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INTRODUCTION.  

In most eukaryotic cell cycles a DNA synthesis phase alternates with a chromosome 

segregation phase. A failure to do so results in defects in the inheritance of the genetic 

material (263). Checkpoint pathways monitor DNA integrity and prevent cell cycle 

progression in the presence of unreplicated or damaged DNA (91). Activation of the G2/M 

checkpoint in response to damaged DNA leads to a cell cycle arrest at the G2 to M 

transition (reviewed in (278)). Defects in the G2/M checkpoint pathway allow cells to 

initiate mitosis even in the presence of damaged or unreplicated DNA, leading to genomic 

instability (reviewed in (278, 378)). Thus, loss of check point function is often a 

contributing factor to neoplastic progression (91, 278). 

Cell cycle transitions are dependent on a class of proteins called the cyclins and their 

associated kinases, the cdks (reviewed in (349, 388)). The transition of cells from G2 to M 

phase requires an active cdk1/cyclin B complex (345), which is activated by 

dephosphorylation of a Threonine residue at position 14 (T14) and a Tyrosine residue at 

position 15 (Y15) in cdk1 by the dual specificity phosphatase, cdc25C (103, 112). cd25C 

itself is negatively regulated by phosphorylation on a serine residue at position 216 (S216) 

during interphase. S216 is not phosphorylated during mitosis (281). This site is a target 

for phosphorylation by DNA damage checkpoint kinases such as Chk1 and Chk2 (228, 

281, 311).  

The phosphorylation of cdc25C on S216 creates a binding site for 14-3-3 proteins leading 

to the hypothesis that 14-3-3 proteins negatively regulate cdc25C function (69, 281). 

Binding of 14-3-3 proteins to cdc25C leads to its retention in the cytoplasm thus 

preventing mitotic progression (69, 126). Mutation of Serine 216 to Alanine (S216A) 
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results in loss of 14-3-3 binding and a pan-cellular localization of cdc25C. These results 

suggest that 14-3-3 proteins regulate cdc25C function in part by restricting it to the 

cytoplasm in interphase. Further, it has been reported that 14-3-3 proteins prevent 

interaction between cdc25C and its substrate, the cyclin B/cdk1 complex (244). Therefore, 

14-3-3 proteins regulate cdc25C function at multiple levels.  

It has been demonstrated that 14-3-3and bind to wild type cdc25C in vitro but 

not to the S216A mutant (71). However, coimmunoprecipitation experiments revealed 

that only 14-3-3 and 14-3-3 form a complex with and inhibit cdc25C function in vivo 

(71).  Similarly, cells lacking either 14-3-3 or 14-3-3 show an override of the S phase 

and DNA damage checkpoints and these are due to the inability of these cells to regula te 

cdc25C function (157, 354). Further, our laboratory has identified a structural motif 

conserved in 14-3-3 and 14-3-3 that mediates specific complex formation with cdc25C 

in vivo (354). These results suggest that the activity of different 14-3-3 isoforms is not 

redundant and that each 14-3-3 protein may selectively bind to different ligands. 

Since 14-3-3 and 14-3-3 have a role to play in regulating checkpoint function (157, 

354), we wished to determine whether the generation of a hypomorphic allele for these 

genes in the mouse would affect growth and development. To address this question, an 

attempt was made to generate knockdown mice for 14-3-3and using vector 

mediated RNA interference.  Our work has resulted in the development of a novel method 

for the generation of transgenic mice and revealed multiple phenotypes that are associated 

with 14-3-3 loss. An analysis of these phenotypes will result in an increased 

understanding of how these proteins regulate multiple cellular pathways.  
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AIMS AND OBJECTIVES.  

1. To determine if loss of 14-3-3 and/or 14-3-3 in MESC results in mislocalization of 

cdc25C.  

2. To generate novel constitutive and inducible lentiviral vectors for transgene expression 

or the generation of knockdown mice.  

3. To develop a new technique for the generation of transgenic animals.  

4. To study the role of 14-3-3 and 14-3-3 in growth and development by generating 

knockdown mice. 

MATERIALS AND METHODS. 

Animals. Swiss mice Crl:CFW(SW) and NIH nude mice (Nu/Nu) were bred and 

maintained in the laboratory animal facility of ACTREC as per the national guidelines 

provided by the Committee for the Purpose of Control and Supervision of the 

Experiments on Animals (CPCSEA), Ministry of Environment and Forest, Government of 

India.  The animals were housed in a controlled environment with the temperature and 

relative humidity being maintained at 23±20C and 40-70% respectively and a day night 

cycle of 12 hrs each (7:00 to 19:00 light; 19:00 to 7:00 dark). The animals were received 

an autoclaved balanced diet prepared in-house as per the standard formula and sterile 

water ad libitum. Mice were housed in the Individually Ventilated Cage (IVC) system 

(M/S Citizen, India) provided with autoclaved rice husk bedding material available 

locally. Protocols for the experiments were approved by the Institutional Animal Ethics 

Committee (IAEC) of ACTREC.  

Generation of Lentiviral vectors. The generation of the pLKO.1 EGFP-f vector has been 

described (322). The pTRIPZ (Open Biosystems) lentiviral vector was digested with XbaI 
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and NheI (NEB) to remove tetO-CMV, turboRFP, 5’-3’mir30 sequences, shRNA cloning 

sites and Ubc promoter sequences. The CMV promoter was amplified from pCDNA3.0 

(Invitrogen), digested with XbaI and NheI (NEB) and cloned into the modified pTRIPZ 

vector to generate pLV-CMV-Puro. The MCS fluorescent tag cassettes were excised from 

the vectors pECFPN1, pEYFPN1, pEGFPN1, pmCherryN1 and pDsRedN1 (Clontech) 

with NheI and NotI and cloned into pLV-CMV-Puro digested with NheI and NotI to 

generate pLV-CMV-FB-IRES-Puro. The bi-cistronic lentiviral vectors with ubiquitin 

promoter driven expression of fluorescent proteins were generated by digesting the 

pTRIPZ vector with XbaI and MluI (NEB) to remove tetO-CMV, turboRFP, 5’-3’mir30 

sequences and the shRNA cloning site sequences. The resulting vector fragment was 

treated with Mung bean nuclease (NEB) to generate blunt ends and self- ligated. The 

resulting circular plasmid was digested with NheI and NotI to remove the rtTA3 gene 

flanked by loxP sites and the fluorescent protein MCS cassettes cloned into it as described 

above to generate pLV-Ubc-FP-IRES-Puro. 

Virus production and generation of transgenic mice. Viruses were produced and the 

viral titre determined according to the manufacturers protocol (Invitrogen). The protocol 

for the generation of transgenic mice has been described (322). Briefly, a solution of 

lentiviruses resuspended in dPBS (Invitrogen) containing trypan blue (0.04%) was 

injected slowly into the inter-tubular space of one testis using a 30 gauge needle. The 

untransduced testis was vasectomised. The animals were kept on thermal plate until they 

recovered from the surgery to avoid hypothermia. The pre- founder male mice were co-

habitated with wild-type females (ratio 1:2) 35 days post-transduction and the pups 

generated were analyzed for the presence of the EGFP-f transgene by PCR..  
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Isolation of genomic DNA (gDNA) and polymerase chain reactions. Genomic DNA 

was purified and subjected to PCR analysis using transgene-specific primers. RNA was 

prepared from tissues using the Qiagen RNeasy kit as per the manufacturer’s protocol and 

RT-PCR was conducted using RevertAid™ First Strand cDNA synthesis Kit (NEB) 

according to manufacturer’s protocol.  

Fluorescence and Immunofluorescence microscopy. 5 m cryosections of multiple 

tissues were observed by confocal microscopy to detect the presence of EGFP-f. Confocal 

images were obtained by using a LSM 510 Meta Carl Zeiss Confocal system with an 

Argon 488 nm and Helium/Neon 543 nm lasers. All images were obtained using an Axio 

Observer Z.1 microscope (numerical aperture [NA] 1.4) at a magnification of 63 X.  

Inverse PCR and mapping of integration sites. Lentiviral integration sites were 

identified by modifying the ligation-mediated PCR method as described (319). The 

amplified products were cloned into the pJet1.2/Blunt vector (Fermentas) followed by 

sequencing on a 3100 Avant Genetic Analyser to identify the site of integration.  

Histology and immunohistochemistry. Four weeks after subcutaneous injection, the 

mice were sacrificed and the tumor and lung tissues were fixed in 10% formaldehyde 

(SIGMA) overnight and processed for histology. Five micron sections of paraffin 

embedded tissue were prepared and hematoxylin/eosin staining and immunohistochemical 

staining was performed according to standard methods (163). The degree of metastasis 

was determined by examining three lung sections per mouse and visualizing the area of 

alveolar tissue that was filled with metastatic colonies. Permeabilization for antigen 

retrieval was performed by microwaving the fixed tissue sections in 10mM Tris buffer 

(pH 9) with 2mM EDTA.  
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Hanging drop and wound healing assays . Hanging drop assays to measure cell-cell 

adhesion and wound healing assays to measure cell migration were performed as 

described (122, 197). 

Isolation of spleenocytes. The spleen was dissected in 3ml of media (i.e. RPMI 1640 

with 10% FBS) in a small petri dish (35x10mm) on a sterile wire mesh screen. The spleen 

was pushed through the screen with the plunger of a 10ml syringe into the petri dish. The 

spleenocytes were collected and centrifuged at 500xg for 30 minutes on a Ficoll Hypaque 

gradient. The lymphocytes were purified and cultured as described (REF).  

Analysis of spleenocytes by flow cytometry.   Single cell suspensions were prepared and 

incubated with monoclonal antibodies (mAbs) (10 µg/106 cells) used in one-color, dual or 

tri-color flow cytometry to identify the markers present on the spleenocytes. Data 

acquisition and single-color, Dual-color or tri-color flow cytometry analyses were 

performed on a FACScan using the Cellquest program (Becton Dickinson, San Diego, 

USA).  

Soft agar assays and tumor formation in nude mice. Soft agar assays and nude mouse 

experiments were performed as described (196). All animal studies were approved by the 

Institutional Animal Ethics committee constituted under the guidelines of the CPCSEA, 

Government of India. 106 cells of the NIH3T3 derived 14-3-3 knockdown were 

resuspended in DMEM medium without serum and injected subcutaneously in the dorsal 

flank of 6-8 weeks old NMRI Nude (Nu/Nu) (292) (obtained from ACTREC animal 

house facility). Five mice were injected for each clone. Tumor formation was monitored 

at intervals of 2-3 days and tumor size was measured by a vernier calipers. Tumor volume 
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(mm3) was calculated by the formula ½ LV2 where L is the largest dimension and V its 

perpendicular dimension, as previously reported (292, 389).  

RESULTS 

To determine if loss of 14-3-3  and/or 14-3-3  in MESC results in mislocalization of 

cdc25C. To address whether the loss of 14-3-3 or 14-3-3 results in mislocalization of 

cdc25C, we first determined whether 14-3-3 and 14-3-3formed a complex with mouse 

cdc25C by performing GST pull down assays. While both 14-3-3 and 14-3-3formed a 

complex with human cdc25C in this assay, neither protein could form a detectable 

complex with mouse cdc25C. In humans, 14-3-3 proteins bind to cdc25C in vitro and in 

vivo upon phosphorylation at a Serine residue at position 216; however a comparison of 

sequences of cdc25C proteins from different species demonstrated that this sequence was 

absent in mouse, rat and hamster cdc25C but was present in cdc25C from Xenopus laevis 

and Sus domestica. These results lead us to conclude that 14-3-3 proteins might regulate 

cell cycle progression in a cdc25C independent fashion in the mouse.  

Generation of constitutive and inducible lentiviral vectors for transgene expression 

or the generation of knockdown mice. Within the last decade, multiple lentiviral vectors 

have been developed as tools for gene delivery and for therapeutic and experimenta l 

transgenic applications (66, 105, 173, 226, 234, 284, 285, 295, 336, 400) as they permit in 

vivo gene delivery to terminally differentiated cells in multiple tissue types (66, 105, 173, 

183). Because of their ability to transduce quiescent cells, lentiviral vectors are also 

promising tools for ex vivo genetic modification of stem cells (29, 297), which reside 

almost exclusively in the G0/G1 phase of the cell cycle and can also be used to generate 

transgenic mouse models of human disease (3, 138, 169, 226, 253, 255, 256, 284, 307, 
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360). To generate transgenic animals using lentiviral vectors, we first generated lentiviral 

vectors capable of expressing both a shRNA targeting the gene of interest and EGFP-f 

permitting identification of transgenic cells in vitro and in vivo. Previous results had 

indicated that a lentiviral vector in which cDNA’s were downstream of the CMV 

promoter was not effective in achieving lentiviral transduction and expression in germ 

line stem cells (256). Therefore an expression cassette containing the elongation factor 1a 

(EF1-α) promoter driving the expression of EGFP- f, followed by the SV40 poly-

adenylation sequence was assembled in pBSK. The assembled cassette was further sub 

cloned in pLKO.1 (343) to generate a vector that could express EGFP-f from the EF1-α 

promoter and an shRNA downstream of the U6 promoter. The ability of the lentiviral 

vector to express EGFP-f was determined by infecting HEK 293 cells with recombinant 

lentiviral particles and detecting the presence of EGFP-f using a combination of 

immunofluorescence microscopy, Western blotting and flow cytometry. A lentiviral 

vector PS-18 expressing shRNA under U6 promoter was also generated (122). Similarly, 

HIV-1 based self inactivating bi-cistronic lentiviral vector systems were generated using 

either the human cytomegalovirus immediate early promoter (CMV) or the Ubiquitin C 

(Ubc) promoter upstream of a unique multiple cloning site (MCS). Different flourescent 

proteins (EGFP, mCherry, ECFP, EYFP and dsRed) have been introduced downstream of 

the MCS permitting the generation of multiple differentially tagged fusion constructs. An 

encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES), positioned 

between the fluorescent  protein and a gene conferring resistance to Puromycin (PuroR), 

facilitates cap- independent translation of PuroR from an internal start site at the 

IRES/Puro R junction. These lentiviral vectors were efficient in transducing various target 
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cell lines and could be used for live cell imaging techniques such as FRET (manuscript 

submitted).  

Development of a new technique for the generation of transgenic animals. The 

generation of genetically modified mice has spurred great advances in our understanding 

of various aspects of growth and development. Multiple technologies have used either 

injection into a one celled embryo followed by implantation into a pseudo pregnant 

mother (121), or used stem cell aggregation techniques to generate either knockout (123) 

or knockdown mice (360). These experiments are expensive, labor- intensive, time-

consuming and require several female donors. Spermatogonial stem cells are responsible 

for the production of spermatozoa (74) and are an appropriate target for germline 

modification (254). Nagano et. al. have generated transgenic mice by infecting 

spermatogonial stem cells in vitro with recombinant retroviruses followed by xenogenic 

transplantation of the cells into the testes of a male mouse (253). In some cases the 

recipient mice were unreceptive to the donor spermatogonial cells (253) and the overall 

success rate was rather low. Similarly, in vivo transduction of testicular germ cells with 

retroviral constructs carrying a lacZ gene, resulted in a poor success rate of 2.8% (169). 

The low success rates post implantation, however precluded these from replacing 

embryonic injection. Similar experiments using lentiviruses, resulted in better success 

rates (138).  

Recombinant lentiviruses expressing EGFP-f (EGFP tagged with a farnesylation signal) 

were injected into the intertubular spaces of the testis targeting undifferentiated 

spermatogonia present in the seminiferous tubules. Injection into the intertubular space 

allows the lentivirus to infect undifferentiated spermatogonial cells located at the 
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basement of the seminiferous tubules (168). Five to ten microlitres of recombinant EGFP-

f expressing lentiviruses (5 x 106 TU/ml) was injected into the intertubular spaces of the 

testis of 28 day old Crl:CFW(SW) male mice. These male mice, referred to as pre-founder 

mice, were mated with wild type females of the same strain 35 days post infection. 

Transgenic pups were generated from mating experiments with three independently 

derived pre-founder mice at an overall rate greater than 60%, a rate that is much higher 

than previously reported with conventional transgenic protocols or with retroviral 

infection of spermatogonial stem cells in vitro or in vivo (169, 253). The experiments 

resulted in the development of a simple, cost effective, and efficient technique for the 

generation of transgenic mice by in vivo transduction of the desired gene/shRNA 

construct into undifferentiated spermatogonia of the testis (322). This technology does not 

compromise the fertility of the off-spring, resulting in germline transmission of the 

transgene, using a limited number of animals .  

Generation of mice with a knockdown of 14-3-3ε or 14-3-3γ. To generate knockdown 

mice for 14-3-3γ, lentiviruses that express EGFP-f and shRNA’s that target 14-3-3γ were 

injected into the efferent duct of the developing testes to infect spermatogonial stem cells. 

None of the mice injected with lentiviruses expressing shRNA’s targeting 14-3-3γ 

produced pups when mated with wild type female mice. Even pups that lack the transgene 

were not produced in these mating experiments suggesting that male mice injected with 

the 14-3-3γ knockdown viruses were sterile. To determine if the mice infected with the 

14-3-3γ knockdown constructs were sterile, three male mice injected with viruses 

encoding the 14-3-3γ shRNA were sacrificed and a histochemical analysis performed on 

sections from the testes. Wild type mice showed the presence of multiple spermatids at 
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different stages of development in the testes and showed the presence of developed sperm 

in the epididymis. However, testes from the mice injected with the 14-3-3γ shRNA failed 

to show different developmental stages in the testes with most of the developing 

spermatids stuck at stage VIII. In addition, there was a problem with transport of 

spermatids across the Blood Testes Barrier (BTB) as most of the vescicles in the 

epididymis of these mice did not contain any sperm. These results suggest that sterility in 

males upon loss of 14-3-3γ may be due to problems with spermatocyte development 

and/or transport across the BTB to the epididymis. Apart from the problems in 

development or maturation we have also observed the adhesion defects betwee n sertoli 

cells and developing spermatocytes in the testis where 14-3-3γ expression was inhibited.  

