proliferation and apoptosis, in response to K8
phosphorylation deregulation.
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In concordance with our global phosphoproteome profiling, the biochemical and
phenotypic validations confirmed a potential role of K8 phosphorylation in neoplastic
progression of skin-SCCs.

6.3.2 Conclusion:
 To the best of our knowledge, this study represents the first report investigating regulatory
role of site specific K8 phosphorylation, and could identify many phosphoproteins and
signaling pathways to be altered upon K8 phosphorylation modulation. Intricate analysis
of these proposed pathways will be useful to further define association between K8
phosphorylation and cancer.

6.4 Significance of the study:
In the current study, for the first time, we have performed a quantitative total proteomics and
differential phosphoproteomic analysis to understand the role of K8 and its site-specific
phosphorylation, respectively in neoplastic progression of skin squamous cell carcinoma. We have
identified many proteins and signaling networks which are known to play a crucial role in cancer
biology and are associated with cell migration, proliferation, invasion, and apoptosis to be
differentially regulated in a skin carcinoma derived cell line. Preliminary data of our transgenic
study is in agreement with the results of our in vitro study.

Thus our study underlines the

importance of not only K8 aberrant expression, but also its phosphorylation in progression of skin
cancers. If validated in human skin tumor samples, both K8 and its phosphorylation can be used
in prognostication as well as novel therapeutic targets for skin cancer.
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Quantitative phosphoproteomic analysis reveals
system-wide signaling pathways regulated by
site-specific phosphorylation of Keratin-8 in skin
squamous cell carcinoma derived cell line
Richa Tiwari1,2 , Indrajit Sahu1,2,3 , Bihari lal Soni1,2,4 , Gajanan J. Sathe5 , Keshava K. Datta5 ,
Pankaj Thapa1,2 , Shruti Sinha1 , Chella Krishna Vadivel1 , Bharti Dhaka5 , Harsha Gowda5
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Keratin 8/18, a simple epithelia specific keratin pair, is often aberrantly expressed in squamous
cell carcinomas (SCC) where its expression is correlated with increased invasion and poor
prognosis. Majority of Keratin 8 (K8) functions are governed by its phosphorylation at Serine73
(head-domain) and Serine431 (tail-domain) residues. Although, deregulation of K8 phosphorylation is associated with progression of different carcinomas, its role in skin-SCC and the underlying mechanism is obscure. In this direction, we performed tandem mass tag-based quantitative phosphoproteomics by expressing K8 wild type, phosphodead, and phosphomimetic
mutants in K8-deficient A431 cells. Further analysis of our phosphoproteomics data showed
a significant proportion of total phosphoproteome associated with migratory, proliferative,
and invasive potential of these cells to be differentially phosphorylated. Differential phosphorylation of CDK1T14,Y15 , EIF4EBP1T46,T50 , EIF4BS422 , AKT1S1T246,S247 , CTTN1T401,S405,Y421 , and
CAP1S307/309 in K8-S73A/D mutant and CTTN1T401,S405,Y421 , BUB1BS1043 , and CARHSP1S30,S32
in K8-S431A/D mutants as well as some anonymous phosphosites including MYCS176 , ZYXS344 ,
and PNNS692 could be potential candidates associated with K8 phosphorylation mediated tumorigenicity. Biochemical validation followed by phenotypic analysis further confirmed our
quantitative phosphoproteomics data. In conclusion, our study provides the first global picture of K8 site-specific phosphorylation function in neoplastic progression of A431 cells and
suggests various potential starting points for further mechanistic studies.
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Significance of the study
In the current study, for the first time, we have performed
a quantitative phosphoproteomic analysis to understand the
role of site-specific K8 phosphorylation in neoplastic progression of skin squamous cell carcinomas using an epidermoid carcinoma derived cell-line A431. We have identified
differential phosphorylation of many known and novel phosphosites of proteins, which are well-established key players
in cancer biology and are associated with cell migration, proliferation, invasion, and apoptosis. In addition, our phospho-

1

Introduction

Keratins are the largest subgroup of intermediate filament
proteins expressed in a tissue specific and differentiationdependent manner. They are stable as 10 nm obligate heteropolymeric filaments of a Type-I (K9–K28, K31–K40) and TypeII (K1–K8, K71–K86) keratin each. Keratin 8/18 (K8/18), the
simple epithelia-specific keratin-pair, typically executes various mechanical and regulatory functions [1]. However, its
aberrant expression is broadly correlated with increased invasiveness and poor prognosis of squamous cell carcinomas
[2]. K8/18 share a common prototype structure comprising
of a central coiled coil alpha helical rod domain flanked by
two nonhelical head and tail domains [1]. The head and tail
domains provide heterogeneity to all the keratins and harbor
sites for major PTMs, predominantly phosphorylation.
Phosphorylation imparts various functions to K8/18, such
as filament organization, solubility, binding to other proteins and protecting cells from stress and apoptosis [3]. K8
contains three major physiological phosphorylation sites,
Serine23 , Serine73 in head-domain and Serine431 in taildomain. Phosphorylation at Serine23 is highly conserved
among all type-II keratins, rendering several common functions to them, whereas Serine73 and Serine431 are unique
to K8 [4]. Many kinases (JNK, p38-MAP kinase, PKC␦) and
phosphatases (PP2A, PRL3) are known to regulate K8 phosphorylation under specific conditions including stress, mitosis, and apoptosis (Serine73 /Serine431 ) or in basal condition
(Serine23 /Serine431 ) and consequently modulate its functions
[4, 5]. Although phosphorylation is associated with many diverse physiological functions of K8, the reports related to its
role in the neoplastic progression of different carcinomas and
the underlying mechanisms are inconsistent.
Nonmelanoma skin cancers, one of the most common
neoplasms, known to cause serious morbidity and mortality, are curable at early stages, but delayed diagnosis leads
to metastasis [6]. Although, K8/18 pair is known to be aberrantly expressed in skin cancers [7] till now, to our knowledge,
there are no reports about the involvement of K8 phosphorylation and related mechanistic pathways in basal squamous
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proteomic analysis uncovered many novel K8 phosphorylation mediated functional networks together with signaling
mechanisms and also confirmed previous findings, thereby
revealing its much broader regulatory role in cancer. Our protein phosphorylation level validation followed by phenotypic
analysis further correlated well with our phosphoproteomics
data. Hence, this study adds on to the existing knowledge
about the role of K8 phosphorylation in modulating different signaling mechanisms and thereby cancer progression.

cell carcinomas (SCCs). In this study, we carried out systemwide phosphoproteomic profiling after ablation of K8 phosphorylation at Serine73 and Serine431 in A431 cells, a skin
epidermoid carcinoma derived cell-line followed by phenotypic validation. Tandem mass tag (TMT)-based phosphoproteomic profiling and high-throughput analysis revealed many
known and novel cancer associated pathways to be modulated
significantly after deregulating site-specific K8 phosphorylation. These results were well supported by our protein phosphorylation level validation as well as phenotypic analysis.
Our study provides a unique resource of phosphoproteins
and phosphorylation sites that may give better insight into
signaling mechanisms associated with K8 phosphorylation
mediated regulation of skin-SCC progression.