To confirm whether 14-3-3γ regulates cell adhesion, HCT116 derived 14-3-3γ 

knockdown clones were tested for their ability to form clusters in a hanging drop assay.  

Upon loss of 14-3-3γ cell- cell adhesion properties in HCT116 cells were altered. We also 

found that the localization of the desmosomal proteins (PKG, PKP3, DP and DSC2/3) to 

the cell border was decreased in the 14-3-3γ knockdown clones. To determine how 14-3-

3γ regulates desmosome assembly, we next asked if 14-3-3γ could form a complex with 

proteins present in the desmosome. GST pull down assays and immunoprecipitation 

experiments demonstrated that 14-3-3γ is able to bind to PKG, PKP3 and DP both in vitro 

and in vivo. This result raises questions such as how 14-3-3γ regulates desmosome 

assembly, cell-cell adhesion and sperm development and maturation.  

To generate knockdown mice for 14-3-3ε, lentiviruses that express EGFP- f and shRNA’s 

that target 14-3-3ε were injected into the efferent duct of the developing testes to infect 

spermatogonial stem cells. When the 14-3-3ε fore-founder mice were mated with a 
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normal female, pups were screened for the presence of EGFP-f by PCR amplification 

from genomic DNA. 14-3-3ε levels were determined in the EGFP- f positive mice by 

reverse transcriptase coupled PCR (RT-PCR). The levels of knockdown were established 

by comparing the levels of 14-3-3ε mRNA to that of the housekeeping gene GAPDH. 

Three animals that showed a decreased level of 14-3-3ε died within 160 days of birth, as 

compared to control mice. A decrease in body weight upon downregulation of 14-3-3ε 

was also observed in the knockdown mice.  

It was reported earlier that a mice that are heterozygous or homozygous null for 14-3-3ε 

have defects in brain development and neuronal migration (363). In the homozygous null, 

most mice die just after birth. These results suggest that loss of 14-3-3ε leads to defects in 

brain development. To determine if this phenotype was observed in our 14-3-3ε 

knockdown mice, brain sections from wild type or knockdown mice were stained with 

antibodies to 14-3-3ε and examined under the microscope. It was observed that there is a 

decrease in staining for 14-3-3ε in brain sections derived from the knockdown mice as 

opposed to sections derived from wild type mice. The defect in the cortical layers 

observed was not significant.  

The 14-3-3ε knockdown mice died about 160 days post birth. To determine the cause of 

death in the knockdown mice, the mice were dissected and the internal organs examined. 

All the mice had significantly enlarged spleens (splenomegaly).To determine the cause of 

the splenomegaly and the alterations in the other internal organs, an immunohistochemical 

analysis performed. It was observed that the lungs, liver and kidneys of the 14-3-3ε 

knockdown mice showed the presence of infiltrating cells of lymphoid origin as compared 
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to WT mice. This was confirmed by immunohistochemical analysis using antibodies to 

CD3.  

To confirm whether the splenomegaly was due to an increase in lymphoid cells in the 

spleen, the spleens of WT or 14-3-3ε knockdown mice were stained with antibodies to 

CD3 (T cell marker). The spleen sections of the 14-3-3ε knockdown mice showed an 

increased presence of CD3 and CD45 positive lymphocytes as compared to WT mice. The 

spleen cells were purified from mice and an immunophenotyping experiment was 

performed using antibodies that recognize the CD3, CD4, CD8 and B220 antigens. It was 

observed that there is increase in the CD4+ population in the cells purified from the 

spleens of the knockdown mice as compared to the vector control. We also found that the 

CD4-/CD8- double negative T cell population is increased in cells purified from the 

spleen of knockdown mice. Interestingly; multiple reports have suggested that 14-3-3ε 

levels are reduced in adult T-cell leukemias. In addition, we have also observed that there 

is an increase in the number of CD3+ positive cells in the lungs of the knockdown mice as 

compared to the vector controls.  

It has been reported that a downstream effector of T cell activation, SLP-76, is important 

to maintain T cells in activated state (164). An in silico analysis of SLP-76 using Motif 

Scan revealed the presence of a 14-3-3 binding motif in SLP-76 and the hematopoietic 

protein kinase 1 phosphorylates SLP-76 at Serine residue 376 to generate 14-3-3 binding 

motif (79). To determine if 14-3-3ε can form a complex with SLP76 in the presence of 

HPK1, FLAG-SLP76, and HA 14-3-3ε were transfected into HEK 293 cells in the 

presence or absence of HA-HPK1. It was observed that SLP76 formed a complex with 
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14-3-3ε only in the presence of HPK1. This result suggested that 14-3-3ε is negatively 

regulating T cell activation by binding to and inhibiting SLP76 function.  

We also observed swollen lymph nodes in some of the 14-3-3ε knockdown mice. To 

determine if the swollen lymph nodes were due to the presence o f transformed cells, 

pieces of the lymph node were transplanted on to the backs of SCID mice. The lymph 

nodes were capable of forming a transplantable tumor. A PET analysis using 5FDG 

demonstrated that the tumor is vascularized and capable of initiating the formation of 

blood vessels.  These results suggest that 14-3-3ε downregulation may lead to neoplastic 

transformation. To determine whether 14-3-3ε can inhibit tumor formation, stable cell 

clones lacking 14-3-3ε generated in NIH3T3 cells were tested for their ability to form 

colonies in soft agar as compared to the vector control. The 14-3-3ε knockdown clone 

E17, formed larger and more colonies in soft agar as compared to the vector control. The 

migration ability of cells lacking 14-3-3ε increased as determined by wound healing 

assay. In addition we determined whether the NIH3T3 derived 14-3-3ε knockdown clone 

can form tumors in SCID mice. Five out of six injected mice showed the presence of 

tumor as compared to none for the vector control.  These results suggest that loss of 14-3-

3ε can lead to neoplastic transformation.  

The 14-3-3ε knockdown mice show patchy hair loss. To determine whether the 

organization of the epidermis is altered in the 14-3-3ε knockdown clones, skin sections 

from WT or mutant mice were stained with hematoxylin and eosin. We observed 

epidermal stratification is altered in the skin of 14-3-3ε knockdown mice as compared to 

the wild type mice. Hair follicles and the hair shaft develop normally in the WT mice 

however in the 14-3-3ε knockdown mice the hair shaft did not develop and hair follicles 
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were abundant in dermal layer of the skin. In addition it was also observed that the 

average thickness of both epidermal and dermal layer was decreased as compared to wild 

type mice. These results suggest that 14-3-3ε regulates epidermal stratification and 

development of hair follicles.  

DISCUSSION. 

To summarize we have developed multiple lentiviral vectors that can be used to express 

cDNA’s in cultured cells (122) and for the generation of transgenic mice. The lentiviral 

vectors generated can be used to over express either shRNA, cDNA or both. The lentiviral 

vectors generated were tested for their ability to transduce cells in vitro and in vivo.  

 A new cost effective, rapid technique with a high rate of success for the generation of 

transgenic mice by in vivo viral transduction of the gene of interest into undifferentiated 

spermatogonia has been developed during the course of this thesis (322). This technology 

does not compromise the fertility of the off-spring, resulting in germline transmission of 

the transgene, using a limited number of animals. A very high rate of transgenesis was 

obtained in this process, with all the animals being able to sire transgenic pups, leading to 

the rapid generation of multiple transgenic pups with different integration events allowing 

the generation of multiple transgenic lines. The procedure could be extended to other 

animals, especially non-human primates, resulting in a significant advancement in 

transgenic research and the use of other animal models to model human disease (322). 

We found that the mice injected with lentiviruses expressing shRNAs targeting 14-3-3γ 

were unable to sire pups when mated with wild type female mice. A further analysis of 

the testes phenotype showed severe cell-cell adhesion defects, defects in spermatogenesis 

and mice sterility. It has been previously reported that the different isoforms of 14-3-3 
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proteins are expressed in testis (348). As germ cells differentiate from spermatogonia into 

elongated spermatids, they move across seminiferous epithelium to reach the luminal 

compartment by reorganizing the blood testis barrier (BTB) (184, 210, 348).  At the same 

time, these germ cells must also maintain stable attachment with Sertoli cells via 

desmosome and actin based cell junctions to prevent depletion of immature germ cells 

from the seminiferous epithelium, which may result in infertility. Moreover loss of 

desmosomal proteins (Dsg2 Dsc2/3) in sertoli cells has also disrupted BTB dynamics and 

function (210).  The localization of various desmosomal proteins (DSC2/3, DP. PKG and 

PKP3) was altered upon loss of 14-3-3γ in HCT116 cells. These observations suggest that 

the severe cell-cell adhesion defects in testes may be due to altered localization of 

desmosomal protein upon 14-3-3γ loss.  

To study the contribution of 14-3-3ε in growth and development of mice the knockdown 

mice were generated as described (322). The 14-3-3ε knockdown mice died nearly 6 

months post birth. It has been reported earlier that mice heterozygous or homozygous null 

for 14-3-3ε have defects in brain development and neuronal migration (363). We observed 

that although the level of 14-3-3ε in brain is significantly reduced, cortical thinning was 

not observed. These mice showed pleotropic phenotypes including spleenomegaly and 

patchy hair loss (alopecia). We observed lymphocytic infiltration in various organs (lung, 

liver and kidney) of the 14-3-3ε knockdown mice. The levels of CD3+ and CD4+ cells 

were significantly increased. Upon analysis we also found that the level of CD3+ CD4- 

CD8- cells is more in the knockdown mice, generally observed in patients with leukemia 

(352). It is also reported that the level of 14-3-3ε is significantly reduced in human 

malignancies such as Leukemia or lymphoma (8, 9). We hyphothesized that the the CD3+ 
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DN cells in peripheral cells may arise by hyperproliferation of the T cells. This was 

strengthen by the find that 14-3-3ε binds to SLP-76 in presence of kinase HPK1 (79). 

These results therefore suggest that 14-3-3ε may negatively regulate the T cell activation. 

To further understand the role of 14-3-3ε and 14-3-3γ in growth and development we 

wish to generate inducible knock down mice.  
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1. Introduction 

1.1 The cell cycle. 

The eukaryotic cell cycle ensures faithful replication of the genetic material and 

segregation of the genetic material to the daughter cells (91, 262). The cell cycle is 

divided into four phases namely, G1, S, G2 and M (Figure 1.1). DNA replication occurs 

during the synthesis phase (S phase) and chromosome segregation during mitosis (M 

phase). Two gap phases G1 and G2 lie between M phase and S phase and S phase and M 

phase respectively (262). Progression of cells through the cell cycle is dependent on 

completion of the previous cell cycle phase (91).  

 

Figure 1.1 The cell cycle: The cell cycle can be divided into four sequential phases G1, 

S, G2 and M. Different cyclin/cdk complexes are active at the indicated points in the cell 

cycle. Cdk activity is regulated by cyclin expression, post-translational modifications (see 

text for details) and by two different families of cdk inhibitors (CdkI) as indicated. 
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1.1.1 Cyclin Cdk complexes 

Eukaryotic cell cycle transitions are dependent on a class of proteins called the cyclins 

and their associated kinases, the cyclin dependent kinases (Cdks) and progression of cells 

from one phase of the cell cycle to another requires the activity of cyclin/Cdk complexes. 

. Cyclin concentration varies in a cyclical manner during the different phases of cell cycle  

and is classified based on the sequences in the conserved cyclin box region (286, 287). 

The cyclin box is the domain is required for binding to and activating the Cdks (286, 287) 

and cyclin binding is required for Cdk activation (180, 206). Cyclin mRNA increases and 

peaks at a specific point in cycle. Once the specific cell cycle stage is completed cyclin 

mRNA expression decreases and the cyclins are targeted for degradation by ubiquitin 

mediated proteasomal degradation (93). Thus, the progression of the cell cycle through 

the various phases is dependent upon the abundance of a particular cyclin at particular 

phase in the cell cycle and the activity of the associated cdk.  

Cdks are serine threonine kinases and are the catalytic subunit in the complex and have 

no activity in the absence of the cyclins (reviewed in (286)). Budding and fission yeast 

have a single cdk, cdc28 and cdc2 respectively, which associate with multiple cyclins to 

mediate cell cycle progression (11). In mammals, different cdks associate with more than 

one cyclin and each cyclin can associate with one or more cdks (reviewed in (243, 286, 

287)). The different cyclin/cdk complexes are described below. In addition to cyclin 

binding, cdk activity is regulated by post translational modifications (reviewed in (286)) 

and by cdk inhibitors (CDKI). Two families of CdkI’s have been identified in 

mammalian cells, the CIP/KIP family and the INK4 family (129, 139, 291, 325). The 

CIP/Kip members include p21, p27 and p57 (141, 204, 227, 290, 392).The CIP/KIP 

members inhibit activities of, cyclin E and A dependent kinases (330) and p21 can inhibit 

cyclinB/cdk1 activity (51, 141, 314, 392). There are four members of the INK4 family 

(p15, p16, p18 and p19) and they bind to and inhibit the function of the cyclin D/cdk4/6 

complexes (49, 130, 139, 325). 
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1.1.1. a Cyclin D cdk complexes 

The D cyclin and their associated kinases cdk4 and cdk6 are important for the transition 

from G1 to S phase. There are three D type cyclins in mammals (D1, D2, D3), which are 

expressed in a tissue specific manner (329) and their expression is induced upon 

mitogenic stimulation (231). The levels of the D cyclins begin to rise in early G1 and 

peak at the beginning of of S Phase. The level of the D type cyclins rapidly declines 

during S-phase due to the ubiquitin dependent degradation of cyclin D by the SCF 

complex (399). The D type cyclins promote the G1/S transition by sequestering the CDK 

inhibitors, p27 and p21 which are potent cdk2 inhibitors and by the phosphorylation of 

pRb protein reviewed in (220, 331). The INK4 family of CdkI’s bind to cdk4 and cdk6 

and inhibit their activity by interfering with the binding of cyclins to the cdks (330). The 

cyclinD/cdk complexes promote entry into S phase in part by phosphorylating the Rb 

tumor suppressor (230). This results in the disruption of Rb-E2F complexes permitting 

the expression of  E2F target genes that are required for S-phase entry (382).  

 

1.1.1.b Cyclin E cdk complexes 

The E-type (E1 and E2) cyclins regulate the progression of cells through late G1 and into 

S phase (182, 271). E-type cyclins are expressed in all cell types (85, 131, 182, 401). 

However, the expression of E-type cyclins depends on the activation of E2F, which is 

activated by an increase cyclin D associated CDK activity as described above (30, 270). 

Expression of E-type cyclins begins in late G1 and continues till the cells enter S phase 

(30, 270). When cells enter S phase, E-type cyclins are ubiquitinated by the SCF complex 

followed by degradation via the ubiquitin proteasome pathway (75, 258, 335, 380). 

Cyclin E predominantly associates with and activates cdk2 (85, 131, 182, 201, 401). The 

cyclinE/cdk2 complex phosphorylates Rb and contributes to activation of the E2F family 

of transcription factors. E2F induces cyclin E expression from E2F responsive cyclin E 

promoter, which results in increased Rb phosphorylation forming a positive feedback 

loop (30, 270). CyclinE/cdk2 complexes also regulate the levels of Cip/Kip family of 

CDK inhibitors (326, 375). The cyclinE/cdk2 complex phosphorylates these CDK 

inhibitors, which promotes their ubiquitination and proteasomal degradation (219, 326, 

375).  
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1.1.1.c Cyclin A cdk complexes 

The A type cyclins, A1 and A2, are E2F responsive genes (219). The A cyclins pair with 

cdk2 and inactivate p27 and pRb protein thereby promoting cell cycle progression. Low 

levels of cyclin A/cdk2 activity are detected in late G1 phase (119, 274). The level of 

cyclin A/cdk2 continues to rise through the S phase and is steady till early mitosis. In S 

phase cyclin A/cdk2 activity is required to phosphorylate substrates that initiate DNA 

replication (328, 331). CyclinA/cdk2 kinase activity is inhibited by CIP/KIP family of 

cdk inhibitors. The CIP/KIP inhibitors bind to cdks at their catalytic site preventing ATP 

binding and activity. (330).  

 

1.1.1.d Cyclin B cdk complexes 

Cyclin B associated CDK activity is required for mitotic progression. In human cells two 

B-type cyclins, B1 and B2 are expressed. The level of cyclin B1 rise at S phase and is 

highest during mitosis (289). The two cyclins differ in their ability to induce mitosis and 

the difference is due to their distinct subcellular localization (83). Cyclin B1 is 

predominantly cytoplasmic during interphase and is transported to the nucleus just before 

the initiation of mitosis (31, 165, 288). The B2 type cyclins are mainly cytoplasmic and 

localize to Golgi bodies (31, 165, 288).  The functional significance of the B type cyclins 

in proliferation and development is reflected in the respective knockout mouse 

phenotypes. Cyclin B2 null mice are normal and fertile whereas cyclin B1 null mice die 

early during embryogenesis (31). As the cyclin B1 knockout mice is an early embryonic 

lethal, this suggests that cyclin B1 has an essential role in cell cycle progression (384)  

and can compensate for the absence of cyclin B2.  

During interphase, cdk1 is phosphorylated on three residues. Phosphorylation on T161 by 

CAK is required for cdk1 activation (124, 198-200). In addition to T161, cdk1 is 

phosphorylated on two residues in its ATP binding site, T14 and Y15 (23, 261). 

Phosphorylation of these residues inhibits access to ATP that is required for cdk activity 

(339). These residues are phosphorylated by wee1, myt1 and mik1 kinases (mik1 

phosphorylates cdk1 on Y15 as demonstrated in S. pombe (205)) (76, 205, 249, 277). 

Wee1 is a nuclear protein whereas myt1 is a cytoplasmic membrane bound protein. Thus 
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the cyclin-cdk complex is held in an inactive state in the nucleus and cytoplasm. 

Activation of cyclinB1/cdk1 complex requires the dephosphorylation of cdk1 on T14 and 

Y15 by the cdc25 family of dual specificity phosphatases (86, 112, 237, 345). A cdk1 

mutant (cdk1AF mutant) in which T14 and Y15 are mutated to alanine and phenylalanine 

respectively does not get phosphorylated and induces premature entry into mitosis (27, 

125, 187). Prior to mitosis the phosphate residues on T14 and Y15 are removed by the 

action of the cdc25 family of dual specificity phosphatases (86, 112, 192, 237, 321, 344, 

345) which are discussed below.  

 

1.2 Cell cycle checkpoint pathways. 

 

Checkpoint pathways are signal transduction pathways that are activated by stress to 

DNA. The stress, which can be incomplete S-phase, DNA damage or aberrant attachment 

to the mitotic spindle, is detected by sensor proteins that transduce the signal to 

downstream effector kinases leading to multiple responses of which one is cell cycle 

arrest (reviewed in (91, 142, 405)) (Figure 1.2). Checkpoint pathways can be activated by 

a variety of agents. e.g. agents such as ultraviolet radiation (UV) and hydroxyurea 

interfere with DNA replication and different types of DNA damage can be induced by 

exposure to physical agents such as UV or ionizing radiation (IR) or by chemical agents 

such as methyl-methane sulphonate (MMS), cisplatin, adriamycin (Doxorubicin), etc. In 

addition to these agents, highly reactive chemical species, such as free radicals or reactive 

oxygen species, which arise as a result of cellular metabolism, also cause DNA damage 

(reviewed in (72, 405)). Spindle inhibitors such as colchicine and nocodazole disrupt the 

mitotic spindle resulting in activation of the spindle assembly checkpoint (reviewed in 

(186)). Activation of the checkpoint pathways result in a variety of responses such as cell 

cycle arrest, apoptosis, repair of damaged DNA and transcription of repair genes 

(reviewed in (405)) 

Checkpoint dependent cell cycle arrest is important because it gives the cell time to repair 

the damage (reviewed in (91)). Loss of checkpoint pathways allows cells to continue 

cycling in presence of incompletely replicated or damaged DNA or in presence of an 

incomplete spindle assembly (reviewed in (262)). Loss of checkpoint function may result 

in accumulation of mutations, deletions, amplifications, translocationsand aneuploidy, all 
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of which are associated with acquisition of the neoplastic phenotype (reviewed in (91, 

262)).  

 

Figure 1.2: The DNA damage checkpoint pathway: The DNA damage checkpoint 

pathway is a signal transduction pathway consisting of sensors transducers and effectors 

that relay signals such as DNA damage or replication stress to to initiate the indicated 

responses. 
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1.2.1 Checkpoint kinases 

The activation of a checkpoint pathway depends on the detection of a signal and the 

transduction of this signal to intermediate and effector proteins, resulting in various 

cellular responses, one of which is cell cycle arrest (reviewed in (405)). Checkpoint 

kinases play a critical role in this signal transduction. In response to signals such as 

incomplete S phase or DNA damage, these kinases are activated, resulting in 

phosphorylation of various effector proteins, which are required to enforce a cell cycle 

arrest. Ataxia Telangiectasia Mutated (ATM) and Ataxia Telangiectasia Mutated and 

Rad3 related (ATR) are transducing kinases required to propagate the checkpoint 

response upon DNA damage or incomplete S-phase. ATM and ATR are serine threonine 

kinases and belong to the PI3K family and are activated in response to DNA damage 

(334). ATM deficient cells do not arrest at G1, S and G2  phase upon exposure to 

ionizing radiation (1). ATR null cells are not viable suggesting that ATR functions are 

essential for cell cycle checkpoint function and defects in ATR cannot be complemented 

by ATM (405). ATM is activated upon exposure to gamma irradiation by 

autophosphorylation of the serine 1981 residue thereby causing dissociation of the dimer 

to form an active monomer (15). Activated ATM then phosphorylates its substrates and is 

recruited to the sites of DNA damage by BRCA1 and NBS1. After recruitment to DNA 

break sites, ATM phosphorylates NBS1 BRCA1 and SMC1 that are localized to these  

break sites in response to DNA damage response (178). ATR is predominantly 

responsive to replication stress and single strand DNA breaks. ATR is present as a 

heterodimer with ATRIP in the presence or absence of DNA damage. ATR-ATRIP 

complex localizes to single strand breaks that are produced either on DNA damage or 

stalled replication fork and phosphorylates its effector kinases (67, 369, 407). ATM and 

ATR phosphorylate Chk1 on Ser 317 and Ser345 resulting in activation of Chk1 (133, 

214, 405). ATM and ATR phosphorylate Chk2 on Thr68 resulting in activation of Chk2 

(4, 34, 35, 52, 228, 229). CHK1 and CHK2 kinases further activate effector proteins such 

as p53, BRCA1, NBS1, H2AX, etc. that execute the various functions of the DNA 

damage response (46, 215, 300) as discussed below.  
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1.2.2 The G1/S DNA Damage checkpoint:  

The G1/S DNA damage checkpoint monitors damage to DNA in G1 phase and prevent S 

phase entry until the damaged DNA is repaired. The G1 arrest is enforced by preventing 

initiation of DNA replication and by preventing the transactivation of genes required for 

S phase progression through various mechanisms. The checkpoint is activated by 

physical (ionizing radiation) or chemical agents (Adriamycin, cisplatin and bleomycin) 

that cause DNA double strand breaks.  

The G1/S DNA damage checkpoint involves activation of the kinases ATM and ATR. 

DNA damage induces phosphorylation and activation of ATM and ATR (15, 356). These 

kinases then phosphorylate and activate the downstream kinases Chk1 and Chk2 (4, 34, 

35, 52, 133, 214, 228) . Activated Chk1 and Chk2 phosphorylate cdc25A, a dual 

specificity phosphatase that is required to activate cyclinE/cdk2 complex (56, 120, 143, 

217, 241, 341, 370, 391). Phosphorylation of cdc25A triggers the ubiquitination and 

proteasomal degradation of cdc25A, preventing the activation of cyclinE/cdk2 complex 

and leading to a G1 arrest (56, 120, 143, 217, 241, 341, 370, 391) (Figure 1.3). In 

response to DNA damage, p53 is activated by phosphorylation on Ser 15 residue by 

ATM and ATR and on residue S20 by CHK1 and CHK2 (18). Phosphorylation of p53 

stabilizes p53 by preventing the interaction between p53 and its negative regulator 

Mdm2. DNA damage also induces the expression of the ARF, a negative regulator of 

Mdm2 (176). Thus, phosphorylation of p53 and inhibition of Mdm2 by ARF results in 

stabilization of p53, allowing the transactivation of p53 responsive cell cycle regulatory 

proteins such as p21 (216, 236, 246) (Figure 1.3). p53 activates gene expression of p21 

which results in the inhibition of cyclin E/cdk2 and cyclin A/cdk2 complexes, which are 

required for S phase progression (18, 172, 376). In response to genotoxic stress, cdc25A 

is phosphorylated by the CHK1/CHK2 kinases and targeted for degradation thus 

inhibiting the activity of the cyclin E/A cdk2 complex and preventing S phase 

progression (17, 18) (Figure 1.3). 
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Fig. 1.3: The G1/S DNA damage checkpoint response. DNA damage during G1phase 

results in activation of ATM and ATR by phosphorylation. ATM and ATR phosphorylate 

and activate Chk1 and Chk2. Chk1 and Chk2 phosphorylate cdc25A leading to its 

degradation by the proteasome. DNA damage induces the expression of p19ARF and 

stimulates phosphorylation of p53 by ATM, ATR, Chk1 and Chk2. Both events lead to a 

stabilization of p53. p53 transactivates p21, a negative regulator of cyclinE/cdk2(3) 
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complexes. DNA damage induced degradation of cyclinD and accumulation of p16 

results in inactivation of cyclinD/cdk4(6) complexes. Binding of p16 to cyclinD/cdk4(6) 

complexes also displaces p21 from these complexes, which binds and incativtes 

cycline/cdk2(3). Inhibition of cyclinD and cyclinE associated CDKs leads to a G1 arrest. 

 

1.2.3 The S phase DNA Damage checkpoint  

The replicative phase or S phase is highly prone to errors, due to either the 

misincorporation of bases or environmentally induced single strand and double strand 

breaks and base modifications (108). The S-phase checkpoint functions in concert with 

DNA replication to couple DNA replication with repair. The S phase checkpoint also 

prevents the onset of mitosis before DNA replication is completed by inhibiting the 

activity of the cyclin B/cdk1 complex (20). 

 The S phase checkpoint is activated upon replication stress by DNA damaging agents 

such as UV and IR or drugs such as adriamycin, bleomycin or alkylating agents such as 

methyl methane sulfonate. The S phase checkpoint causes the activation of the 

ATM/ATR–CHK1/CHK2 pathway (fig 1.4). During replication if the DNA encounters a 

break or lesion the replication fork is stalled (108). The stalled replication fork results in 

unwinding of DNA double helix, which in turn is recognized by the single strand binding 

Replication Protein A (RPA) (42) (Figure 1.4). RPA then recruits Rad family members, 

ATR-ATRIP complex to the lesion site thereby activating ATR (407) (Figure 1.4). ATR 

then phosphorylates its downstream kinase, CHK1 and CHK2, which further 

phosphorylate cdc25A on S123 and targets cdc25A for ubiquitin mediated degradation 

(17, 18) (Figure 1.4). Chk1 and Chk2 also phosphorylate and inhibit the function of 

cdc25 phosphatases B and C (56, 120, 143, 217, 228, 241, 281, 318, 341, 370, 391). The 

inhibition of cdc25 family of phosphatases prevents dephosphorylation of cdk1 on T14 

and Y15, maintaining the cyclinB1/cdk1 complex in an inactive state and preventing 

mitotic progression (Figure 1.4). Inhibition of cdc25A also prevents activation 

cyclinE/cdk2, cyclinA/cdk2 and cyclinA/cdk1, thus preventing both, progression through 

S phase and mitotic progression (Figure 1.4). 
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Fig. 1.4: The incomplete S phase checkpoint response. Stalled replication forks result in 

formation of single stranded segments during replication resulting in recruitment of Rad 

and Rfc family members. These activate ATM and ATR, which in turn result in activation 

of Chk1 and Chk3 by phosphorylation. Chk1 and Chk2 phosphorylate cdc25A, cdc25B 

and cdc25C resulting in generation of a 14-3-3 binding site. 14-3-3 binding results in 
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cytoplasmic accumulation of cdc25 phosphatases and also prevents interaction with their 

substrates, cyclin/CDK complexes. Phosphorylated cdc25A also undergoes proteolytic 

degradation Inhibition of cdc25 phosphatases results in inactivation of cyclinE, cyclinA 

and cyclin/B associated CDKs, preventing S phase and mitotic progression.  

 

1.2.4 The G2/M DNA Damage checkpoint:  

The G2/M checkpoint prevents entry of the cells into mitosis when cells encounter DNA 

damage during the G2 phase or enter the G2 phase with damaged DNA from the previous 

phases of the cell cycle. The checkpoint is activated in response to DNA damaging agents 

such as UV, IR, adriamycin and methylmethane sulfonates (95). The main target of the 

G2/M checkpoint is the cyclinB/cdk1 complex whose activity is required for the entry of 

cells into mitosis. 

Checkpoint response is triggered by DNA damage which is sensed by sensor proteins, 

presumably belonging to the rad family (21, 92, 218, 406-408) (Figure 1.5). The signal is 

then communicated to transducers resulting in the activation of kinases ATM and ATR 

(Figure 1.5). ATM and ATR phosphorylate and activate the checkpoint kinases Chk1 and 

Chk2 (4, 35, 52, 111, 228, 229, 252) (Figure 1.5). Chk1 and Chk2 phosphorylate and 

inhibit the function of cdc25 phosphatases A, B and C (56, 120, 143, 217, 228, 241, 281, 

318, 341, 370, 391) (Figure. 1.5). The inhibition of cdc25 family of phosphatases 

prevents dephosphorylation of cdk1 on threonine 14 and tyrosine 15, maintaining the 

cyclinA/cdk1 and cyclinB1/cdk1 complexes in an inactive state and preventing mitotic 

progression. Activated Chk1 also phosphorylates Wee1 and promotes its association with 

14-3-3 proteins (203, 265) (Figure. 1.5). Phosphorylation and 14-3-3 binding seem to 

activate Wee1 which maintains the inhibitory phosphorylations on cdk1(203, 265) 

(Figure 1.5). DNA damage checkpoint response also stabilizes Wee1 levels by preventing 

its ubiquitin mediated proteolysis (395) (Figure 1.5). 

Checkpoint kinases also phosphorylate p53 resulting in stabilization of p53 and 

transactivation of p53 responsive genes (54, 116, 151, 232, 332, 404) (Figure.1.5). 

Among the genes that p53 transactivates in response to DNA damage are p21 and 14-3-

3σ (149, 216, 236, 246) (Figure 1.5). Both p21 and 14-3-3σ inhibit the activity of 

cyclinB1/cdk1 complex (40, 50) (Figure 1.5). p21 belongs to the Cip/Kip family CDK 
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inhibitor that binds to and inhibits the activity of cyclinB1/cdk1 (51, 141, 314, 392) 

(Figure 1.5). Binding of 14-3-3σ sequesters cyclinB1/cdk1 complex to the cytoplasm and 

prevents the activation of mitotic cascade(50) (Figure 1.5). 

 

Figure. 1.5: The G2/M DNA damage checkpoint response. DNA damage in G2 results 

in recruitment of the Rad family of sensor proteins. This results in activation of ATM and 

ATR by phosphorylation. ATM and ATR phosphorylate and activate Chk1 and Chk2 and 

stabilize p53. Chk1 and Chk2 phosphorylate cdc25A, cdc25B and cdc25C generating a 
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14-3-3 binding site. 14-3-3 binding results in cytoplasmic sequestration of cdc25 

phosphatases and inhibits interaction of cdc25 phosphatases with their substrates, the 

cyclin/CDK complexes. Chk1 phosphorylate and activate Wee1 which inhibits cdk1 by 

phosphorylation on Thr14 and Tyr15. ATM, ATR, Chk1 and Chk2 mediated 

phosphorylation of p53 results in stabilization of p53 and transactivation of p53 

responsive genes p21 and 14-3-3σ. 14-3-3σ and p21 bind to and inhibit cyclinB1/cdk1. 

 

1.3 The cdc25 family of dual specificity phosphatases 

Cdc25 proteins are a family of conserved dual specificity phosphatases that play an 

important role in cell cycle regulation by dephosphorylating the T14 and Y15 residues 

and activating cdks (86, 112, 192, 237, 321, 344, 345), resulting in the promotion ofcell 

cycle progression (113). Cdc25 homologues are conserved from yeast to humans, 

suggesting the importance of this phosphatase in cell cycle regulation. In general, cdc25 

phosphatases are constitutively expressed during the cell cycle and their levels remain 

relatively constant throughout the cell cycle (118), although the levels of some cdc25 

family members vary in a cell cycle dependent manner (16, 43, 81). The cdc25 proteins 

contain two domains, the N-terminal or regulatory domain and the C-terminal highly 

homologous phosphatase domain (251).  

Cdc25A levels are low in early G1 and rise during S and G2 phases until degradation of 

cdc25A at mitotic exit (81). Cdc25A levels begin to accumulate in late G1 through the 

transcriptional activities of c-myc and E2F (81). Cdc25A activity is required for both the 

G1/S transition and G2/M transitions (84). During interphase, cdc25A is targeted for 

ubiquitin-proteasome mediated proteolysis by the SCF complex upon activation of the S-

phase or DNA damage checkpoints (81). Cdc25A promotes the G1/S transition by 

activating cyclin D associated cdk4/cdk6 complexes (162) and cyclin E and cyclin A 

associated cdk2 complexes (28, 155). Cdc25A also maintains the cyclinE/cdk2 and 

cyclinA/cdk2 complexes in an active state by preventing the binding of the CDK 

inhibitor p21 to these complexes (308). During mitosis cdc25A is stabilized by 

phosphorylation on Ser17 and Ser115 residues by cyclinB1/cdk1 complex. The stabilized 

cdc25A removes the inhibitory phosphorylation on cdk1 complex and activates 

cyclinB1/cdk1complex (217).  
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Cdc25B promotes progression through S phase and mitosis by activating the 

cyclinA/cdk2, cyclinA/cdk1 and cyclinB/cdk1 complexes (101, 156). Cdc25B levels 

accumulate in late S and early G2 after which it is targeted for degradation. Cdc25B is 

phosphorylated by the cyclinA/cdk2 complex resulting in proteolytic degradation of 

cdc25B by SCF β-TrCP complex (16, 43). Expression of dominant negative cdc25B 

prevents the initial activation of cyclinB1/cdk1 complex (102).  