2

Materials and methods

2.1 Plasmids and cloning
The shRNA-resistant pLNCX2-3XFlag-K8-WT-GFP construct
was first generated as described in the Supporting Information Fig. 1. Further, shRNA-resistant phosphodead mutants (pLNCX2-3XFlag-K8-73A-GFP and pLNCX2-3XFlagK8-431A-GFP) and phosphomimetic mutants (pLNCX23XFlag-K8-S73D-GFP and pLNCX2-3XFlag-K8-S431D-GFP)
were generated by site-directed mutagenesis of the pLNCX23XFlag-K8-WT-GFP following the protocol as described earlier [8]. The point-mutations were verified by sequencing. The
list of primers used for site-directed mutagenesis is given in
Supporting Information Fig. 2.

2.2 Cell-lines, viral particle preparation, and
generation of stable clones
Human epidermoid carcinoma derived cell-line (A431) and
HEK293-FT cell-line were maintained in DMEM media supplemented with 10% FBS, 5% CO2 and grown at 37⬚C.
High-titer retroviral particles for all the constructs were
www.proteomics-journal.com

1600254 (3 of 17)

R. Tiwari et al.

generated as described in Supporting InformationMethodology. K8-deficient cells (previously generated K8
knockdown cells) were transduced with the respective viral
particles and stable clones were maintained in 500 ng/ml
of puromycin and 600 g/ml of G418 sulphate containing
complete DMEM.
2.3 Western blot and Immunofluorescence analysis
Western blotting and Immunofluorescence analysis were
performed as described in previous report [8]. The list of
antibodies used is given in Supporting Information Fig. 2.
2.4 Differential quantitative phosphoproteomics
Mammalian cell lysis, Protein digestion, TMT labeling, bRPLC, Phosphopeptides enrichment using TiO2 Chromatography followed by LC-MS/MS were carried out for all the
clones as described in detail in Supporting InformationMethodology.
2.5 LC-MS/MS analysis
The enriched phosphopeptides were analyzed on Orbitrap
FusionTM TribridTM Mass Spectrometer (Thermo Electron,
Bremen, Germany) interfaced with Easy-nLC 1000 liquid
chromatography system (Thermo Scientific, Odense, Denmark). The peptide digests were reconstituted in 0.1% formic
acid and loaded onto trap column (75 m × 2 cm) packed
in-house with Magic C18 AQ (Michrom Bioresources, Inc.,
Auburn, CA, USA). Peptides were resolved on an analytical
column (75 m x 20 cm) at a flow rate of 350 nL/min using
a linear gradient of 10–35% solvent B (0.1% formic acid in
95% acetonitrile) over 80 min. Data-dependent acquisition
with full scans in 350–1700 m/z range was carried out using
an Orbitrap mass analyzer at a mass resolution of 120 000
at 400 m/z. Fifteen most intense precursor ions from a
survey scan were selected for MS/MS fragments using HCD
fragmentation with 32% normalized collision energy and
detected at a mass resolution of 30 000 at 400 m/z. Dynamic
exclusion was set for 30 s with a 10 ppm mass window.
Internal calibration was carried out using lock mass option
(m/z 445.1200025) from ambient air.
2.6 MS data analysis
The MS derived data were searched against “Human RefSeq
protein database” (Version 65, containing 36 211 protein entries with common contaminants added) using “SEQUEST”
and “Mascot” search algorithms through “Proteome Discoverer” platform (version 1.4.1.14, Thermo Scientific) as described in earlier report [9, 10]. The search parameters for
both algorithms included: carbamidomethylation of cysteine
and TMT 10-plex (C229.163) modification at N-terminus of
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peptide and lysine as fixed modifications; N-terminal acetylation, oxidation of methionine, phosphorylation at serine,
threonine, and tyrosine (+79.966 Da) as variable modifications. MS/MS spectra were searched with a precursor mass
tolerance of 10 ppm and fragment mass tolerance of 0.05 Da.
Trypsin was specified as protease and a maximum of two
missed cleavages were allowed. The data was searched against
decoy database and the false discovery rate was set to 1%
at the PSM level. The probability of phosphosite localization for each Serine/Threonine site on each protein was calculated by the phosphoRS 3.1 node in the Proteome Discoverer (version 1.4, Thermo Scientific). Phosphopeptides
with >75% localization probability were considered. The
phosphorylation sites that were identified with >75% localization probability but were assigned to different sites
by the search algorithm were manually corrected based on
the phosphoRS localization probability for a given residue.
Peptides with 1.5-fold cut-off were considered as differentially phosphorylated phosphosites. The FDR between the
technical replicates was calculated and shown in the Supporting Information Spreadsheet as FDR based on technical replicate ratio (Supporting Information-Datasheet-1).
Briefly, FDR estimation was carried out by calculating the
number of differentially phosphorylated peptides identified
between the technical replicates with 1.5-fold cut-off out
of the total identified phosphopeptides. The FDR thus obtained, was approximately in the range of 10–20% that is
within acceptable limits for further analysis. The MS proteomics data have been deposited to the “ProteomeXchange
Consortium” (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository [11] with the dataset identifier PXD005301.

2.7 Bioinformatics analysis
The MS-derived data were searched against human RefSeq
protein database (HPRD) (Version 65, containing 36 211 protein entries with common contaminants added) using “SEQUEST” and “Mascot” search algorithms through “Proteome
Discoverer” platform (version 1.4.1.14, Thermo Scientific) as
described in earlier report [9, 10]. Phosphopeptides with a
fold change of 1.5 (up/downregulated) were considered for
further bioinformatics analysis. “PhosphoELM” [12], “PhosphoSitePlus,” and “Uniprot” database were referred to determine the known and novel phosphosites identified in our MS
data. To determine the orthogonal or overlapping phosphoproteomic profile among all the datasets “Venny2.1 tool” was
used. “STRING analysis tool” was used for protein–protein
interaction analysis of different Phosphoproteins. All quantified phosphopeptides were analyzed using “Ingenuity Pathway Analysis” (IPA, Ingenuity systems, Qiagen, used in collaboration with IOB, Bangalore) (with a cut off  1.5 fold).
The overrepresented “Canonical pathways”, “Disease & biological functions” and “Networks”, deregulated in K8 phosphorylation dependent manner, were generated based on
www.proteomics-journal.com
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information contained in the Ingenuity Pathway Knowledge
Base. The significance of the association between the dataset
and the canonical pathway was measured in two ways: (1) A
ratio of the number of molecules from the dataset that map
to the pathway divided by the total number of molecules that
map to the canonical pathway is displayed. (2) Fisher’s exact
test was used to calculate a p-value determining the probability that the association between the genes in the dataset
and the “Canonical pathways” is explained by chance alone.
Comparative analysis was carried out using IPA core analysis tool to identify common pathways showing reversal between phosphodead and phosphomimetic mutants expressing clones. The phosphopeptides involved in canonical or
biological pathways showing reversal with a high log p-value
(level of significance as per IPA manual) were considered
for further analysis. “Enrichr tool” [13], was used to analyze
“PPI hub proteins” of the set of phosphoproteins, showed
significant reversal of phosphorylation levels. “PANTHER
GO-functional annotation” [14] was used to determine “Protein class” within the datasets showing significant reversal in
phosphorylation levels. Proteome Discoverer version 1.4.1.14
and Xcalibur version-3.0 were used to determine the qualitative and quantitative spectra for phosphopeptides respectively.
2.8 Cell migration, proliferation, and invasion assay
For phenotypic validation, Scratch Wound healing, Boyden
chamber cell migration, MTT, and Matrigel cell Invasion assays were performed as described in earlier reports [15, 16].
Migrated or invaded cells were stained with DAPI. Results
obtained from three independent experiments each in triplicate were represented as mean values using ±SEM obtained
from software Graphpad prism 5.