Cdc25A is nuclear in its localization, cdc25B shuttles in and out of the nucleus and 

cdc25C is cytoplasmic throughout interphase and localizes to the nucleus just prior to 

mitosis (69, 73). Thus multiple cdc25 proteins are regulated in a spatio temporal manner 

to coordinate irreversible cell cycle progression events. Since cdc25 phosphatases are 

crucial in promoting cell cycle progression, the activities of the cdc25 phosphatases are 

monitored by checkpoint pathways. In response to DNA damage or replication stress the 

cdc25 proteins are inactivated by the checkpoint pathway. Cdc25 proteins are targets of 

the checkpoint kinases CHK1 and CHK2. CHK1and CHK2 phosphorylate cdc25A on 

multiple sites leading to its rapid degradation in the presence of unreplicated or damaged 

DNA (80). Cdc25B is phosphorylated by the MAPKAP kinase-2 (221) and CHK1 on 

exposure to U.V radiation and in unperturbed cells and this generates a binding site for 

the 14-3-3 family of proteins. Binding of 14-3-3 to cdc25B restricts cdc25B to the 

cyctoplasm and hence is unable to activate cdk1 (117, 318). 

Cdc25C promotes mitotic progression by activating the cyclinB/cdk1 complex (103, 

112). The activity of human cdc25C is positively and negatively regulated by 

phosphorylation events. During interphase the major site of phosphorylation in cdc25C is 

a serine residue at position 216 (S216) and this residue is not phosphorylated in mitotic 

cells (269, 280). Cdc25C activity is negatively regulated by the both the S-phase and G2 

DNA damage checkpoint pathways. Ogg et al demonstrated that C-TAK1 can 

phosphorylate cdc25C on S216 in interphase cells (ref). During incomplete replication or 

in the presence of damaged DNA, activated CHK1 and CHK2 were observed to 

phosphorylate cdc25C on a serine residue at position S216 (S216). cdc25C is 

constitutively phosphorylated on S216  throughout interphase but not in mitotic cells 

suggesting that phosphorylation of S216 negatively regulates cdc25C function (268, 279). 

A phosphosite mutant of cdc25C (S216A) was able to override a DNA damage induced 
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G2 arrest and induced premature chromatin condensation (PCC) during S-phase at levels 

higher than the wild type protein (69, 279).  

 

Figure 1.6: Regulation of cdc25C by the checkpoint pathway: DNA damage or 

incomplete S-phase leads to phosphorylation of cdc25C on S216 by CHK1/CHK2/C-

TAK1/MK2. This generates a binding site for 14-3-3 proteins binding of 14-3-3 to 
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cdc25C negatively regulate cdc25C function. Cdc25C is activated by dissociation of 14-

3-3 which is accompanied by dephosphorylation on S216 residue and phosphorylation by 

cyclinB1/cdk1 complex on multiple sites. Activated cdc25C dephosphorylates inhibitory 

residues on cyclinB/cdk1 leading to a positive feedback loop. 

Phosphorylation of serine 216 generates a binding site for the 14-3-3 family of proteins in 

cdc25C (194, 279). Binding of 14-3-3 proteins to cdc25C decreases the catalytic activity 

of cdc25C (194, 279), but since 14-3-3 proteins bind adjacent to the putative NLS in 

cdc25C it was suggested that 14-3-3 proteins might regulate the subcellular localization 

of cdc25C (191). Consistent with this hypothesis a mutant of cdc25C that was unable to 

bind to 14-3-3, proteins (S216A), showed a pan cellular localization as compared to the 

wild type protein (69).  These results suggest that 14-3-3 proteins negatively regulate 

cdc25C function by preventing its transport to the nucleus prior to mitosis (Figure 1.6). 

Some data suggests that the 14-3-3 proteins inhibit cdc25C function either by masking 

the nuclear localization signal (245) and by promoting its nuclear export as both the 

nuclear export signal (NES) and the 14-3-3 binding site are required to maintain the 

cytoplasmic localization of cdc25C (126). 14-3-3 proteins also inhibit the association 

between cdc25C and cyclinB1 thereby preventing the activation of the cyclinB/cdk 

complex (244). The binding of 14-3-3 proteins to cdc25C leading to the negative 

regulation of cdc25C function has been conserved from yeasts to human. In fission yeast 

CDS1 (CHK2 homologue) and CHK1 phosphorylate cdc25 and generate a binding site 

for the 14-3-3 proteins, rad24 and rad25 (402). Binding of cdc25 to the 14-3-3 proteins in 

fission yeast and X. laevis results in nuclear exclusion similar to that observed in human 

cells (69, 191, 194). The inhibitory phosphorylation on S216 of cdc25C was not limited 

to the DNA damage responsive checkpoint pathway. In addition to the checkpoint 

kinases there are reports of other kinase C-TAK1and PKA that phosphorylate cdc25C on 

S216 (S287 in X. laevis cdc25C) in unperturbed cells maintaining the inactive state of 

cdc25C throughout interphase (52, 280, 311).  

Just prior to mitosis, cdc25C translocates to the nucleus to activate the cyclin B/cdk 

complex (69). This is dependent on the removal of the 14-3-3 proteins and 

dephosphorylation of the 14-3-3 binding site followed by hyperphosphorylation on 

multiple sites in its N terminus (193). Cdk2 activity was found to be necessary for the 
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removal of S216 phosphorylation as inhibition of cdk2 by the cdk2 inhibitor CIP blocked 

cell cycle progression to mitosis (222). In Xenopus, phosphorylation on T138 residue of 

cdc25C by cdk2 was required for 14-3-3 removal and subsequent S287 

dephosphorylation. A T138V mutant retained phosphorylation on S287 residue and 

exhibited prolonged 14-3-3 binding (222). The removal of 14-3-3 proteins from cdc25C 

is followed by the dephosphorylation of S287 by PP1 and hyperphosphorylation on 

multiple sites in the N-terminus. During mitosis, the active state of cdc25C is maintained 

by phosphorylation on a residue at S214 position by cyclin B1/cdk1 complex (39). This 

residue lies in close proximity to the S216 residue and phosphorylation of S214 by cdk1 

blocks subsequent phosphorylation of S216 residue. A S214A mutant when expressed in 

HeLa cells depleted of cdc25C displayed a delay in mitotic entry that was reversed by the 

S214A/S216A double mutant (39). Also IR induced DNA damage failed to induce S216 

phosphorylation and 14-3-3 binding in mitotic cells. These results suggest that in mitotic 

cells phosphorylated S214 residue prevents the phosphorylation of S216 residue and 

inactivation of cdc25C (39).   

During mitosis phosphorylation of multiple residues in the N-terminus of cdc25C by the 

cyclinB1/cdk1 complex results in a stimulation of cdc25C phosphatase activity (101, 104, 

154, 344). The increased phosphorylation co-relates with mitotic entry (193). 

Dephosphorylation of the N-terminal residues reduces cdc25 phosphatase activity (193). 

Cdc25 is also phosphorylated on these N-terminal residues by polo- like kinases (89, 90, 

294). However, activation of cdc25 by polo like kinases is required for mitotic 

progression in Xenopus laevis (294) , yeast or mammalian cells (371, 372). It has been 

demonstrated that the Plk1 is critical for mitotic progression of cancer cells, and that in 

non-transformed cells knockdown of Plk1 resulted in at least a 4 hour delay of mitosis 

(207, 371). During mitosis cdc25C activity is required to maintain the cyclinB1/cdk1 

complex in an active state. It has been reported that this is achieved by preventing the 

association of cdc25C with 14-3-3 proteins through inhibition of S216 phosphorylation 

(69, 191, 194). During mitosis cdc25C is not phosphorylated on S216 and is localized to 

the nucleus (69). In X. laevis, it has been demonstrated that binding of 14-3-3 to cdc25 

during mitosis is prevented by dephosphorylation of Serine reisude 287 (S287), the 

residue that corresponds to S216 in human cdc25C (191, 194). Dephosphorylation of 
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S287 in X. laevis cdc25C is catalyzed by a phosphatase PP1 and this dephosphorylation 

occur just prior to mitosis (223, 224). In human cells, a mechanism for the inhibition of 

phosphorylation of cdc25C on serine 216 and 14-3-3 binding during mitosis has been 

demonstrated. However, inhibition of S216 phosphorylation requires the phosphorylation 

of an adjacent serine residue (S214) in cdc25C by cyclinB1/cdk1 complex (39). 

Expression of the S214A mutant in cells depleted of endogenous cdc25C induced delay 

in mitotic entry, which could be rescued by re-expression of S214A/S216A double 

mutant (39). Thus S214 phosphorylation may help maintain cdc25C in an active state till 

mitosis is complete (39). 

Cdc25C knockout mice are viable and do not display any obvious abnormalities (55). 

Among adult tissues in which cdc25C is detected, its transcripts are most abundant in 

testis, followed by thymus, ovary, spleen, and intestine. Mice lacking cdc25C were 

fertile, indicating that cdc25C does not contribute an essential function during 

spermatogenesis or oogenesis in the mouse. T- and B-cell development was also found to 

be normal in cdc25C-/- mice, and cdc25C-/- mouse splenic T and B cells exhibited 

normal proliferative responses in vitro (55). These findings indicate that cdc25A and/or 

cdc25B may compensate for loss of cdc25C in the mouse (55). Mice with cdc25B 

disrupted are also viable and healthy, although females are sterile due to a meiotic defect 

during oogenesis (211). One explanation for the lack of a cell cycle phenotype in mice 

with either cdc25B or cdc25C disrupted is compensation by the other family members 

and/or other phosphatases. However  transgenic mice lacking both cdc25B and cdc25C 

phosphatases are healthy and viable, demonstrating that cdc25B and cdc25C are 

dispensable for murine embryonic development and for mitotic entry (94). Mice 

heterozygous for cdc25A were viable, fertile, and healthy, demonstrating that a single 

allele of cdc25A is sufficient for normal mouse development (202). In contrast, mice 

homozygous for the mutation were never identified, indicating that the cdc25A null 

mutants died in utero (202). Cdc25A-deficient embryos exhibit growth retardation and 

die before E7.5 due to the induction of apoptosis. Conditional disruption of the entire 

family is lethal in adults due to a loss of small intestinal epithelial cell proliferation in 

crypts of Lieberkuhn (202). However conditional disruption of cdc25A in adults did not 

show the same phenotype, thereby suggesting that although cdc25A is essential during 
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embryogenesis, a loss of cdc25A can be compensated for by other family members in 

adult mice (202). 

 

1.4 14-3-3 proteins. 

14-3-3 proteins were first purified as abundant proteins in brain tissue extracts and 

derived their name from their migration pattern on DEAE cellulose chromatography and 

starch gel electrophoresis (reviewed in (5, 6, 107)). 14-3-3 proteins are conserved from 

yeast to mammals. Yeast 14-3-3 proteins are functionally interchangeable with the 

mammalian 14-3-3 proteins indicating their high level of conservation (99). A sequence 

alignment of the various 14-3-3 isoforms across species reveals high sequence 

conservation across evolution. There are two isoforms in yeast and at least seven different 

isoforms of 14-3-3 proteins in mammals (β, ε, γ, σ, ξ, η and τ) that are encoded by seven 

distinct genes (reviewed in (107) ). 14-3-3 proteins are abundantly present in all tissues 

except 14-3-3σ whose expression is restricted to epithelial cells. 14-3-3 proteins have 

been observed to be localized to the cytoplasm as well as nucleus (191, 225) (362). 

14-3-3 proteins are able to bind to partner proteins containing either of two 

phosphoserine motifs i.e. R[S/Ar][+/S]pS[LEAM]P or RX[Ar/S][+]PS[LEAM]P (where 

Ar is an amino acid with an aromatic side chain, + an amino acid with a basic side chain 

and pS is phosphoserine) (250, 394). The 14-3-3 ligands share the same phosphopeptide 

binding groove and bind with similar affinity as compared to the phosphopeptide (99). 

Ligands such as cdc25B bind to 14-3-3 via a phosphorylated motif (13, 117) whereas 

some ligands such as Exoenzyme S (Exo S) bind to 14-3-3 through a nonphosphorylated 

motif (136, 148). 14-3-3 proteins regulate the activities of a number of important 

signaling proteins (82, 366). The binding of 14-3-3 proteins to their targets often leads to 

an altered sub cellular localisation of partner proteins, for instance the binding of 14-3-3 

to cdc25C sequesters cdc25C in the cytoplasm (69). Alteration in enzymatic activities 

such as 14-3-3 binding to Raf increases its kinase activity. Alteration of DNA binding 

capability such as binding of 14-3-3 to p53 increases its DNA binding activity upon DNA 

damage (381). Thus, 14-3-3 proteins regulate multiple signalling pathways in mammalian 

cells.  
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1.4.114-3-3 structure 

X-ray crystallographic analyses of the various 14-3-3 dimers bound to a phosphopeptide 

corresponding to a consensus motif, reveal that all 14-3-3 proteins have the same basic 

tertiary structure (396). The structure reveals that the 14-3-3 proteins bind to their ligands 

as homodimers or heterodimers. The 14-3-3 dimer forms a U-shaped molecule, the base 

of which constitutes a highly conserved phosphopeptide binding groove. Each monomer 

of the 14-3-3 dimer consists of nine antiparallel  helices designated 1to 9. The N 

terminal helices which constitute helices α1to α4, mediate dimer formation between the 

monomers and contain residues that are variable and may specify the homo or hetero 

dimerization. Helices 3,5,7 and 9 form the phosphopeptide binding groove. The 

phosphorylated serine/threonine residue in the ligand makes contact with certain 

conserved residues, Lys 49, Arg56, Arg127and Tyr 128 that form a basic pocket in the 

phosphopeptide binding groove, whereas the rest of the ligand is in contact with the 

carboxy terminal portion of the 14-3-3 protein. The invariant residues in the 14-3-3 

proteins line the interior of this phosphopeptide binding groove, whereas non conserved 

resides are located on the exterior of the cup shaped structure (213, 390). The structure of 

the phosphopeptide binding groove and the location of the phosphopeptide in this groove 

is conserved in all 14-3-3 isoforms, with the exception of 14-3-3σ (383). This suggested 

that specificity of 14-3-3 ligand interactions emanates from residues that lie outside the 

conserved phosphopeptide binding groove and may possibly be involved in formation of 

contacts with the ligand as a whole.   

14-3-3 proteins are 30 kDa proteins that function as dimers. By the construction of N 

terminal deletion mutants of the 14-3-3 isoform it was observed that the N terminal 26 

amino acids were important for dimerisation (167). This is consistent with the X-ray 

crystallography data described above. 14-3-3 isoforms exist as homodimers as well as 

heterodimers. Though each 14-3-3 monomer can bind independently to the ligand 

containing a phosphopeptide, dimerization of the 14-3-3 proteins are required for their 

interaction with the ligand (38).  In addition to complex formation with the ligand, 

dimerization of the 14-3-3 proteins might be required to modulate ligand function as 14-

3-3 monomers with an N terminal deletion that were unable to form dimers bound to Raf 

but were incapable of activating it in vivo (327). It was later demonstrated that the 14-3-3 
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dimer was essential for Raf activation due to the stable binding of 14-3-3 to the Raf 

polypeptide at two sites (367). 14-3-3 proteins form particular combinations of 

homodimers and heterodimers. For instance, 14-3-3γ forms homodimers and 

heterodimerizes with 14-3-3ε while 14-3-3ε dimerises with β, γ, ξ and η but does not 

form homodimers (53, 396). 14-3-3σ is reported to form only homodimers (383). The 

differential ability of the 14-3-3 isoforms to dimerise is dictated by the unique residues 

present at the dimer interface (396).  The differential ability of 14-3-3 proteins to form 

homo or hetero dimers might influence the function of the 14-3-3 proteins. Homodimers 

might function to sequester proteins while heterodimers might function as adapter 

proteins bringing into proximity two molecules that otherwise would not directly interact 

with one another resulting in the generation of large signaling complexes. Thus, 

dimerization of 14-3-3 proteins may regulate their ligand binding properties and may 

contribute to regulation of various cellular pathways by 14-3-3 isoforms.  

1.4.2  14-3-3 and cell cycle regulation: 

14-3-3 proteins play crucial roles in cell cycle regulation and checkpoint function. The 

14-3-3 homologs of S. pombe rad24 and rad25 are important mediators of the DNA 

damage checkpoint pathway. rad24 null cells have been shown to be sensitive to IR and 

U.V radiation due to the premature entry of cells into mitosis following DNA damage 

(96, 377). 14-3-3 proteins associate with cdc25A, cdc25B and cdc25C during interphsae 

and upon activation of the DNA damage and replication checkpoint pathways (56, 311). 

Binding of 14-3-3 proteins to cdc25B and cdc25C results in cytoplasmic sequestration 

and inhibition of the cdc25 proteins (65, 73, 97, 212, 239). The presence of multiple 14-

3-3 isoforms implied that either the proteins are redundant in their function or a specific 

14-3-3 protein would modulate cdc25C function. Therefore the ability of these isoforms 

to regulate cdc25C function was tested. Five isoforms ε, β, γ, σ and ξ were tested for their 

ability to form a complex with cdc25C in vitro and in vivo by Dalal et.al (71). It was 

observed that all the five 14-3-3 isoforms tested could form a complex with cdc25C in 

vitro. However only 14-3-3ε and 14-3-3γ were able to form a complex with cdc25C in 

vivo (71). To determine whether binding of 14-3-3 protein to cdc25C was necessary to 

regulate cdc25C function, the ability of the 14-3-3 isoforms to affect cdc25C function 

was also tested. Cdc25C on overexpression leads to premature entry into mitosis and the 
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cells undergoing premature mitosis show premature chromatin condensation (PCC) (69). 

The functional ability of the 14-3-3 isoforms to regulate cdc25C function was tested by 

determining the ability of the 14-3-3 isoforms to inhibit PCC caused by cdc25C 

overexpression. It was observed that only the two 14-3-3 isoforms that were able to form 

a complex with cdc25C in vivo, 14-3-3ε and 14-3-3γ could inhibit cdc25C function. 14-

3-3ε and 14-3-3γ however could not inhibit PCC caused by the 14-3-3 non binding 

cdc25C mutant, S216A indicating that binding of 14-3-3 to cdc25C via the phosphomotif 

was essential in the regulation of cdc25C function (69, 279).  

The binding of 14-3-3 proteins to their ligands occurs via two interactions (393). The first 

is the primary interaction that involves the interaction of the phosphoserine of the ligand 

with the residues in the phosphopeptide binding groove. After the primary interaction, the 

14-3-3 undergoes conformational changes that specify secondary contacts with other 

domains in the ligand (396). This secondary interaction is known to impart ligand 

specificity to the 14-3-3 protein. 14-3-3ɛ and 14-3-3γ have the F/V pocket that maybe 

required for specific complex formation with cdc25C in vivo. 14-3-3 isoforms (β, η, τ, σ 

and ζ) that do not form a comp lex with cdc25C do not form this pocket, either because 

they do not have a Phenylalanine residue at the position corresponding to 135 in 14-3-3ɛ 

or because they lack the E94-K142 salt bridge present in 14-3-3γ (354). Thus, it seems 

that the F/V pocket contributes to the specificity of complex formation of 14-3-3ɛ and 14-

3-3γ with cdc25C in vivo (354). Further, mutation of this residue to the corresponding 

residue present in other 14-3-3 isoforms (F135V) leads to reduced binding to cdc25C and 

a decrease in the ability to inhibit cdc25C function in vivo. Similarly, F135V failed to 

rescue the incomplete S phase and the G2 DNA damage checkpoint defects observed in 

cells lacking 14-3-3ε (354). These results suggest that the specificity of the 14-3-3 ligand 

interaction may be dependent on structural motifs present in the individual 14-3-3 

isoforms (354). Similarly, a decrease in the expression of 14-3-3γ in HCT116 cells 

resulted in an override of both the incomplete S phase and the G2 DNA damage 

checkpoint due to failure to inhibit cdc25C function (157).  

1.4.3. 14-3-3 knockout mice 

Several 14-3-3 genes have been knocked out in mice resulting in a variety of phenotypes. 

E.g. Gene-targeted disruption of 14-3-3σ in mice impairs B-cell homeostasis as a result 
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of enhanced apoptosis of peripheral B cells (347). Loss of 14-3-3σ led to abnormal BCR 

signaling that damaged the TI immune response, inhibition of early antigenspecific IgM 

secretion, increased degradation of FOXO1 protein and elevated FOXOs transcriptional 

activity (347). Thus, 14-3-3σ is essential for B-cell homeostasis because it maintains 

steady-state FOXO1 protein and modulates FOXO-mediated apoptosis (347). Knockout 

mice have also been generated for 14-3-3ε and 14-3-3γ. Toyo-oka et al have found that 

mice with homozygous deletion of 14-3-3 died at birth and the heterozygous mice 

shows defect in neuronal migration and cortical thining by altering the function of the 

LIS1 complex (363).  Specifically, they found that 14-3-3 interacts with NUDEL, a 

known binding partner of LIS1 and that the interaction with 14-3-3 protects Cdk5-

phosphorylated NUDEL from dephosphorylation. Maintaining the phosphorylation status 

of NUDEL is crucial for the correct localization and function of the LIS1-NUDEL 

complex resulting in neuronal migration. 14-3-3 also binds to NUDEL as demonstrated 

by yeast two hybrid assay (363), however targeted disruption of 14-3-3 in mice did not 

show defects in neuronal migration or cortical thinning and moreover the knockout mice 

were not lethal (342). These results suggest that loss of 14-3-3 genes in the animal may 

not necessarily reflect what happens in cells in culture. This might be due to 

compensation by other 14-3-3 isoforms and therefore, studying hypomorphic alleles for 

the different isoforms might lead to novel insights into their role in growth and 

development. 

 

1.5 Generation of transgenic mouse models. 

The first gene transfer into mouse using isolated DNA revealed that the generation of 

animals stably harboring foreign DNA (121) and having modified phenotypic properties 

(33, 275) was possible. These experiments also revealed some of the limitations of 

transgenesis: the generation of transgenic animals by gene microinjection was laborious; 

the first transgene unexpectedly remained very poorly active or inactive; the growth 

hormone gene induced an overgrowing of the transgenic mice with numerous 

physiological side-effects (32). These observations revealed that the reintegration of an 

isolated gene into the genome of an animal may generate complex and unpredictable 

biological situations. Direct gene injections were extended to three others mammals (137) 
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and later to several lower vertebrates and invertebrates. Gene replacement by 

homologous recombination was achieved in 1989 (44). Since then the generation of 

transgenic animal models is one of the major tools used by biologists to study gene 

expression and function. The study of human diseases is greatly facilitated by the 

generation of transgenic animals mimicking health disorders (153, 161, 306). Transgenic 

pigs are expected to be the source of organs and cells for transplantation to humans (68). 

Recombinant proteins of pharmaceuticals interest are being prepared in the milk of 

transgenic animals (158-160). Despite this impressive and growing success, transgenesis 

still suffers from many imperfections.  

Direct DNA microinjection into the pronuclei of embryos was the first technique which 

led to regular and relatively easy success in mammals. Essentially the same protocol is 

followed in mouse, rat, rabbit, pig, sheep, goat and cow, however with a decreasing yield 

of transgenic animals from mouse to cow. The number of embryos generated by 

superovulation is low and the success of microinjection appeared accessible only if 

embryos were prepared in vitro after oocyte maturation and fertilization followed by in 

vitro development of the microinjected to the blastocyst stage (188). This method 

remains laborious and costly. In lower vertebrates and invertebrates, pronuclei are not 

visible and the microinjection must therefore be performed in cytoplasm, using much 

larger amounts of DNA. For unknown reasons, the success of this approach is quite 

variable from one species to another.   

Another approach to generate transgenic animals consists of introducing foreign DNA in 

gametes before fertilization. The incubation of spermatozoa in the presence of DNA 

followed by in vivo or in vitro fertilization led to the generation of transgenic mice, fish, 

chicken, rabbits, pigs, sheep and cows (14). The gene transfer by spermatozoa was 

achieved successfully in mice but required the use of conditions where the sperm 

membrane was altered by incubation with detergent or by freezing and thawing to allow 

foreign DNA to penetrate into the cell (282).  The mechanism of gene transfer into 

epididymal spermatozoa by injection of a DNA-transfectant complex into testis resulted 

in the generation of a limited number of transgenic animals (312).  

Spermatogonial stem cells are responsible for the production of spermatozoa (74) and are 

an appropriate target for germline modification (254). Recently, a report has described 
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the generation of transgenic mice after electroporation of DNA into the testes of an adult 

mouse, 16 of 17 fore founder mice generated in that study were able to sire transgenic 

pups (78). Nagano et. al. have generated transgenic mice by infecting spermatogonial 

stem cells in vitro with recombinant retroviruses followed by xenogenic transplantation 

of the cells into the testes of a male mouse (253). In some cases the recipient mice were 

unreceptive to the donor spermatogonial cells (253) and the overall success rate was 

rather low. Similarly, in vivo transduction of testicular germ cells with retroviral 

constructs carrying a lacZ gene, resulted in a poor success rate of 2.8% (169). The low 

success rates post implantation, however precluded these from replacing embryonic 

injection. Similar experiments using lentiviruses resulted in better success rates (138). 

Other methods employed in the recent past have infected fertilized eggs in vitro with 

recombinant lentiviruses, followed by implantation of the embryo into pseudopregnant 

females (284). While these methods provided better success rates, the implantation 

experiments are technically cumbersome and require several female donors. A recent 

report has also described the generation of recombinant spermatozoa in organotypic 

cultures that could be used to generate transgenic mice (313). While this method 

generated transgenic animals at high efficiency, generating organotypic cultures is not 

trivial and is not performed in most laboratories. Another experiments showed that 

retroviral vectors introduced between the zona pellucida and the plasma membrane of the 

oocytes can be implemented to generate transgenic cows (48) and monkeys (47). This 

success was met with viral particles containing the VSV-G envelope, which is known to 

recognize membrane phospholipids of all cell types.  

An enormous hurdle to understanding the contributions of multiple genes to the 

generation of a given phenotype in mammalian cells has been the difficulty of doing 

somatic cell genetics in higher eukaryotes. The advent of technologies that exploit 

cellular RNA interference (RNAi) mechanisms has resulted in an explosion of genetic 

screens that have resulted in the identification of novel genes involved in cell growth and 

development (reviewed in (140, 233, 340)). The use of vector driven production of 

shRNA’s to induce a knockdown of gene expression, thus generating a hypomorphic 

allele,has permitted the stable knockdown of gene products in mammalian cells in culture 

permitting the development of long term assays to examine pathways involved in cell 
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growth and development (37, 272). Recently, shRNA's have been used to induce 

knockdowns in both embryonic and adult stem cells. In addition, this approach has been 

used for the generation of mice that have lost gene expression and are phenotypically 

similar to conventional knockout mice (195, 323, 351, 373). Similar to conventional 

knockout technology, shRNA mediated knockdowns can be inducible and tissue specific 

permitting the analysis of genes whose loss may lead to embryonic lethality (373). The 

generation of lentiviral mediated knockdown mice to study pathways involved in the 

regulation of cell division and cell cycle checkpoint control will address the role of 14-3-

3ε and 14-3-3γ in cell growth, development and tumorigenesis.  
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2. Aims and Objectives.  

1. To determine if loss of 14-3-3 and/or 14-3-3 in MESC results in mislocalization of 

cdc25C.  

2. To generate novel constitutive and inducible lentiviral vectors for transgene expression 

or the generation of knockdown mice.  

3. To develop a new technique for the generation of transgenic animals.  

4. To study the role of 14-3-3 and 14-3-3 in growth and development by generating 

knockdown mice. 
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CHAPTER 3 

MATERIALS AND METHODS         
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3. Materials and Methods.  
3.1 Generation of lentiviral vectors for the expression of shRNA’s.  

The pLKO.1 puro lentiviral vector (343) was modified to remove the Cla1 site in the 

stuffer downstream of the U6 promoter (1.9Kb).  A 1 kb fragment containing a Multiple 

Cloning Site (MCS) was excised from pDesRedN1 with BshTI and EcoRI and cloned 

into pLKO.1 digested with the same enzymes to generate the pS18 lentiviral vector. The 

pLKO.1 vector was also modified to remove the stuffer and introduce a MCS for cloning 

shRNA casettes into pLKO.1 to generate pLKO.1 MCS. 

3.2 Generation of lentiviral vectors expressing shRNA and EGFP-f. 

The EGFP-f (Farnesylated EGFP) expression cassette was assembled in pBSK(-) 

(Stratagene). The sequences of all the oligonucleotides used for gene amplification are 

shown in Table 3.1. The EF1α promoter was amplified from pEF6MycHisA (Invitrogen) 

and cloned in pBSK digested with HindIII and EcoRI (NEB). Subsequently, the EGFP-f 

gene was amplified and cloned downstream of the EF1α promoter as an EcoRI and 

BamHI fragment. The resulting vector was digested with BamHI and NotI and the SV-40 

poly A signal, amplified from pEF6MycHisA, was inserted into the above vector using 

these restriction sites. A restriction site for BsuI5I (Fermentas) was introduced upstream 

of the NotI restriction site. The resultant vector is called pBSK –F2.  The expression 

cassette generated contained BshTI and EcoRI sites that were required for cloning the 

shRNA oligonucleotides into pLKO.1 puro. To overcome this hurdle the BshTI and 

EcoRI sites were blunted using Klenow (NEB) and the fragment self- ligated resulting in 

the loss of both the BshTI and EcoRIrestriction sites . The resultant EGFP-f expression 

cassette was excised from pBSK (-) vector with BsuI5I and cloned in pLKO.1 MCS to 

generate pLKO.1 EGFP-f Puro.  

3.3 Generation of lentiviral vectors for cDNA expression. 

The EGFP-f expression cassette was assembled in pBSK(-) (Stratagene) to generate 

pBSK – F2 as described earlier . To generate the vector for gene expression studies the 

EGFP-f gene in pBSK-F2 was replaced with a MCS containing eleven unique sites to 

generate pBSK-FM3 (Table 3.2). The resultant expression cassette containing a MCS 

downstream of the EF1α promoter was excised from pBSK – FM3 vector with BsuI5I 

and cloned in pLKO.1 puro to generate the pEF.55 vector.  
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Name of oligonucleotide  Sequence 

EF1α Forward  AAGCTTGGAATTGGCTCCGGTGCCCGTC 

EF1α Reverse GAATTCCCTCACGACACCTGAAATGG 

EGFP-f Forward GAATTCCACCATGGTGAGCAAG 

EGFP-f Reverse GGATCCCCTCAGGAGAGCACACACTT 

PolyA Forward GGATCCCCATACCACATTTGTAGAGG 

PolyA Reverse GCGGCCGCATCGATACATTGATGAGTTTGGACAAACCAC  

 

Table 3.1: List of oligonucleotides used for PCR reactions.  

 

3.4 Generation of Bi-cistronic lentiviral vectors. 

The pTRIPZ (Open Biosystems) lentiviral vector was digested with XbaI and NheI 

(NEB) to remove tetO-CMV, turboRFP, 5’-3’mir30 sequences, shRNA cloning sites and 

Ubc promoter sequences. The CMV promoter was amplified from pCDNA3.0 

(Invitrogen), digested with XbaI and NheI (NEB) and cloned into the modified pTRIPZ 

vector to generate pLV-CMV-Puro. The MCS fluorescent tag cassettes were excised 

from the vectors pECFPN1, pEYFPN1, pEGFPN1, pmCherryN1 and pDsRedN1 

(Clontech) with NheI and NotI and cloned into pLV-CMV-Puro digested with NheI and 

NotI to generate pLV-CMV-FP-IRES-Puro.  

3.5 Generation of pLV-CMV-K18-YFP and pLV-Ubc-K8-CFP constructs. 

The K18-YFP cDNA was excised from the pEYFPN1-K18 construct and cloned into the 

pLV-CMV-YFP vector using the enzymes EcoRI and NotI. The K8 cDNA was excised 

from the pECFPN1-K8 construct and cloned into the pLV-Ubc-CFP vector using the 

enzymes EcoRI and BamHI.  

3.6 Design of shRNA oligonucleotides .  

Oligonucleotide sequences encoding short hairpin RNAs (shRNAs) targeting mouse 14-

3-3 and 14-3-3 were designed as per the guidelines outlined by Dykxhoorn et. al. (87). 

18-21 bases long nucleotide sequences from the coding sequence of 14-3-3 and 14-3-3 

were identified according to these guidelines as follows. 18-21 nucleotide sequences from 

the open reading frame of 14-3-3 and 14-3-3, starting with GG were selected from the 
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open reading frame of 14-3-3 and 14-3-3, to facilitate cloning of the shRNA 

oligonucleotides downstream of the U6 promoter. The specificity of these sequences was 

determined by performing an online BLAST search of the human DNA sequence 

database (NCBI). Only sequences that that matched the targeted 14-3-3 isoform but not 

the other 14-3-3 family members were used for to design the shRNA cassettes. Using this 

strategy, three sequences targeting 14-3-3 and three sequences targeting 14-3-3 were 

selected and used to generate shRNA oligonucleotides.  

Once the target sequence (sense) was identified, a reverse complement of the target 

sequence (antisense) was made using the software Editseq (DNASTAR). The first strand 

of each single stranded shRNA oligonucleotide sequence (strand ‘A’) was designed as 

follows. The sense and the antisense strand were separated by a 9-bp spacer sequence, 

AAGTTCTC (36). To the 3’ end of this single stranded shRNA oligonucleotide was 

added a stretch of 6 ‘T’s and one ‘C’ to facilitate efficient termination of transcription. To 

generate strand ‘B’, a reverse complement of the whole single stranded sequence was 

made, excluding the first two ‘G’s present at the 5’ end of the sense strand. At the 5’ end 

of the strand ‘A’, an AgeI overhang was incorporated and at the 5’ end of the sequence 

‘B’, an EcoRI overhang was incorporated to facilitate cloning into the pLKO.1 EGFP-f 

vector.  

3.7 Cloning of shRNA oligonucleotides into pLKO.1 puro and pLKO.1 EGFP-f.  

Single stranded shRNA oligonucleotides were designed against mouse 14-3-3ε, 14-3-3γ 

and human KIF5B as described above and obtained from a commercial supplier 

(SigmaTable 3.2). The shRNA oligonucleotide pairs were annealed and then their 5’ ends 

phosphorylated by using T4 polynucleotide kinase (Fermentas). Following 

phosphorylation, the oligonucleotide sequences were ligated to AgeI-EcoRI digested 

pLKO.1 puro and pLKO.1 –EGFP-F plasmids, downstream of the U6 promoter (338). 