3

Results

3.1 Generation of stable clones expressing
shRNA-resistant K8 WT and phosphomutants
To examine the effect of K8 site-specific phosphorylation in neoplastic progression of skin SCC, stable clones
expressing shRNA resistant 3XFlag-(N-terminus)-GFP-(Cterminus) tagged K8-WT, phosphodead mutants (K8-S73A &
K8-S431A), and phosphomimetic mutants (K8-S73D & K8S431D) were generated (Supporting Information Fig. 1A,
B) in previously established shRNA-based K8-deficient stable clones of A431 cells. Western blot analysis of all the
clones showed significant upregulation of 3XFlag-K8-GFP
WT (wild type) and phosphomutants when probed with K8
antibody (Fig. 1A). To verify the K8 phosphorylation status,
lysates from all the clones were probed with K8 Serine73 or
K8 Serine431 phosphorylation-specific antibodies. The clones
expressing phosphomutants (K8-S73A, K8-S73D, K8-S431A,
and K8-S431D) showed the loss of K8 phosphorylation on
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respective sites (Fig. 1B). To reevaluate the phosphorylation
status of transexpressed 3XFlag-K8-GFP (WT and phosphomutants), coimmunoprecipitation from whole cell lysates of
respective clones with anti-flag antibody, followed by in-gel
digestion and nano-LC-MS/MS analysis were performed. The
mass spectrometric data analysis further supported Western
blot data, i.e. the loss of phosphorylation at respective sites in
all the phosphomutant clones (Supporting Information Fig.
1C). Next, immunofluorescence analysis showed appropriate
filament organization of trans-expressed K8-GFP in all the
five clones (Fig. 1C).
3.2 Phosphoproteomic profiling and quantification
In order to understand the alterations in global phosphoproteome profile in response to K8 phosphorylation modulation
in skin-SCC derived cell-line, we performed a TMT-based
quantitative phosphoproteomic analysis for all the clones
(Fig. 1D). A total of 5839 unique phosphopeptides corresponding to 2145 proteins were detected when searched
against human protein database (Supporting InformationDatasheet-1). A total of 4915 (84.17%), 802 (13.73%), and
122 (2.08%) singly, doubly, and phosphopeptides phosphorylated at more than three sites were detected, respectively. Further, 4644 (86.4%) phospho-Serine, 655 (12.2%)
phospho-Threonine, and 76 (1.4%) phospho-Tyrosine containing phosphopeptides were identified with a high “phosphoRS Site Probabilities” (Fig. 1E). The entire phosphoproteomics data were plotted as line graphs representing
significant phosphorylation alteration on phosphoproteins
detected in all the four datasets (K8-S73A, K8-S73D, K8S431A, K8-S431D) when compared with K8-WT (Fig. 1F).
Among the total 5375 phosphosites, (346/337), (436/687),
(169/208), (260/271) unique phosphosites were found to be
up/downregulated with a threshold 1.5-fold in case of K8S73A, K8-S73D, K8-S431A, K8-S431D datasets, respectively
(Fig. 1G). In addition, Phospho-ELM database was used to
identify total known and novel phosphosites, differentially
phosphorylated among all the datasets (Fig. 1G). These results suggest a significant alteration in phosphoproteomic
landscape, emerged upon K8 phosphorylation modulation in
a site-specific manner.
3.3 Determining the orthogonal or overlapping
phosphoproteomic profile among all the
datasets
To visualize the orthogonal or overlapping phosphopeptides
differentially phosphorylated with 1.5-fold cut-off, among
two different phosphomutant datasets, we performed Venn
diagram analysis using Venny 2.1 software. Based on this
criteria phosphopeptides showing upregulation of phosphorylation in case of phosphodead mutants and downregulation
of phosphorylation in case of phosphomimetic mutants
for both the sites were subjected to Venn diagram analysis
www.proteomics-journal.com
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Figure 1. Verification of stable clones trans-expressing 3XFlag-K8-GFP (WT/phosphomutants) and summary of TMT-based global
phosphoproteome profiling: Western blot analysis of all the five clones expressing 3XFlag-K8-GFP wild type and phosphomutants using
K8 antibody (A), and phosphospecific antibodies (K8 Serine73 and K8 Serine431 ) (B). Here “VC” depicts vector control A431 cells; “K8-KD2”
& “K8-KD8” depict two different K8 knockdown clones in A431 cells. Higher molecular weight bands (82KDa) represent trans-expressed
3XFlag-K8-GFP (WT/phosphodead/phosphomimetic) in K8 knockdown background. (C) Immunofluorescence imaging of 3XFlag-K8-GFP
(WT/phosphodead/phosphomimetic) using LSM780 Zeiss microscope at 488 nm wavelength to observe K8 filament organization. Green
color represents K8-GFP and nucleus is stained with DAPI. (D) Schematic representation of the methodology for TMT-based quantitative
phosphoproteomics. (E) The table depicts a total summary of phosphopeptides, phosphoproteins, and phosphosites detected after
LC-MS/MS analysis together with summary of total number of phosphoserine, phosphothreonine, and phosphotyrosine detected. (F) Line
graph showing the total (5839) phosphopeptide distribution in K8-S73A, K8-S431A, K8-S73D, and K8-S431D datasets. (G) Table represents
differential phosphorylation levels at known and novel phosphorylation sites on proteins in all four different clones with a cut-off of
1.5-fold.


C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.proteomics-journal.com

Proteomics 17, 7, 2017, 1600254

(6 of 17) 1600254

Figure 2. Analysis of phosphoproteomics data obtained from
TMT-based global phosphoproteome profiling: (A and B) Phosphopeptides, with a cut-off of
1.5-fold in their phosphorylation levels from all the four data
sets were subjected to the Software Venny 2.1. The diagrams
represent the number of orthogonal or overlapping phosphopeptides among the respective
datasets. (C) Representative Bar
chart for IPA “Canonical Pathways” showed significantly altered signaling pathways with
high –log p-value for both K8S73A and K8-S73D datasets. The
numbers against every bar correspond to the number of filtered
proteins involved in the mentioned pathway. (D) The representative bar chart depicting distribution of the differentially regulated
phosphoproteins (with high –log
p-value) according to their Biological functions. (E) Heat maps generated through IPA for “Comparison Analysis” of K8-S73 datasets
(K8-S73A/WT, K8-S73D/WT, K8S73A/S73D) including “Canonical
pathways” and “Disease and biological functions” demonstrating
the significantly altered molecular
signaling pathways as well as biological functions.

(Fig. 2A, B and Supporting Information-Datasheet-2). There
were 79 and 24 common phosphopeptide upregulated in
phosphodead mutants (K8-S73A and K8-S431A) and downregulated in corresponding phosphomimetic mutants (K8S73D and K8-S431D), respectively (Fig. 2A). Besides, there
were 80 common phosphopeptides upregulated within the
phosphodead mutant (K8-S73A and K8-S431A) and 178 common phosphopeptides downregulated within the phosphomimetic mutants (K8-S73D and K8-S431D) (Fig. 2A). Similarly, phosphopeptides showing downregulation of phosphorylation in case of phosphodead mutants and upregulation of
phosphorylation in case of phosphomimetic mutants for both
the sites were subjected to Venn diagram analysis (Fig. 2B).
There were 48 and 35 common phosphopeptides upregulated

C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in phosphomimetic mutants (K8-S73D and K8-S431D) and
downregulated in corresponding phosphodead mutants
(K8-S73A and K8-S431A), respectively. Concomitantly, there
were 97 common phosphopeptides downregulated within
the phosphodead mutant (K8-S73A and K8-S431A) and 108
common phosphopeptides upregulated within the phosphomimetic mutants (K8-S73D and K8-S431D) (Fig. 2B). In
addition, the scatter plot for differentially phosphorylated
phosphopeptides with 1.5-fold cut-off, further suggested
an inverse correlation between the phosphodead and phosphomimetic mutant dataset (K8-S73A versus K8-S73D and
K8-S431A versus S431D) independently (Supporting information Fig. 3). These results showed a positive relationship
between many common effectors with differential phoswww.proteomics-journal.com
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phorylation within and among phosphodead and phosphomimetic mutants substantiating their involvement in a sitespecific K8 phosphorylation mediated biological functions.

3.4 Functional correlation of phosphoproteins
detected across different datasets
In order to understand the functional relevance of K8
phosphorylation ablation mediated global phosphoproteomic
changes, Ingenuity Pathway analysis (IPA) was performed
for independent datasets of phosphomutants in comparison to K8-WT (K8-S73A/WT, K8-S73D/WT, K8- S431A/WT,
and K8-S431D/WT). This was followed by “Comparison Analysis” within the datasets of K8-S73 group (K8S73A/WT, K8-S73D/WT, K8-S73A/73D) and K8-S431 group
(K8-S431A/WT, K8-S431D/WT, K8-S431A/431D). Comparison analysis enabled us to identify trends or similarities and
differences between mutants within the group for both the
phosphosites by visualization across multiple analyses. Extended heat maps and bar charts for the “Canonical pathways,” “Disease and Biological functions” together with “Networks” were generated for significantly altered signaling in
case of independent and comparison analysis.

3.4.1 Functional signaling networks modulated by
K8 Serine73 phosphorylation
Upon K8 Serine73 phosphorylation modulation, the independent IPA-“Canonical pathways” analysis showed significantly
altered differential phosphorylation of proteins involved in
the signaling pathways, for instance; mTOR, ATM, regulation of eIF4, HIPPO, and apoptosis (Fig. 2C, Supporting
Information Fig. 4A and Supporting Information-Enlarged
Fig. 1). Furthermore, the independent “Disease and biological functions” analysis of the same showed most of the
differentially phosphorylated molecules to be involved in
RNA Post-Transcriptional Modification, Cancer, Cell Morphology, Cellular Growth, and Proliferation, Gene expression, and Cell cycle (Fig. 2D, Supporting Information Fig. 4B
and Supporting Information-Enlarged Fig. 2). Similarly, in
K8-S73D dataset, the differential regulation of phosphoproteins related to “Canonical pathways” including Hippo, UVCinduced MAPK, Cell cycle control, and PKA signaling was
observed (Fig. 2C). Interestingly, IPA-Comparison Analysis
showed an inverse correlation between K8-S73A and K8-S73D
datasets for the altered “Canonical pathways” strengthening
the role of K8 Serine73 phosphorylation as a potent modulator of these pathways. Some of these pathways including
GNRH, Renin angiotensin, P70 S6K, Integrin, Rho GTPase,
ATM were significantly modulated (Fig. 2E, Supporting Information Fig. 6). In addition, gene heat maps were generated for some major cancer associated pathways including
Integrin, cdc42, PAK, ERK/MAPK, and Actin cytoskeleton
organization signaling, to find out the specific phosphopro
C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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teins involved (Supporting Information Fig. 5). Furthermore,
IPA-Comparison Analysis for “Disease and biological functions” revealed pathways such as apoptosis & cell survival,
cell proliferation, microtubule dynamics, and cell migration
to be significantly modulated upon deregulation of K8 phosphorylation at Serine73 residue and showing inverse correlation between phosphodead and phosphomimetic mutants
(Fig. 2E, Supporting Information Figs. 7 and 8). Altogether,
these analyses revealed the involvement of many crucial phosphoproteins including AKT1S1, CTTN, EIF4EBP1, LMNA,
CDK1, ZYX, and CAV1 as potent modulators of K8 Serine73
phosphorylation-mediated oncogenesis.

3.4.2 Functional signaling networks modulated by
K8 Serine431 phosphorylation
Upon K8 Serine431 phosphorylation modulation, the independent IPA-“Canonical pathways” analysis determined differential phosphorylation of phosphoproteins involved in
pathways including Estrogen receptor, Hippo, Sertoli cell
junction, JNK/SAPK, and CDC42 signaling (Fig. 3A, Supporting Information Fig. 9A and Supporting InformationEnlarged Fig. 3). The independent “Disease and biological
functions” analysis showed differential regulation of phosphoproteins associated with cancer, cell growth, gene expression and cell cycle (Fig 3B, Supporting Information Fig. 9B
and Supporting Information-Enlarged Fig. 4). Similarly, in
K8-S431D dataset, signaling pathways including Sertoli cell
junction, Estrogen receptor, Telomerase, JNK/SAPK, CDC42,
and Hippo signaling were significantly altered. Furthermore,
IPA-Comparison Analysis determined “Canonical pathways”
such as; integrin, HIPPO, AMPK, CDC42, Rac, STAT3, and
Actin signaling to be significantly altered (Fig. 3C, Supporting Information Figs. 9 and 11). In addition, the “Disease and
biological functions” analysis was carried out for the same
dataset. Heat maps showed most of the molecules to be involved in cell survival & viability, actin dynamics, microtubule
dynamics, cell proliferation, invasion, and migration (Fig 3C,
Supporting Information Fig. 4). Altogether, these analyses
revealed the involvement of many crucial phosphoproteins
including BUB1B, CARHSP1, CTTN, SCRIB, CDK11B, and
CDK12 as potent modulators of K8 Serine431 phosphorylation
mediated oncogenesis. The elaborate gene heat maps, bar
charts, ray diagrams for all the important pathways and biological functions are given in Supporting Information Figs.
12–14.