 

3.8 Design of shRNA miR oligonucleotides .  

Oligonucleotide sequences encoding short hairpin RNAs (shRNAs) targeting mouse 14-

3-3  were designed as discussed above. The sense and the antisense strand were 

separated by a 19-bp spacer sequence, TAGTGAAGCCACAGATGTA. This 

oligonucleotide sequence was further converted to shRNAmiR by introducing the Drosha 
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cleavage sites GAAGGTATATTGCTGTTGACAGTGAGCG and 

TGCCTACTGCCTCGG at the 5’ and 3’ ends respectively. This was labeled as strand A. 

To generate strand ‘B’, a reverse complement of the whole single strand ed sequence was 

made. . At the 5’ end of the strand ‘A’, an Xho1 site was incorporated and at the 5’ end of 

the strand ‘B’, an EcoRI site was incorporated to facilitate cloning into the pTRIPZ 

vector.  

Name Sequence 

E1 A CCGGAGCTGACAGTTGAAGAACGAAAGTTCTCTTCGTTCTTCAACTGT

CAGCTCCTTTTTTG 

E1 B AATTCAAAAAAGGAGCTGACAGTTGAAGAACGAAGAGAACTTTCGTT

CTTCAACTGTCAGCT 

E2 A 

 

CCGGCAAATGGTTGAAACTGAGCAGTTCTCGCTCAGTTTCAACCATTT

GCCTTTTTTG 

E2 B AATTCAAAAAAGGCAAATGGTTGAAACTGAGCGAGAACTGCTCAGTT

TCAACCATTTG 

E3 A CCGGACACGCTGAGTGAAGAAAGTAGTTCTCCTTTCTTCACTCAGCGT

GTCCTTTTTTG 

E3 B AATTCAAAAAAGGACACGCTGAGTGAAGAAAGGAGAACTACTTTCTT

CACTCAGCGTGT 

G1 A CCGGTCATCAGCAGCATCGAGCAAGTTCTCTGCTCGATGCTGCTGATG

ACCTTTTTTG 

G1 B AATTCAAAAAAGGTCATCAGCAGCATCGAGCAGAGAACTTGCTCGAT

GCTGCTGATGA 

G2 A CCGGACTATTACCGTTACCTGGCAGTTCTCGCCAGGTAACGGTAATAG

TCCTTTTTTG 

G2 B AATTCAAAAAAGGACTATTACCGTTACCTGGCGAGAACTGCCAGGTA

ACGGTAATAGT 

G3 A CCGGAGTCGTTTGAGAAGGCCTAAGTTCTCTAGGCCTTCTCAAACGAC

TCCTTTTTTG 
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G3 B AATTCAAAAAAGGAGTCGTTTGAGAAGGCCTAGAGAACTTAGGCCTT

CTCAAACGACT 

KIF5B 1a CCGGAACTTCATGATCCAGAAGGCTCGAGCCTTCTGGATCATGAAGTT

TTTTTG 

KIF5B 1b AATTCAAAAAAACTTCATGATCCAGAAGGCTCGAGCCTTCTGGATCAT

GAAGTT 

KIF5B 2a CCGGAATGAACATAGCTCTAGGACTCGAGTCCTAGAGCTATGTTCATT

TTTTTG 

KIF5B 2b AATTCAAAAAAATGAACATAGCTCTAGGACTCGAGTCCTAGAGCTAT

GTTCATT 

KIF5B 3a CCGGAAGGTGCTGTGCTGGATGACTCGAGTCATCCAGCACAGCACCTT

TTTTTG 

KIF5B 3b AATTCAAAAAAAGGTGCTGTGCTGGATGACTCGAGTCATCCAGCACA

GCACCTT 

 

MCS A 

AATTCAAGCTTACCGGTGATATCGGTACCGGATCCAATTGCTCGAGGC

GGCCGCGTCGACTGATCATCTAGA 

MCS B TCTAGATGATCAGTCGACGCGGCCGCCTCGAGCAATTGGATCCGGTAC

CGATATCACCGGTAAGCTTG 

Table 3.2 : List of oligonucleotides used for shRNA cloning.  

 

3.9 Cloning of shRNAmiR oligonucleotides into pTRIPZ.  

The single stranded shRNAmiR oligonucleotide was designed against mouse 14-3-3ε as 

described above and obtained from a commercial supplier (IDT) Table 3.3. The strand A 

and B was PCR amplified using Taq DNA polymerase and the product obtained was 

further digested with XhoI and EcoRI. The digested shRNAmiR is further cloned in 

pTRIPZ vector digested with XhoI and EcoRI.  

 

Oligo 

Name 

Sequence 

shRNAmi AACTCGAGAAGGTATATTGCTGTTGACAGTGAGCGAGCTGACAGTTGAA
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R E1 A GAACGAATAGTGAAGCCACAGATGTA 

shRNAmi

R E1 B 

CCGAATTCCGAGGCAGTAGGCAAGCTGACAGTTGAAGAACGAATACAT

CTGTGGCTTCACTATTCGTTCTTC 

Table 3.3: List of oligonucleotides used for cloning shRNAmiR.  

 

3.10 Constructs for expression of HA-tagged/EGFP tagged proteins. To generate HA-

tagged versions of mouse 14-3-3 and mouse 14-3-3, 14-3-3 and 14-3-3 were 

amplified as a BamHI-XhoI fragments from mouse brain cDNA library respectively and 

cloned into BamHI -XhoI digested pCDNA3 plasmid (Invitrogen), resulting in generation 

of pCDNA3 HA-m-14-3-3or 14-3-3 constructs (Table 3.4). To generate EGFP-tagged 

mouse 14-3-3, the mouse 14-3-3 versions were digested from the TA vector as BamHI-

XhoI fragments and cloned into BglII-XhoI digested pEGFP-f plasmid to generate EGFP 

tagged mouse 14-3-3. 



Name of oligonucleotide  Sequence 

14-3-3ε Fwd GGGATCCATGGATGATCGGGAGGATCTG 

 

14-3-3ε Rev GCTCGAGTCACTGATTCTCATCTTCC 

 

14-3-3γ Fwd GGGATCCATGGTGGACCGCGAGCAAC 

 

14-3-3γ Rev GCTCGAGTTAGTTGTTGCCTTCACCG 

 

Table 3.4: List of oligonucleotides used for cloning HA tagged 14-3-3 protein.  

 

3.11 Constructs for expression of HA-tagged shRNA resistant 14-3-3and 14-3-3 .  

To generate a version of 14-3-3 (pCDNA-HA-14-3-3-R) which was resistant to the E1 

shRNA construct or a version of 14-3-3 (pCDNA-HA-14-3-3-R) which was resistant 

the G2 shRNA construct, primers incorporating a silent mutation in the E1 shRNA 

binding site in 14-3-3  or incorporating a silent mutation in the G2 shRNA binding site 
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in 14-3-3 were designed (Table 3.5). The Quikchange site directed mutatgenesis kit 

(Stratagene) kit, was used as per the conditions specified in the kit to generate either 

pCDNA-HA-14-3-3-R or pCDNA-HA-14-3-3γ-R. The mutation was confirmed by 

sequencing. To generate a tet inducible construct, the HA-14-3-3-R and pCDNA-HA-

14-3-3γ-R was cloned into the pTRIPZ (Open Biosystems) vector digested with BshTI 

and EcoRI to generate pTRIPZ-HA-14-3-3-R and pTRIPZ-HA-14-3-3γ-R respectively. 

 

Name of 

oligonucleotide 

Sequence 

E1 shRNA Res Fwd GGATGGACGTGGAGTTAACTGTAGAAGAACGAAACC 

E1 shRNA Res Rev GGTTTCGTTCTTCTACAGTTAACTCCACGTCCATC  

G2 shRNA Res Fwd GATGAAAGGGGATTACTATCGATATCTGGCAGAAGTG 

G2 shRNA Res Rev CACTTCTGCCAGATATCGATAGTAATCCCCTTTCATC  

 

Table 3.5: List of oligonucleotides used for cloning shRNA resistant 14-3-3ε and 14-

3-3γ.  

 

3.12 Cell lines and transfections. The HEK293, HCT116 (ATCC), NIH3T3 (ATCC), 

HHL-17(ATCC)  and the HCT 116 derived stable cell lines were cultured in Dulbecco’s 

modified Eagles medium (DMEM) (GIBCO) supplemented with 10% Fetal bovine 

Serum (JRH/GIBCO), 100U of penicillin (Nicholas Piramal), 100g/ml of streptomycin 

(Nicholas Piramal) and 2 g/ml of amphotericin B (HiMedia). Cells were transfected by 

calcium phosphate precipitation protocol as described (70) or by lipofectamine  reagent 

(Invitrogen) as per the manufacturer’s protocol. The total amount of DNA and volume of 

reagents of transfection mix for each culture dish is tabulated below: 

 

Diameter of 

culture dish 

Amount 

of DNA 

Amount 

of D/W 

Amount of 

0.5 M CaCl2 

Amount of  

2X BBS 

Total Volume 

35mm 5ug 45ul 50ul 100 200ul 

60mm 10ug 90ul 100ul 200 400ul 
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100mm 25ug 225ul 250ul 500 1000ul 

 

Table 3.6. Calcium phosphate transfection mix. The table shows the different volumes 

of the reagents to be mixed for calcium phosphate transfections in different culture 

dishes. 

The reagents for transfection are described in the reagents section. Sterile D/W and a 

working aliquot of calcium chloride for transfection were stored at 40C for not more than 

a month. BES buffered saline (BBS) was stored at-200C. About half an hour prior to use, 

calcium chloride and D/W were warmed to 37oC and BBS was thawed at R.T just prior to 

use. For determination of efficacy of the shRNA constructs, 1μg of the shRNA construct 

was cotransfected with 3μg of the respective epitope tagged cDNA expression construct. 

For stable selection of knockdown clones 1μg of the shRNA construct was transfected 

into NIH3T3 cells. The HCT116 cells were transfected at a confluency o f 20-30% and 

the HEK 293 cells were transfected at a confluency of 40-50%. 

3.13 Virus Production and titration 

The lentiviral vector pLKO.1 EGFP-f was co-transfected with the Vira Power packaging 

mix into 293-T cells and viruses were harvested as per the manufacturer’s instructions 

(Invitrogen). The lentiviruses were concentrated by centrifuging the tissue culture 

supernatant at 35000 x g in a swinging bucket rotor for 45 minutes at 4°C. The viral 

pellet was then re-suspended in 1/100th volume of Dulbeco’s PBS (Invitrogen). The viral 

titre was determined using flow cytometry for EGFP-f as per the manufacturers protocol 

(Invitrogen).  The viral supernatant was serially diluted and added to HEK 293 cells in 

presence of polybrene. 72 hrs post transduction, GFP reporter expressing cells were 

analyzed by flow cytometry. The titer was assessed using the following formula.  

      F x N x D x 1000 

                                                     V 

TU: Transducing units, F: Number of GFP positive cells (%),   N: Number of cells used 

at the time of transduction, D: Dilution factor & V: Total volume of the medium.  

  

TU/ml 
=            
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3.14 Animal experiments.  

Swiss mice Crl:CFW(SW) were bred and maintained in the laboratory animal facility of 

ACTREC. Maintenance of the animal facility is as per the national guidelines provided 

by the Committee for the Purpose of Control and Supervision of the Experiments on 

Animals (CPCSEA), Ministry of Environment and Forest, Government of India.  The 

animals were housed in a controlled environment with the temperature and relative 

humidity being maintained at 23±20C and 40-70% respectively and a day night cycle of 

12 hrs each (7:00 to 19:00 light; 19:00 to 7:00 dark). The animals were received an 

autoclaved balanced diet prepared in-house as per the standard formula and sterile water 

ad libitum. Mice were housed in Individually Ventilated Cage (IVC) system (M/S 

Citizen, India) provided with autoclaved rice husk bedding material available locally.  

Protocols for the experiments were approved by the Institutional Animal Ethics 

Committee (IAEC) of ACTREC. The animal study proposal number is 11/2008 dated 

August 19, 2008.  

3.15 Injection of viral particles and generation of transgenic mice.  

28 day old Crl:CFW(SW) male mice were anesthetized by intra-peritoneal injection of 

Avertin (Sigma) (2,2 tribromo-ethanol and t-amyl alcohol at the rate of 0.015ml/gm body 

weight). Hair was removed from the inguinal area of mice and the surgical site was 

cleaned using betadiene. Anterior to the penis, a single midline cutaneous incision of 

approx. 1-1.5 cm 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 a curved sterile forceps through the incision by gently pulling the dorsal fat pad 

associated with the testis. A solution of lentiviruses resuspended in dPBS (Invitrogen) 

containing trypan blue (0.04%) was injected slowly into the inter-tubular space of one 

testis using a 30 gauge needle. The untransduced testis was vasectomised. The animals 

were kept on thermal plate until they recovered from the surgery to avoid hypothermia. 

The pre-founder male mice were co-habitated with wild-type females 35 days post-

transduction and the pups generated were analyzed for the presence of the EGFP-f 

transgene.  

The pre-founder male mice were mated with wild-type females (ratio 1:2). Pups born 

were analyzed by PCR using genomic DNA obtained from their tail tip and those positive 
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for the transgene were considered as F1 generation of transgenic animals. F2 generation 

of mice were produced either by breeding transgene positive animals with wild-type 

Crl:CFW(SW)  mice or by breeding two mice positive for the presence of the transgene. 

The pups from these matings were analyzed for the presence of the transgene as 

described below.  

3.16 Isolation of Genomic DNA (gDNA).  

Tail biopsies (~3mm) from 3 weeks old pups sired by pre-founder males were taken and 

lysed for 16h at 55°C in high salt digestion buffer containing 50mM Tris HCl, 1% SDS, 

100mM NaCl, 100mM EDTA and 1200μg/ml Proteinase K (Jackson Laboratories). The 

lysate was processed for isolation of DNA using phenol-chloroform extraction followed 

by ethanol precipitation. 106 HHL-17 cells stably expressing YFP-K18 were lysed for 16 

hr at 55°C in high salt digestion buffer containing 50mM Tris HCl, 1% SDS, 100mM 

NaCl, 100mM EDTA and 1000μg/ml Proteinase K (Jackson Laboratories). The lysate 

was subjected to phenol-chloroform extraction and the DNA was subsequently purified 

by ethanol precipitation. The transgene (K18-YFP) was amplified from genomic DNA by 

PCR using forward primer specific to K18 and reverse primer specific to YFP (Table 

3.6).  

 

Name of oligonucleotide  Sequence 

YFP Reverse AAGTCGTGCTGCTTCATGTGGT 

K18 Forward GACACCAATATCACACGACTGC 

Table 3.7: List of oligonucleotides used to amplify YFP K18.  

 

3.17 Polymerase Chain Reactions and Reverse Transcriptase PCR.  

The genomic DNA was subjected for PCR analysis using transgene-specific primers 

(EGFP-f or RFP) (Table 3.7). Every PCR reaction set had three controls. The 

pLKO.EGFP-f plasmid was used as a template for a positive control, the genomic DNA 

obtained from WT mice was used as a negative control and amplification of the 

endogenous patch gene was used as a loading control. RNA was prepared from tissues 

using the Qiagen RNeasy kit as per the manufacturer’s protocol and RT-PCR was 
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conducted using RevertAid™ First S trand cDNA synthesis Kit (NEB) according to 

manufacturer’s protocol.  

 

Name of oligonucleotide Sequence 

Ptch Forward CTGCGGCAAGTTTTTGGTTG 

Ptch Reverse AGGGCTTCTCGTTGGCTACAAG 

IPCR A CGGCGCGCCCTGCTGAGC 

IPCR B GGCCACCGTCGGCGTCTCGCCCG 

GAPDH Forward GGCTGCCCAGAACATCAT 

GAPDH Reverse CGGACACATTGGGGGTAG 

EGFP-f Fwd GAATTCCACCATGGTGAGCAAG 

EGFP-f Rev GGATCCCCTCAGGAGAGCACACACTT 

RFP Fwd ATGAGCGAGCTGATCAAGG 

RFP Rev TTATCTGTGCCCCAGTTTGC  

 

Table 3.8: List of oligonucleotides used for genomic PCR reactions.  

 

3.18 Antibodies.  

Tissue culture supernatants of the anti-HA (12CA5), anti-14-3-3γ antibody (CG31) 

antibodies were used at a dilution of 1:50. The anti-14-3-3 antibody (T-16, Santacruz) 

and ascitic fluid containing the anti-CDC25C antibody (TC14) were used at a dilution of 

1:2000. The anti-GFP antibody (JL-8, Clontech) was used at a dilution of 1:15,000. The 

primary antibodies for plakophilin3 (clone 23E3-4, Zymed, dilution 1:1000), cytokeratin8 

(mouse monoclonal, Sigma, dilution 1:5000), cytokeratin18 (mouse monoclonal, Sigma, 

dilution 1:50,000), β Actin (mouse monoclonal, Sigma, dilution 1:5000), desmoglein2 

(mouse monoclonal, Zymed, dilution 1:500), desmoglein3 (mouse monoclonal, Zymed, 

dilution 1:500), desmocollin2 & 3 (mouse monoclonal, Zymed, dilution 1:500), 

desmoplakin I & II (rabbit polyclonal, Santacruz, dilution 1:1000 or Abexome 1:100), 

plakoglobin (mouse monoclonal, Abcam, dilution 1:500 or abexome 1:100) were used for 

Western blot analysis. Respective secondary antibodies were used at a dilut ion of 1:1000 

(Invitrogen) or 1:5000 (Pierce). All primary antibody dilutions were made in 1% BSA 
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solution in TBS-T containing 0.02% sodium azide. The antibody dilutions of secondary 

goat anti-mouse HRP and goat anti-rabbit HRP antibodies were made in 2.5% milk 

(Carnation) in TBS-T containing 1% goat serum. Dilutions of the secondary anti-goat 

antibody were made in 2.5% milk (Carnation) in TBS-T without goat serum.  