3.5 Differential phosphorylation pattern of
phosphoproteins involved in migration,
proliferation and apoptosis in response to K8
phosphorylation
Since IPA data suggested significant alterations in many cancer associated signaling mechanisms upon modulation of
www.proteomics-journal.com
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Figure 3. Differential phosphoproteomic analysis using IPA for K8-S431A/WT and K8- S431D/WT datasets: (A) Representative Bar chart for
IPA “Canonical Pathways” shows significantly altered signaling pathways with high –log p-value for both K8-S431A and K8- S431D datasets.
The numbers against every bar correspond to the number of filtered proteins involved in the mentioned pathway. (B) Representative bar
charts determined by IPA showing Biological function associated with the phosphoproteins for K8-S431A/WT individual dataset. (C) Heat
maps generated through IPA for “Comparison Analysis” of K8-S431 dataset (K8- S431A/WT, K8-S431D/WT, K8-S431A/S431D) including
“Canonical pathways” and “Disease and biological functions” demonstrating major molecular signaling pathways as well as biological
functions affected.
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K8 phosphorylation at Serine73 and Serine431 residues, we
next focused on the site-specific phosphorylation and related
functions of the phosphoproteins involved in such pathways.
GO-functional annotation was carried out for the phosphoproteins from all four datasets and was screened according
to their involvement in cell adhesion, migration, proliferation, and apoptosis. Further, the relative phosphorylation levels of selected phosphoproteins were subjected to MSOfficeexcel for Heat-map generation. Heat-map for cell migration
associated proteins such as CAP1, CTTN, AKT1S1, CDK1,
EIF4EBP1, CARHSP1, and LIMA1 showed significantly increased phosphorylation at biologically relevant phosphosites
in case of K8-S73A dataset, whereas K8-S73D dataset showed
reversal of the same (Fig. 4A). Besides, in case of K8-S431
phosphomutant datasets, most of the phosphoproteins were
found to be differentially phosphorylated at phosphosites that
are novel or less characterized. Three major phosphoproteins
CTTN, BUB1B, and CARHSP1 showed differential phosphorylation at biologically relevant phosphosites with reversal of
the same in case of K8S431D dataset. Heat map for proteins involved in cell proliferation including, EIF4B, CDK1,
EIF4EBP1, and AKT1S1 showed significantly increased phosphorylation at biologically relevant phosphosites in case of K8S73A dataset with an inverse correlation in K8-S73D dataset
(Fig. 4B). Additionally, LAMTOR1, MYC, STK10, BAP1,
BRAF, ZYX, LARP1, CDK11B showed similar differential
phosphorylation pattern on unidentified/less-characterized
phosphosites in case of K8-S73A and K8-S431A mutants together with reversal of the same in K8-S73D and K8-S431D
datasets as shown in Fig. 4B. Most of the phosphoproteins involved in apoptotic pathways like CASP1, BCL2L12, EEF1D
and HNRNPK were found to be differentially phosphorylated at the novel or less-characterized phosphorylation sites
among the phosphodead and phosphomimetic datasets for
both the mutants (Supporting Information Fig. 15). Altogether, this analysis substantiates many known and novel
phosphorylation sites belonging to phosphoproteins involved
in cancer associated phenotypes to be modulated in response
to K8 phosphorylation ablation in site-specific manner.

3.6 Interaction analysis of different phosphoproteins
detected across different phosphomutants
Since a large variety of phosphoproteins showed such significant alteration in phosphorylation status in response to a
single twitch, i.e. K8 site-specific phosphorylation, we wanted
to determine the protein–protein Interaction (PPI) among
themselves. Hence, to elucidate the phosphoprotein interaction network in all the datasets, we performed STRING analysis. PPI network analysis confirmed significant number of interactions between phosphoproteins with high –log p-values
(Supporting Information Figs. 16–19). As a proof of principle, we selected cell migration-associated signaling network,
one of the significantly altered biological function as shown in
our IPA analysis together with GO-Functional annotation and
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plotted separately (Fig. 4C). The PPI showed strong interactions between CAP1, CDK1, ZYX, CTTN, TJP2, DSP, PKP3,
MAPK1, JUN, MYC, PNN, and KRT8. The pictorial representation in Fig. 4D highlights the predicted interactions within
phosphoproteins involved in cell migration. The differentially regulated phosphosites were annotated on the respective
phosphoproteins. However, further validation of the phosphorylation status together with the interactions of these proteins is essential to establish their chronology in the pathway.
In order to determine the PPI hub proteins upstream to the
significantly altered phosphoproteins with inverse correlation
in both K8-S73 and K8-S431 datasets, we used Enrichr analysis web server. [The excel file of phosphoprotein lists with
their upstream hub proteins determined by Enrichr-PPI hub
protein analysis was provided in Supporting InformationDatasheet-3]. The Clustergrammer results showed majority
of phosphoproteins from our dataset to be clustered under
enriched term as protein kinases; CDK2, GSK3␤, MAPK14,
CDK1, and MAPK1 (Fig. 5A). This facilitated us to narrow
down our focus to determine which of the kinases and their
corresponding downstream effectors befall together in the
dataset. For instance, CDK1 and its target proteins SRRM2,
EIF4EBP1, ZYX, CTTN; which were then considered for further analysis based on the biological relevance of their corresponding phosphosites. In addition, we subjected the phosphoproteins that showed significant reversal in differential
phosphorylation status between phosphodead and phosphomimetic in case of both the datasets to “PANTHER classification system.” The distribution of the phosphoproteins according to the protein class showed seven kinases (CDK1, CDK10,
MAPK1, AAK1, PGK1, CDK12, and CDK11B) and three kinases (CDK12, CDK11B, and MAP3K11) to be differentially
phosphorylated in K8-S73 and K8-S431 datasets, respectively
(Supporting Information Fig. 20). This data suggest that upon
K8 site-specific phosphorylation, modulation of these kinases
may regulate the phosphorylation of many phosphoproteins
and thereby govern cancer-associated signaling pathways.
Based upon the intricate analysis of phosphoproteomics data
we then reconstructed comprehensive model pathways using
IPA tool (the corresponding phosphorylation sites were assigned with the phosphoproteins) that were predominantly
altered in response to site-specific K8 phosphorylation ablation. These signaling cascade highlighted many phosphoproteins associated with cell proliferation, actin organization, cell
survival, and gene expression regulation being deregulated
by K8 phosphorylation modulation (Fig. 5B and Supporting
Information Fig. 21).

3.7 Validation of identified proteins by Western
blotting
We then performed Western blot analysis to validate
differentially phosphorylated phosphoproteins within K8S73 and K8-S431 datasets using commercially available
phospho-specific antibodies. According to “PANTHER
www.proteomics-journal.com
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Figure 4. Heat-map and PPI analysis of phosphoproteins: (A, B) Phosphorylation oriented functional annotation Heat-maps for Cell
adhesion-migration and cell proliferation depicting the differential phosphorylation sites on the phosphoproteins; mentioned in column-1
and 2. The color code indicates the fold change in relative levels of phosphorylation at specific sites. (C) STRING analysis for biological
interactions within phosphoproteins of all four datasets, involved in Cell adhesion, migration function. The blue line represents the confidence level and thickness indicates the strength of the interaction among the proteins. The red-dotted circle indicates Keratin8 position in
the networks. (D) Schematic model representing possible interactions within the phosphoproteins derived from STRING analysis for cell
migration and adhesion function.
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Figure 5. Extended clustergrammer and network analysis
for
differentially
regulated
phosphoproteins: (A) “EnrichrPPI hub proteins” analysis of
common
phosphoproteins
(differentially regulated with
inverse correlation) within both
the phosphodead and phosphomimetic mutant pair. The
clustergrammer chart depicts
the PPI hub proteins clustered
under kinases as Enriched
Terms, with highest p-value
at left-hand side, upstream
to the corresponding phosphoproteins. (B) K8 Serine73
phosphorylation mediated signaling pathways mapped by IPA
considering the differentially
phosphorylated phosphopeptides (with cut-off 1.5-fold)
in response to site-specific K8
phosphorylation ablation. The
representative network depicts
intricate
signaling
cascade
within the phosphoproteins and
some hub proteins involved in
cell proliferation, cell survival,
and growth, actin organization,
apoptosis, and gene expression. The phosphorylation sites
detected are assigned with the
phosphoproteins.

analysis” the distribution of the phosphoproteins based
on protein class showed seven kinases (CDK1, CDK10,
MAPK1, AAK1, PGK1, CDK12, and CDK11B) in K8-S73
dataset and three kinases (CDK12, CDK11B, and MAP3K11)
in K8-S431 dataset to be differentially phosphorylated. For
authentication, qualitative and quantitative MS/MS spectra
of specific phosphopeptides for some representative Kinases
(CDK1, MAPK1, CDK11B, and CDK12) were generated
using Proteome Discoverer and Xcalibur software (Fig. 6A,

C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Supporting Information Figs. 22 and 26). For further
validation, we selected kinases depending on availability
of the commercial antibodies. Western blot analysis using
phospho-specific antibodies for T14/Y15 of CDK1 showed
increased phosphorylation at this phosphosites in K8-S73A
(phosphodead) mutant expressing clones in comparison to K8-WT and K8-S73D (phosphomimetic) mutants
(Fig. 6B). Moreover, in case of MAPK1, phosphorylation
at Y187 was significantly decreased in K8-S73D (phospho-
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Figure 6. Validation of MS results for selected phosphoproteins. (A) For the verification
of MS/MS data, representative
quantitative spectra for selected
kinases were generated using
Xcalibur software tool version3.0. The representative spectra
for kinases, CDK1 and MAPK1
are shown in the figures. (B,
C) Validation of MS results by
Western blot analysis for selected proteins. Western blot
analysis was carried out (n =
3, ± SD) for some of the
selected phosphoproteins with
high statistical and biological
significance. Western blots using phospho-specific antibodies
for CDK1 (pT14/Y15), MAPK1
(pY187), EIF4B (pS422), AKT1S1
(pT221), EIF4EBP1 (pT37/T46),
CTNN1 (pT401/S405), c-JUN
(pS243) showed expected differential expression verifying the
MS/MS Data in S73A/D and
S431A/D datasets. Quantitative
values for the specific phosphopeptides from the MS/MS data
are indicated below the respective Western blots (blots obtained using phosphorylationspecific antibodies). Respective
blots for total proteins were
used as control together with
beta actin. A representative
blot for K8 overexpression and
its phosphorylation status (for
both the sites K8 Serine73 and
Serine431 ) is also shown in the
Fig. B and C.

mimetic) mutant compared to K8-WT and K8-S73A (phosphodead) mutant in concordance to our MS/MS data. Next,
we validated the phosphorylation levels of proteins associated
with tumorigenic potential as per computational analysis
including EIF4EBP1T37/T46 , AKTS1T246 , EIF4BS422 , CTTNY421 ,
and cJUNS243 using Western blot analysis (Fig. 6B, C) which
correlated well with the MS/MS data. In addition, quantitative
and qualitative spectra were generated for further authentication (Supporting Information Figs. 23–25). In case of
K8S431 dataset, CTTN was validated using Western blotting
for phosphorylation at Y421 (Fig. 6C). Since other relevant
proteins were differentially phosphorylated at novel/less
characterized phosphosites, their respective antibodies were
not available commercially. Therefore, differential phosphorylation of some representative proteins was authenticated
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using only qualitative and quantitative spectra (Supporting
Information Fig. 27). Altogether, our Western blot analysis
of the biologically relevant phosphoproteins confirmed the
mass-spectrometric data thereby substantiating their role in
Keratin 8 phosphorylation mediated oncogenic pathways.

3.8 Site-specific phosphorylation on K8 regulates
cellular migration, invasion, and proliferation in
A431 cells
IPA analysis, heat map profiling together with Western blot
validation for all the four datasets indicated the significant
alterations in cell migration, invasion, and proliferation associated signaling pathways. This led us to validate our
www.proteomics-journal.com
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observations by phenotypic assays. Hence, we performed
scratch wound healing and Boyden chamber migration assay
together with matrigel invasion and MTT cell proliferation
assay in all the clones. In scratch wound healing assay the
clones expressing K8 phosphodead mutants (K8-S73A and
K8-S431A) showed a significant decrease (30–40%) in cell
migration rate compared to K8-WT expressing clone (Fig. 5A).
Both the clones expressing K8 phosphomimetic mutants (K8S73D and K8-S431D) showed a migration rate of 80–90%.
Similarly, for matrigel invasion assay, the K8 phosphodead
mutant cells showed 50–60% decrease in invasive potential compared to K8-WT expressing cells whereas, both the
K8 phosphomimetic mutant expressing cells showed an invasive potential to be 90–100% (Fig. 5B). Boyden chamber
migration assay correlated well with the scratch wound healing assay (Fig. 5C). In addition, K8 phosphodead mutant
expressing clones showed 30–40% decrease in the cell proliferation compared to K8-WT expressing clones whereas, cell
proliferation potential for both the K8 phosphomimetic mutant clones was found to be 80–100% (Fig. 5D). Altogether,
the data clearly indicates that the K8 phosphomimetic mutant
cells exhibit a reversal of migratory, invasive, and proliferative
potential compared to phosphodead mutant cells in concordance to our phosphoproteomics data. Overall these results
suggest that K8 phosphorylation at Serine73 and Serine431
significantly modulated the migratory, invasive, and proliferative ability of A431 cells and strengthen our findings of K8
phosphorylation to be a modulator of tumorigenic potential
of A431 cells.