 

3.19 Histology.  

For histological analysis of mutlitple tissues were fixed in 10% formaldehyde (SIGMA) 

overnight and processed for histology. Five micron sections of paraffin embedded tissue 

were prepared and haematoxylin/eosin staining was performed according to standard 

methods (197).  

 

3.20 Immunohistochemistry.  

For immunohistochemical staining of lung, spleen, testis and skin section, the mice were 

sacrificed and the tissues were fixed in 10% formaldehyde (SIGMA) overnight and 

processed for histology. 5µm sections of paraffin embedded tissue were prepared and 

permeabilized for antigen retrieval by microwaving the fixed tissue sections in 10mM 

Tris buffer (pH 9) with 2mM EDTA and immunohistochemical staining was performed 

using vectastain ABC kit according to manufacturer’s protocol.  

 

3.21 Immunofluorescence and confocal microscopy.  

5 m cryosections of multiple tissues were observed by confocal microscopy to detect the 

presence of EGFP-f. Confocal images were obtained by using a LSM 510 Meta Carl 

Zeiss Confocal system with an Argon 488 nm and Helium/Neon 543 nm lasers. All 

images were obtained using an Axio Observer Z.1 microscope (numerical aperture [NA] 

1.4) at a magnification of X 63. 5µm cryosections of the different tissues were 

deparafinzed and treated with 1% sodium borohydrate at room temperature to reduce 

auto-fluoresence of tissues. Blocking was performed with 1%BSA and tissues were 

further immunostained using GFP monoclonal antibody 1:50 (clonetech) overnight to 

detect the presence of EGFP-f. The next day, the sections were washed and incubated 

with the secondary antibody (Goat Anti mouse Alexa fluor 568 1:200 Invitrogen). 

Prpodium iodide was used to stain sperm DNA.  Confocal images were obtained as 
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above. The image was further analyzed using LSM 510 image browser and pseudoclour 

(green) was used for representing the EGFP-f expression.  

To determine the intracellular localization of the desmosomal proteins in the 14-3-3γ or 

KIF5B knockdown clones, immunofluorescence analyses were performed. The cells were 

cultured on chromic acid treated, poly- l-Lysine coated glass coverslips at a confluence of 

70- 80%. Prior to fixation, the cells were washed carefully twice with 1X PBS. HCT116 

derived clones were fixed in absolute methanol for 10min at - 20ᵒC to detect α-tubulin, 

KIF5B, PKP2, Par3, ZO1, P-cadherin, K8, K18, DP, PG, DSC, DSG2, E-Cadherin and 

PKP3 The cells were permeabilized using 0.3% triton-X100 in 1X PBS for 15 minutes at 

room temperature. Permeabilization was followed by two washes of 1X PBS. Primary 

antibodies were prepared in 3% BSA in 1X PBS + 0.1% NP-40 solution. Primary 

antibodies to DSG2 (mouse monoclonal, Abcam, dilution 1:25), DSC 2 and 3 (mouse 

monoclonal, Zymed, dilution 1:25), DP (rabbit polyclonal, ABD Serotec, dilution 1:400), 

DP (mouse monoclonal Abexome, clone # 1B8 DP-200, dilution 1:100), PG (mouse 

monoclonal, Abcam, dilution 1:25), PKP3 (clone 23E3-4, Zymed, dilution 1:25), PKP2 

(mouse monoclonal, BD clontech, dilution 1:25), KIF5B (rabbit polyclonal, Abcam, 

dilution 1:100), α-tubulin (mouse monoclonal, Abcam, dilution 1:150), Par3 (mouse 

monoclonal, Millipore, dilution 1:50), K8 (mouse monoclonal, sigma, dilution 1:100), 

K18 (mouse monoclonal, sigma, dilution 1:100),ZO-1 (rabbit polyclonal, Abcam, 

dilution 1:100), P-cadherin (mouse monoclonal, BD Transduction laboratories, dilution 

1:100) and E-cadherin (clone 36/E-Cadherin, mouse monoclonal, BD Transduction 

laboratories, dilution 1:100) were incubated with the cells for 1 hour at room temperature 

in a humidifying container on a parafilm. The coverslips were transferred on a fresh piece 

of parafilm using a beaked forceps followed by four alternate washes of 1X PBS and 1X 

PBS + 0.1% NP-40. Secondary antibodies were prepared in 3% BSA in 1X PBS + 0.1% 

NP-40 solution. The secondary antibody, Alexa 568 or Alexa 488 conjugated anti mo use 

IgG or anti rabbit IgG, (Molecular Probes) was used at a dilution of 1:100 and incubated 

for half hour at room temperature in a humidifying container. The coverslips were 

transferred on a fresh piece of parafilm using a beaked forceps followed by four alternate 

washes of 1X PBS and 1X PBS + 0.1% NP-40. The coverslips were then mounted on 

chromic acid treated, clean glass slides using 10-20 μl of Vectashield (Vectastain) 
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mounting agent. Confocal images were obtained by using a LSM 510 Meta Carl Zeiss 

Confocal system with an Argon 488 nm and Helium/Neon 543 nm lasers. All images 

were obtained using an Axio Observer Z.1 microscope (numerical aperture [NA] 1.4) at a 

magnification of 630X with 2X optical zoom. The surface intensity of staining for the 

different proteins was measured using the LSM software.  

 

3.22 Inverse PCR and mapping of integration sites.  

Lentiviral integration sites were identified by modifying the ligation-mediated PCR 

method as described (319). In brief, 5 µg genomic DNA was digested with EcoRI for 4 h 

and purified using the Qia-Quick PCR purification kit (Qiagen). The purified DNA was 

then self- ligated with T4 ligase (NEB) at 4oC overnight. The circular DNA was amplified 

using a specific primer pair. The amplified products were cloned into the pJet1.2/Blunt 

vector (Fermentas) followed by sequencing on a 3100 Avant Genetic Analyser. The 

nucleotide sequences were aligned and examined to confirm the presence of the expected 

known transgene sequence and to identify the flanking sequence which would be derived 

from the site of insertion. These flanking sequences were matched with the mouse 

genome using a stringency of >90% over at least 100 bp. The insertion site sequence was 

analyzed using the Basic Local Alignment Search Tool (BLAST) to determine the 

chromosomal location of the transgene.  

 

3.23 Spleenocyte culture 

Spleens were collected in a petri plate. An incision was made on both the ends of the 

spleen and the spleenocytes were washed out using 1X PBS. The cells were collected by 

centrifugation at 2500g for 5 minutes. The splenocyte pellet was incubated with sterile 

distilled water for 1 minute to lyse RBC’s.  The spleenocytes were collected by 

centrifugation at 2500g for 5 minutes. The isolated spleenocytes were then cultured in 

RPMI-1640 media. 

 

3.24 Single or Multi color flow cytometry  

Cell surface antigens to identify different lymphocyte subsets were detected with CD3 

APC, CD4 Pacific Blue, CD8 PE, CD PE, B220 PE, (BD Pharmingen USA) conjugated 
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antibodies for flow analysis of human For surface staining cells were incubated in staining 

buffer (PBS containing Na-Azide and 2% FCS) with the optimal amount (1µg for 106 

cells) of indicated mAb alone or in combination for 30 minutes at 40C in dark. Cells were 

subsequently washed and fixed with 1% paraformaldehyde. Appropriate isotype controls 

were used in the experiments (All from BD Biosciences, USA). Altogether 10,000 events 

were collected and analyzed using FACSAria flow cytometer (BD Bioscience, San Jose, 

CA, USA). Data acquisition and single-color, Dual-color or tri-color flow cytometry 

analyses were performed on a FACScan using the Cellquest program (Becton Dickinson, 

San Diego, USA).  

 

3.25 FRET assays. 

FRET measurements were done using the acceptor photobleaching method in live cells 

(170). The following images were acquired for FRET efficiency calculations.  

1. Pre-bleach image using settings for the donor fluorophore only 

2. Pre-bleach image using settings for the acceptor fluorophore only (used to check the 

presence of acceptor labelling). 

3. Using the donor settings remove any neutral density filters (widefield systems) or turn 

the acceptor laser power to maximum (confocal systems) 

4. Illuminate the acceptor until it has completely bleached (the time will depend on the 

power of the illumination and the fluorophore).  FRET Calculations were performed by 

the following formulae. 

FRET efficiency = (Dpost - Bpost) – (Dpre - Bpre) / (Dpost - Bpost) 

Dpost =Donor emission after photobleach 

Bpost = Background after photobleach  

Dpre = Donor emission prior to photobleach 

Bpre = Background prior to photobleach 

The nomenclature and equations for FRET calculations and the FRET protocol was 

obtained from the Centre for Optical Instrumentation Laboratory, Wellcome Trust Center 

for Cell Biology,University of Edinburgh .  
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3.26 Antibodies used for Western blotting.  

The primary antibodies for HA (TS of clone 12CA5, dilution 1:50), PKP3 (clone 23E3-4, 

Zymed, dilution 1:1000), β Actin (mouse monoclonal, Sigma, dilution 1:5000), 14-3-3γ 

(TS of clone CG-31, dilution 1:50), 14-3-3ε (T-16 rabbit polyclonal, Santacruz, dilution 

1:500), desmoglein2 (mouse monoclonal, Zymed, dilution 1:500), desmoglein3 (mouse 

monoclonal, Zymed, dilution 1:500), desmocollin2&3 (mouse monoclonal,Zymed, 

dilution 1:500), DP-200 (mouse monoclonal, Abexome, dilution 1:1000), plakoglobin 

(mouse monoclonal, abexome, dilution 1:1000), E-cadherin (mouse monoclonal, dilution 

1:2000), pPLCγ (rabbit polyclonal, cell signaling, dilution 1:1000), SLP-76 (mouse 

monoclonal, cell signalling, dilution 1:1000) were used for western blot analysis. 

Respective secondary antibodies were used at a dilution of 1:1000 (Invitrogen) or 1:5000 

(Pierce). Protein samples were resolved on a polyacrylamide gel by SDS PAGE and then 

transferred to a nitro cellulose membrane and processed for western blot analysis as 

described. 

 

3.27 SDS PAGE and Western blotting protocol.  

Protein samples were resolved on a polyacrylamide gel by SDS PAGE (BioRad). 

Proteins on the SDS-PAGE gel were transferred to nitrocellulose membranes 

(Microdevices Inc.) in a wet transfer apparatus (BioRad) using 55 constant volts for 3 

hours or 110 volts for 90 minutes. 3 hour transfer is performed for proteins with 

molecular weights above 100 kD. The membranes were blocked in 5% milk at R.T for 1 

hour. The blots were rinsed in TBST to remove residual milk. Membranes were 

incubated overnight with the primary antibody at 4oC. Membranes were washed thrice 

with TBS-T for 5 minutes each. Membranes were incubated with the secondary anti-

mouse/ anti rabbit/ anti goat HRP (Pierce) antibody for 1 hour at room temperature. 

Membranes were washed thrice with TBS-T for 10 minutes each. The blots were 

developed with PicoWest (Pierce) Western blot chemiluminiscent substrates as per the 

manufacturer’s instructions and the signal captured onto X-ray films (Kodak). 
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3.28 GST pulldown assays.  

To detect in vitro interaction between 14-3-3 proteins and cdc25C or 14-3-3γ and PG, 

GST pulldown assays were performed. 

3.28 (a) Production of GST-fusion proteins.  

A single colony of BL21 cells transformed with plasmids expressing GST or various 

GST-fused 14-3-3 isoforms was inoculated in 10ml of LB-Amp broth. The inoculated 

broth was distributed in 5ml aliquots in two 50ml screw cap conical tube (Tarsons) and 

grown for 16-18 hours on a shaker at 37oC. The 10ml overnight starter culture was used 

to inoculate 100 ml LB-Amp broth in a 1.5L flask (Tarsons) followed by incubation on a 

shaker at 37oC. After 1 hour of incubation, 11μl of 1M IPTG was added to each flask and 

the flasks were further incubated on shaker at 37oC for 3 hours. After 3 hours the culture 

was transferred to 50ml round bottom tubes (HS-50, Laxbro) on ice. Cells were pelleted 

by centrifugation at 5000 rpm (SS-34 rotor, Sorvall) for 10 minutes at 4oC. The 

supernatant was discarded and cells were suspended gently in ice cold 0.1% triton X-100 

in PBS, using a 10ml pipette while ensuring that there is minimum frothing. The cell 

suspension was sonicated (Branson) at 50 duty cycles for 10 seconds and then placed on 

ice for 10 seconds. This was repeated 4 times. The suspension was centrifuged at 5000 

rpm (SS-34 rotor, Sorvall) for 10 minutes at 4oC. The supernatant was transferred to 15ml 

screw cap conical tubes (Tarsons) on ice. To each tube was added 150μl of a 50% slurry 

of glutathione sepharose beads (Amersham). The tubes were kept on a rocker at 4oC for 1 

hour. After 1 hour, the beads were pelleted by centrifugation at 3000 rpm (rotor no. 1, 

Rota6-R benchtop centrifuge, Plastocraft) for 1 minute at 

4oC. The supernatant was discarded and to each tube was added 1ml of NET-N. The 

beads were resuspended in NET-N and transferred to 1.5ml eppendorf tubes on ice. The 

beads were pelleted by centrifugation at 3000 rpm (rotor no. 1, Rota6- R benchtop 

centrifuge, Plastocraft) for 1 minute at 4oC. Beads were washed twice with NET-N. After 

the final wash, beads were resuspended in 75μl of NET-N. The beads were stored at 4oC 

till further use. 

3.28 (b) GST pulldown.  

HCT116 or NIH3T3 cells were grown to 80-90% confluency in 100mm dishes. Two 

plates were used for pulldown with each fusion protein. The medium was decanted and to 
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each plate was added cold 500ml of EBC lysis buffer containing protease inhibitors. Cells 

on the plate were scraped using a cell scraper and were collected in a 1.5ml eppendorf on 

ice. Cells were incubated on ice for 15 minutes followed by centrifugation at 10,000 rpm 

(rotor no. 1, Rota6-R benchtop centrifuge, Plastocraft) for 15 minutes at 4oC. The 

supernatant was transferred to another 1.5ml eppendorf. 25μl of the supernatant was kept 

separately in another 1.5ml eppendorf as whole cell extract and stored at -80oC till further 

use. To the remainder of supernatant was added 30μl of GST-14-3-3 beads or GST beads 

and additional 500μl of cold EBC lysis buffer containing protease inhibitors. The tubes 

were kept on a rocker at 4oC overnight. After overnight rocking, the beads were pelleted 

by centrifugation at 3000 rpm (rotor no. 4, Rota6- R benchtop centrifuge, Plastocraft) for 

1 minute at 4oC. The beads were washed thrice with cold NET-N. After decanting NET-

N from the final wash, 50μl of 1X Laemmli’s buffer containing β-mercaptoethanol and 

bromophenol blue was added to the beads. 12.5μl of 3X Laemmli’s sample buffer was 

added to the whole cell extracts. All extracts were boiled for 4 minutes and resolved on a 

10% SDSPAGE gel and Western blot was performed with the PG or cdc25C antibody. 

To determine the levels of GST and GST-fusion proteins used for pulldown, the blot was 

stained with Ponceau stain (Sigma).  

 

3.29  Immunoprecipitation.  

To detect in vivo interactions between endogenous KIF5B with HA tagged 14-3-3γ, 

immunoprecipitation experiments were performed. 40- 44 hours post transfection the 

medium was decanted and to each plate was added cold 1ml of EBC lysis buffer 

containing protease inhibitors. Cells on the plate were scraped using a cell scraper and 

were collected in a 1.5ml eppendorf on ice. Cells were incubated on ice for 15 minutes 

followed by centrifugation at 10,000 rpm (Rota6R, rotor no.1Plastocraft) for 15 minutes 

at 4oC. The supernatant was transferred to another 1.5ml eppendorf. 50μl of the 

supernatant was kept separately in another 1.5ml eppendorf as whole cell extract, boiled 

in Laemmli’s buffer and stored at -80oC till further use. To the remainder of the lysate, 

200µl of 12CA5 antibody supernatant was added and the tubes were rocked for 2 hours at 

4oC. 40μl of Protein G Sepharose (GE Healthcare) was added to the reaction mixture and 

the reactions incubated at 4oC for one hour on a rocking platform. The immune 
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complexes were washed thrice with NET-N, boiled in 1X sample buffer and resolved on 

a SDS-PAGE gel. Western blotting was performed to detect the different proteins. 

Immunoprecipitation assays were also performed to study the interaction between SLP-

76 and 14-3-3ε in presence of HPK1 in vivo. HEK293 cells were seeded at 35-40% 

confluency in a 100 mm dish. These cells were cotransfected with constructs expressing 

Flag-epitope tagged SLP-76 (10μg) and HA-epitope tagged 14-3-3ε (5μg) in presence or 

absence of HPK1 (10µg). 48 hrs post transfection, cells were harvested and IP was 

performed as described above using Flag antibody (1µg) followed by SDSPAGE and 

western blotting using antibody to SLp-76 and 14-3-3ε.  