4

Discussion

Phosphorylation is established as a potent modulator of
conventional functions of K8; however, its role in malignant transformation and the mechanism involved to bring
about the same is still ambiguous. Here, we present the total phosphoproteome profiling and quantification after K8
phosphorylation modulation in a skin carcinoma cell-line using TMT-based quantitative phosphoproteomics. Comparative data analysis using various analysis software tools allowed
us to identify number of differentially regulated signaling
pathways associated with biological functions like cell proliferation, migration, invasion, and metastasis. Furthermore,
protein phosphorylation level validation along with phenotypic analysis correlated well with our phosphoproteomics
data, signifying K8 phosphorylation to impart increased aggressiveness to skin-SCC-derived cell line.
In our current phosphoproteomic study, we observed a
significant proportion of the total phosphoproteome to be altered in response to K8 phosphorylation modulation. The
Venn diagram analysis indicated number of overlapping
and orthogonal phosphoproteins to be up or downregulated
between the different datasets. We found many phosphoproteins with increased phosphorylation upon K8 phosphodead mutant expression, simultaneously showing decreased
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phosphorylation upon K8 phosphomimetic mutant expression and vice versa. This data suggest that the phenotypic
effects of K8 phosphodead mutants might be reversed by K8
phosphomimetic mutants through alteration of some common pathways involving phosphorylation modulation of common target proteins.
Next, for comprehensive understanding of the system wide
phosphoproteome data, “Ingenuity Pathway Analysis” (IPA)
was performed for all the four datasets that elucidated many
differentially phosphorylated proteins to be associated with
“cancer.” Surprisingly, as stated in the results, the most significant biological function altered was regulation of “RNA
post-transcriptional modification” followed by “Cancer” in
K8-S73A as well as K8-S73D-independent datasets. Canonical pathway analysis for the same showed deregulation of
mTOR and ATM signaling pathways in K8-S73A dataset and
of Hippo signaling in K8-S73D dataset which have never
been reported earlier in context of K8 phosphorylation. Comparison Analysis of K8-S73 dataset showed alterations in
many signaling pathways most importantly, GnRH, Renin
angiotensin, P70S6K, mTOR, and ATM signaling, which
were not reported before in relation to K8 phosphorylation
ablation. It is evident that GnRH signaling is altered in many
different malignancies together with high GnRH-Receptor’s
altered expression [17]. There is accumulating molecular and
in vivo evidence indicating that the Renin–angiotensin system (RAS) increases cell proliferation and modulates the
growth of vascular cells during angiogenesis [18]. p70S6K,
a serine/threonine kinase regulated by PI3K/mTOR pathway, plays a crucial role in controlling cell cycle, growth, and
survival [19]. ATM and mTOR signaling pathways have also
emerged as critical effectors commonly deregulated in human cancers [20, 21]. Available literature also suggests that
antagonists/inhibitors of these pathways could be useful in
cancer therapy [17–21]. Altogether, the data analysis on the
backdrop of the available literature shows an expanding role
of K8 Serine73 phosphorylation in cancer.
Similarly, we made an attempt to identify signaling mechanisms and associated phosphoproteins that are differentially regulated in case of K8-S431 dataset. The “Biological
functions” analysis showed most of the differentially regulated phosphoproteins to be associated with “RNA posttranscriptional modification” and “Cancer” for K8-S431A
and K8-S431D independent datasets. The “Canonical pathway” analysis for the same showed estrogen receptor, Hippo,
and JNK/SAPK signaling to be significantly altered in both
the datasets. Few of the molecules like CAV1 and ZYX
are involved in integrin mediated signaling network that
could prove possible new links between K8 Serine431 phosphorylation and cancer progression. Recent studies have
implicated loss of caveolin-1 driving early tumor recurrence, metastasis, and poor prognosis [22]. Zyxin concentrates at focal adhesions along the actin cytoskeleton and
is well reported to regulate actin dynamics, apoptosis, cell
migration, and metastasis in many different cancers [23].
This data in association with available reports collectively
www.proteomics-journal.com
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revealed that K8 Serine431 phosphorylation modulation regulates phosphorylation-dependent function of many phosphoproteins and thereby cancer.
In addition to functional analysis by IPA tool, we had
also performed phosphorylation site annotation using online
database including PhosphoELM, PhosphoSitePlus, HPRD,
and Uniprot to attribute the site-specific phosphorylation
function to these phosphoproteins. This revealed many biologically relevant phosphosites to be altered, for instance
in case of K8-S73 dataset, Threonine401 Serine405 , and
Tyrosine,421 on cortactin that play a role in phosphorylationdependent regulation of actin cytoskeletal networks and in
turn cell motility [24]. Similarly the phosphosites Serine307
and Serine309 identified on CAP1 regulate its binding to
cofilin resulting in accumulation of actin stress fibers, thereby
cancer cell migration and metastasis [25]. Apart from this, K8S431 dataset showed differential phosphorylation of BUB1B
at Serine1043 that correlated with functions like cell proliferation and apoptosis [26]. Although many phosphorylation sites
from our data recapitulate the published literature, we have
also unraveled many less characterized or novel phosphosites on biologically relevant protein molecules; for instance
MAP3K11S705 and ZYXS344 [27, 28]. Validation of those novel
phosphosites by mutational studies can provide new insights
into their functional relevance and may open new avenues in
the area of cancer research.
Systematic analysis of phosphorylation site-dependent
complex interaction dynamics by “STRING” not only highlighted the hub proteins but also emphasized on many relevant interactions in our study. For instance, PPI network
for cell migration suggested many multifaceted indirect interactions between phosphoproteins that might contribute to
novel cross-talk in cancer signaling in response to K8 phosphorylation. Furthermore, our “PPI hub protein” analysis
by “Enrichr” underlined many upstream kinases that could
bridge the gap between K8 site-specific phosphorylation and
the final downstream effectors identified herein. For example,
based on biological relevance of the corresponding phosphosites, CDK1, and its target EIF4EBP1 seem to be good candidates to elucidate K8 Serine73 phosphorylation-mediated
signaling cascade. Additionally, IPA comprehensive model
pathways highlighted many phosphoproteins associated with
cell proliferation, actin organization, cell survival, and gene
expression regulation being deregulated by K8 phosphorylation modulation. Further, protein phosphorylation level validation for few of these phosphoproteins such as; EIF4B,
AKT1S1, CTNN1, 4EBP1 including some of upstream kinases like MAPK1, CDK1 in K8-S73 datasets confirmed our
phosphoproteomics data.
Next, in the same line, as a proof of principle, we made an
attempt to validate the major phenotypic pathways shown to
be altered in our computational analysis such as; cell migration, invasion, and proliferation. Skin-SCC derived A431 cells,
upon expressing either of the phosphodead mutants, showed
abolition of oncogenic potential for all the three assays and
radically regained the tumorigenic potential upon express
C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ing either of the phosphomimetic mutants. In agreement
with our present data, a recent report demonstrated reduced
K8-S73 phosphorylation via p38 MAPK pathway upon Sec 8
downregulation that in turn resulted in decreased cell migration in case of oral-SCC derived cell-line [29]. Contrary to
these findings, Mizuuchi et al. have also demonstrated correlation of PRL-3-dependent K8 dephosphorylation at Serine73
and Serine431 with increased cell motility in colorectal cancerderived cells [30]. These data are further supported by the data
from our lab in an oral-SCC derived cell-line [8]. These reports
suggest that K8 phosphorylation associated effects in cancer
progression might be context dependent.
The quantitative phosphoproteomics and immunoblotting
data suggests an upregulation of CDK1 inhibitory phosphorylation at Threonine14 /Tyrosine15 in case of K8-S73
phosphodead mutant. It is well reported that wee1 and
myt1 mediated inactivation of CDK1 by phosphorylation at
Threonine14 /Tyrosine15 leads to G2-M arrest and in turn decrease proliferation [31, 32]. We also observed similar phenotypic changes that validated our phosphoproteomics data.
eIF4E-BP1, an important regulator of mitotic cap-dependent
translation that is downstream to CDK1, was found to be
dephosphorylated at the residues Serine44 , Threonine,46 and
Threonine.50 The hierarchical phosphorylation of these sites
on eIF4E-BP1 is essential for release of eIF4E [33] that further associates with eIF4F and eIF4A at the initiation complex
hence indispensable for cap-dependent translation initiation
[34]. eIF4E-BP1 phosphorylation at Threonine37 /Threonine46
residues is governed by CDK1 [35]. Our results have shown
decreased phosphorylation of 4EBP1 at these residues probably because of CDK1 inactivation. This might be leading to
reduced mitotic cap-dependent translation and thereby less
proliferation. Although, mTORC1 is another potent phosphorylation modulator of eIF4E-BP1; it has been reported that
CDK1 can substitute its function in mitotic cap-dependent
translation [35–37]. However, we observed a fivefold upregulation of eIF4B phosphorylation at S422 residue that is an
indirect downstream target of mTORC1. Furthermore, some
other kinases such as PKB can directly phosphorylate eIF4B,
which again suggests that mTORC1 might not be involved
here in this process [38].
eIF4B, when phosphorylated at Serine422 , acts as coactivator of eIF4A helicase activity during cap-dependent translation initiation [39]. Because of the consistent impaired capdependent translation, the upstream kinases like AKT/PKB,
might be activated in a feedback loop that is reflected by enhanced pRAS40 phosphorylation at Threonine246 and eIF4B
at Serine422 in our data. Nevertheless, the initial step of
translation initiation complex formation, i.e. release of eIF4E
from eIF4E-BP1 might be abrogated because of decreased
phosphorylation of eIF4E-BP1. Hence, hyperphosphorylated
forms of eIF4B and pRAS40 as observed might not be sufficient for driving the translation initiation, indicating that
the initiation complex would have been stalled, consequently
resulting in reduced proliferation of these cells (Fig. 7). We
have also observed increased phosphorylation of cortactin
www.proteomics-journal.com
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Figure 7. Tumorigenic potential of A431 cells regulated by site specific K8 phosphorylation: (A) Scratch wound healing assay was performed
for all five different clones (K8-WT, phosphodead, and phosphomimetic mutants) following the protocol described as materials and methods.
Representative time lapse microscopy images showing wound healing at 0 and 20 h time points. Rate of migration was calculated
by MacBiophotonics–ImageJ software. The graph represents relative migration rate ± SEM of three independent experiments done in
triplicates. (B) Boyden chamber matrigel invasion assay was performed as described in materials and method section. The graph represents
average number of invaded cells (stained with DAPI) ± SEM of three independent experiments done in triplicates. Representative images
depicting invaded cells visualized for GFP and DAPI under upright microscope. (C) Boyden chamber migration assay was performed as
described in materials and method section. The graph represents average number of migrated cells (stained with DAPI) ± SEM of three
independent experiments done in triplicate. (D) MTT-based cell proliferation assay was performed for all five clones till 6 days. The relative
proliferation was plotted for each of the clones. [Each bar graph data represents ± standard error mean (SEM) of three independent
experiments]. (E) Model pathway summarizing possible molecular mechanism associated with K8 serine73 phosphorylation mediated
regulation of cell proliferation, migration, and invasion.
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at Serine405 and Tyrosine421 . Mutational analysis has shown
that ERK-mediated Serine405 phosphorylation of cortactin enhances its binding with N- WASP and WASP but this is
inhibited by Src mediated Tyrosine421 phosphorylation of cortactin [40]. This inhibits further activation of the Arp2/3 complex and in turn affects actin nucleation and dynamics. Similarly, GSK3 mediated phosphorylation of CAP1 at Serine307
and Serine309 , which was increased in case of K8-S73A mutant, is known to inhibit its binding to cofilin and further accumulation of actin stress fibers [25]. Both of these molecules
are important modulators of actin dynamics and in turn cell
migration and invasion that also correlates with our phenotypic validations. All together our data suggest K8 phosphorylation at Serine73 position can modulate intricate pathways
and thereby migration and metastatic potential of the cells
(Fig. 7E). Earlier reports have shown, aberrant accumulation
of an important oncogenic transcription factor c-Jun upon
dephosphorylation at Serine243 leading to accelerated G1/S
transition and thereby hyperproliferation [41] as observed
in our K8-S73D phosphomimetic mutant dataset. In case
of K8-S431 dataset, despite the significant phenotypic alterations, majority of the differentially regulated phopsphosites
were novel/less characterized, hence we could not draw any
phosphorylation-oriented model pathway. However, a protein level comprehensive model pathway generated by IPA,
provides multiple impending start-points for further mechanistic studies for elucidating K8 Serine431 phosphorylationmediated oncogenic pathways.
In summary, to the best of our knowledge this study
may represent the first report investigating regulatory role
of site-specific K8 phosphorylation and could identify many
phosphoproteins and signaling pathways to be altered upon
K8 phosphorylation modulation. Altogether the bioinformatics analysis suggested that the K8 phosphorylation might
be modifying cancer related phenotype by differentially
regulating an imperative part of the cellular phosphoproteome. In concordance with our global phosphoproteome
profiling, the biochemical, and phenotypic validations confirmed a potential role of K8 phosphorylation in neoplastic progression of skin- SCCs. In addition, our phosphoproteomic analysis not only recapitulates previous findings but
also unravels many novel K8 phosphorylation-mediated functional networks and signaling mechanisms, elucidating its
much broader regulatory role in cancer.
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