 

3.30 Electron microscopy.  

To determine whether intracellular junction formed appropriately in the 14-3-3γ 

knockdown testis, electron microscopy was performed. Testis section was fixed with 3% 

glutaraldehyde and post fixed with 1% osmium tetra oxide (Tedpella). Cultures were  

dehydrated and processed. Grids were contrasted with alcoholic uranyl acetate for 1 

minute and lead citrate for half a minute. The grids were observed under a Carl Zeiss 

LIBRA120 EFTEM transmission electron microscope, at an accelerating voltage of 

120KV and at X 25000 magnification. Images were captured using a Slow Scan CCD 

camera (TRS, Germany).  

 

3.31 Calcium Switch experiments.  

To determine the role of 14-3-3 in de novo desmosome assembly, pTU6 vector control 

cells or 14-3-3 knockdown cells were grown on poly L-Lysine coated glass coverslips to 

a confluency of 10 – 20 %. The cells were then incubated in low calcium medium for 16-

20 hours. Subsequently cells were washed and fed with normal calcium containing 

medium and at different time intervals after calcium replenishment, cells were fixed and 

immunofluorescence staining was performed to determine the localization of the 

different desmosomal proteins.  
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3.32 Hanging drop assay to determine cell-cell adhesion.  

To determine whether 14-3-3 down regulation results in alteration in desmosome 

function a hanging drop assay was performed to estimate the cell-cell adhesive properties 

of the 14-3-3 knockdown cells compared to the vector control cell line. 2 x 104 cells 

were suspended in 35μl drops of complete medium from the lid of 24-well plate for 16 h. 

The corresponding wells contained PBS to maintain humidity. After the incubation, the 

drops were pipetted five times with a 200μl standard tip, fixed with 3% glutaraldehyde, 

and aliquots were spread on coverslips. Images of five random fields from three 

independent suspensions were taken with a plan-Neofluar lens (numerical aperture [NA] 

0.3) at 10X on an upright AxioImager.Z1 microscope (Carl Zeiss, Germany) for each 

sample. The area of cell clusters was determined using the Axiovision rel 4.5 software 

(Zeiss). The number and area of cell clusters give a direct interpretation of the 

intercellular adhesive property of the cells.  

 

3.33 Cell-ECM adhesion assay.  

As we have observed the cell-ECM adhesion defects in the 14-3-3γ knockdown testis, we 

tested the ability of derived 14-3-3γ knockdown clones to adhere to different extra 

cellular matrix (ECM) proteins, Fibronectin and Collagen IV assay as described 

previously (7).  6 well flat bottom plates with coverslips were coated with 500μl/well of 

ECM substrates: (Fibronectin: 2.5 μg /ml, Collagen type IV in PBS) were blocked with 

2% BSA in PBS for 2 hr at 37°C. 3x104cells in 100μl DMEM containing 0.1% BSA was 

added to each substrate coated well and kept at 37°C for 1hr. Non adherent cells were 

removed by giving two washes with PBS and the adherent cells were fixed in 4% 

paraformaldehyde and stained for filamentous actin using FITC-conjugated phalloidin 

(Sigma). The coverslips were then mounted on chromic acid treated, clean glass slides 

using 10-20 μl of Vectashield (Vectastain) mounting agent. Confocal images were 

obtained by using a LSM 510 Meta Carl Zeiss Confocal system with an Argon 488 nm 

and Helium/Neon 543 nm lasers. All images were obtained using an Axio Observer Z.1 

microscope (numerical aperture [NA] 1.4) at a magnification of 630X with 2X optical 

zoom. 

 



90 

 

3.34 Wound healing assay to determine cell migration.  

To determine if 14-3-3 in NIH 3T3 loss leads to an increase in cell migration in vitro, a 

monolayer wounding assay was performed. The 14-3-3 knockdown cells were grown till 

they were 90% confluent, following which they were treated with 10 µg/ml of mitomycin 

C (Sigma) for 3 hours, to inhibit proliferation. Three hours after the addition of 

mitomycin C, the cells were washed and a linear scratch wound was made on the plate. 

The cells were fed with complete medium and observed under a 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 5 minutes for 20 hours 

using an AxioCam MRm camera with a 10 X phase 1 objective. Migration was measured 

using Axiovision software. 

 

3.35 Soft agar assay.  

To determine whether the NIH 3T3 derived 14-3-3ε knockdown clones, show anchorage 

independent growth, soft agarose assays were performed where the stable knockdown 

clones were trypsinized and counted. 2,500 cells were plated in 0.4% soft agarose for the 

NIH3T3 clones. The cells were maintained in the presence of the relevant antibiotic. 

After 2-3 weeks, the number of colonies was counted in triplicate. Three independent 

experiments were performed for each clone analyzed.  

 

3.36 Tumor formation in nude mice 

To determine the role of 14-3-3 in neoplastic progression in vivo, 106 cells of the NIH 

3T3 derived vector control or  14-3-3 knockdown clones were resuspended in DMEM 

medium without serum and injected subcutaneously in the dorsal flank of 6-8 weeks old 

SCID (292) (obtained from ACTREC animal house facility). Five mice were injected for 

each clone. Tumour formation was monitored at intervals of 2-3 days and tumour size was 

measured by a vernier calipers. Tumour volume (mm3) was calculated by the formula ½ 

LV2 where L is the largest dimension and V its perpendicular dimension.  
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3.37 Biodistribution of 18F-FDG using Positron Electron Tomography (PET).  

To determine the biodistribution of 18F-FDG in tumors, SCID mice with tumors were 

studied. The 18F-FDG (7.4 MBq [200 mCi] in 0.2 mL) was injected in tail vein after a 

short (5 min) isoflurane (2% in 100% oxygen) anesthesia period. PET was started 60 min 

after 18F-FDG injection. microPET was performed with the P4 microPET scanner 

(Concorde Microsystems Inc.). In brief, the device has a ring diameter of 26 cm and a 7.8-

cm axial field of view. The intrinsic spatial resolution ranges from 1.56 to 2.01 mm, with 

a mean of 1.75 mm. The reconstructed resolution is 1.8-mm full width at half maximum in 

the center of the field of view and 3 mm at 4-cm radial offset.  Images were reconstructed 

using microPET analysis software.  

 

3.38 Reagents  

a) Transfection reagents: 

2X BBS (BES-buffered solution), pH6.95: 50mM BES, 280mMNaCL, 1.5mMNa2HPO4. 

0.5M CaCl2 

b) Lysis Buffer for protein extraction  

Tris HCL, pH7.5    50mM 

KCl      120mM 

EDTA      5mM 

NP-40      0.1% 

Glycerol     10% 

 

c) 1X Laemmli’s buffer  

Component    Final concentration   Amount  

1M Tris pH 6.8   50mM     5ml 

Glycerol (SD fine)   10%     10ml 

10% SDS    2%     20ml 

Bromophenol blue (Sigma)  0.1%     0.1g 

 

Make up the volume to 95ml with distilled water.  Before use, to 950l of 1X buffer add 

50l of -mercaptoethanol.  
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d)  3X Laemmli’s buffer 

Component    Final concentration   Amount  

1M Tris pH 6.8   150mM    15ml 

Glycerol (SD fine)   30%     30ml 

SDS (Sigma)     6%     6g 

Bromophenol blue (Sigma)  0.3%     0.3g 

 

Make up the volume to 85ml with distilled water.  Before use, to 850l of 1X buffer add 

150l of -mercaptoethanol.  

 

e) 10X running buffer (10X electrode buffer) 

Component    Final concentration   Amount  

Tris base (Sigma)   250mM    30.0g 

Glycine (Signa)   2.5M     187.7g 

SDS (Sigma)    10%     10.0g 

 

Dissolve in 750ml of distilled water. Make up the volume to 1000ml with distilled water.  

 

f) Transfer buffer 

Component   Amount 

Tris base    12.1g 

Glycine   57.6g 

Methanol   800ml 

10% SDS   4ml 

Make up volume to 4L with distilled water.  

 

 

g) TBS-T (tris buffered saline with Tween-20) 

Component    Final concentration   Amount  

1M Tris pH8.0   10mM     10.0ml 
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2.5M NaCl    150mM    60ml 

Tween-20 (Sigma)   0.1%     1.0ml 

 

Make up the volume to 1000ml with distilled water.  

 

h)  NET-N 

Component    Final concentration   Amount  

1M Tris pH 8.0   20mM     20ml 

2.5M NaCl    100mM    40ml 

0.5M EDTA pH 8.0   1mM     2ml 

NP-40 (or Igepal) (Sigma)  0.5%     5ml 

 

Make up volume to 1L with distilled water. Store at 4oC.  

 

 

i)  EBC lysis buffer 

Component    Final concentration   Amount  

1M Tris pH 8.0   50mM     50ml 

2.5M NaCl    125mM    50ml 

NP-40 (or Igepal) (Sigma)  0.5%     5ml 

 

Make up volume to 1L with distilled water. Store at 4oC. 

 

Before use add the following protease inhibitors (for 10ml EBC lysis buffer).  

 

Inhibitor    Final concentration   Amount 

1mg/ml leupeptin   10g/ml    100l 

2mg/ml Aprotinin   20g/ml    100l 

500mM PMSF   1mM     20l 

1M NaF    50mM     500l 

0.2M Na orthovanadate  1mM     50l 
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0.5M EDTA    1mM     20l 

10mg/ml pepstatin   10g/ml    10l 

 

j)  4% paraformaldehyde in PBS – Dissolve 4gm of paraformaldehyde (Sigma) in 90ml 

PBS by heating at 70oC in a waterbath. Make up the volume to 100ml with PBS. Filter 

through a filter paper and store at 4oC. 

 

k)  4% paraformaldehyde and 2% glucose in PBS – Dissolve 4gm of 

paraformaldehyde (Sigma) in 90ml PBS by heating at 70oC in a waterbath. Add 2g 

glucose and make up the volume to 100ml with PBS. Filter through a filter paper and 

store at 4oC. 

 

l)  0.3% Triton X-100 in PBS – Dissolve 0.3ml of Triton X-100 (Sigma) in 100ml of 

PBS and filter through a filter paper. Store at 4oC.  
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4.  To generate novel constitutive and inducible lentiviral vectors for transgene 

expression or the generation of knockdown mice.  

4. 1 Introduction.  

Lentiviruses are a class of retrovirus that can infect both dividing and non dividing cells 

because their preintegration complex can cross an intact nuclear membrane.  Within the 

last decade, multiple lentiviral vectors have been developed as tools for gene delivery and 

for therapeutic and experimental transgenic applications (66, 105, 173, 226, 234, 284, 

285, 295, 322, 336, 400) as they permit in vivo gene delivery to terminally differentiated 

cells in multiple tissue types (66, 105, 173, 183). Large cDNA’s can be cloned into these 

vectors and the viral cDNA integrates into the genome; both properties support the long-

term expression of the transgene (259). Because of their ability to transduce quiescent 

cells, lentiviral vectors are also promising tools for ex vivo genetic modification of stem 

cells (29, 297), which reside almost exclusively in the G0/G1 phase of the cell cycle and 

can also be used to generate transgenic mouse models of human disease (3, 138, 169, 

226, 253, 255, 256, 284, 307, 322, 360).  Depending upon the requirements, lentiviral 

vectors carrying the transgenes can be engineered and used effectively to alter target 

various cell types in vitro and in vivo. Increased interest in these vectors has given rise to 

a need for development of safer, user-friendly designs for different applications.  

4.1.1 Generation of lentiviral vectors for the expression of shRNA’s. 

The lentiviral vector backbone for the expression of shRNA’s was derived from pLKO.1 

puro (343) (figure 4.1.1 a). This vector contains a human U6 promoter that drives RNA 

Polymerase III based transcription for the generation of shRNA transcripts. One 

limitation of this vector was that the number of restriction sites for cloning was limited. 

The stuffer sequence (1.9kb) downstream of the U6 promoter was replaced with 1 kb 

fragment containing an MCS to generate the pS18 lentiviral vector (figure 4.1.1b) as 

described in materials and methods. The pLKO.1 vector was also modified to remove the 

stuffer and introduce a novel MCS containing additional restriction sites for cloning 

shRNA’s into pLKO.1 to generate pLKO.1 MCS vector (figure 4.1.1 c) as described in 

materials and methods. 
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Figure 4.1.1 Generation of lentiviral vectors for the expression of shRNA’s. (A) 

Schematic representation of pLKO.1 Puro. (B) Schematic representation of pS18. (C) 

Schematic representation of pLKO.1 MCS.  

The vectors described above lacked the cDNA expressing fluorescent reporter (e.g. 

EGFP-f) that can be used to track transduced cells. To overcome this hurdle, a modified 

lentiviral vector capable of expressing both the shRNA and a fluorescent reporter (EGFP-

f) was generated.  Previous results had indicated that a lentivirus vector  in which 

cDNA’s were downstream of the CMV promoter was not effective in achieving lentiviral 

transduction and expression in germ line stem cells (256). Therefore an expression 

cassette containing the elongation factor1α (EF1-α) promoter driving the expression of 

EGFP-f, followed by SV40 poly-adenylation sequence was assembled in pBSK to 

generate pBSK-F2 (figure 4.1.2 a). The restriction sites for BshTI in elongation factor1α 

(EF1-α) promoter was removed as this can interfere in cloning of shRNA 

oligonucleotides in the resultant vector. The loss of this restriction site resulted in the loss 

of transcription factor binding sites (TFBS) for CAC binding protein and NF-1 (figure 

4.1.2 b). To ensure that the loss of TFBS in elongation factor1α (EF1-α) promoter did not 

compromise its promoter activity, we performed a GFP reporter assay using the 

elongation factor1α (EF1-α) promoter in pBSK-F2 vector and modified elongation 

factor1α (EF1-α) promoter in pBSK-F2A8 vector. As determined by flow cytometry and 

Western blotting, the loss of TFBS in elongation factor1α (EF1-α) promoter enhances its 

activity (figure 4.1.2 c, d & e). The expression of EGFP-f in the modified vector was 

confirmed by flouresence microscopy (figure 4.2 f). The modified assembled cassette 
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form pBSK-F2A8 was further sub cloned in pLKO.1 MCS to generate pLKO.1 EGFP-f 

Puro which expresses both EGFP-f and a shRNA downstream of the U6 promoter (figure 

4.1.2 g).  

 

Figure 4.1.2 Generation of pBSK-F2 shuttle vector (A) Schematic representation of 

pBSK-F2. (B) Transcription factor binding site in EF1 promoter. (C) EGFP-f reporter 

assay in HEK 293 cells using pBSK-F2 and pBSK-F2A8 shuttle vector as determined by 

Flow cytometry. (D) Graphical representation of percentage of GFP positive as obtained 

in EGFP-f reporter assay. (E) Westren blot analysis for the expression of EGFP-f in 

HEK 293 cells transfected with pBSK-F2 or pBSK-F2A8 shuttle vector using GFP 

monoclonal antibody,   actin was probed for loading control. (F) Confocal image of 

HEK 293 cells expressing EGFP-f. (G) Schematic representation of pLKO EGFP-f Puro. 
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4.1.2 Generation of lentiviral vectors for cDNA expression. 

The lentiviral vector backbone for the expression of cDNA was derived from pLKO.1 

puro (343). An expression cassette containing the elongation factor1α (EF1-α) promoter 

driving the expression of EGFP-f, followed by SV40 poly-adenylation sequence in 

pBSK-F2A8 was modified by replacing EGFP-f with an MCS containing unique 

restriction sites  to generate pBSK-FM3 (figure 4.1.3 a & b). Further the expression 

cassette from pBSK-FM3 was subcloned in pLKO.1 puro using ClaI to generate pEF.55 

lentiviral vector (figure 4.1.3 c). 

 

Figure 4.1.3 Generation of lentiviral vectors for the expression of cDNA (A) Schematic 

representation of pBSK-FM3. (b)Multiple cloning sites depicting the restriction sites 

introduced in pBSK-FM3. (c) Schematic representation of pEF55 lentiviral vector. 

 

4.1.3 Generation of bi-cistronic lentiviral vectors. 

The lentiviral vector backbone for the expression vectors was derived from the pTRIPZ 

vector (Open Biosystems). The CMV promoter was cloned into the pTRIPZ vector as 

described in Materials and Methods followed by the introduction of a MCS upstream of 

various fluorescent proteins (EGFP, ECFP, EYFP, mCherry and dsRed) and the IRES 

PuroR cassette to obtain the resultant bi-cistronic lentiviral vector pLV- FP-IRES-Puro 

(figure 4.1.4 a). A notable shortcoming of several of the currently available bi-cistronic 
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lentiviral vectors is the lack of suitable restriction sites in the MCS for generation of 

fluorescent protein fusions. The vectors thus generated contain an MCS with eight unique 

restriction sites to choose from as opposed to four in currently available bi-cistronic 

vector systems (figure 4.1.4 b). Apart from providing a greater choice of restriction sites, 

this vector contains Nhe1 and Not1 sites upstream of the IRES. These sites permit the 

cloning of both N terminal and C terminal tagged fluorescent fusion proteins from any of 

the commercially available expression vectors into the lentiviral vectors generated above.  

 

Figure 4.1.4 Generation of bi-cistronic lentiviral vectors for the expression of cDNA 

(A) Schematic representation of pLV-FP-IRES-Puro, where FP stands for dsRED, 

mCherry, EGFP, CFP and YFP. (b) Schematic representation of the unique multiple 

cloning sites available for cloning. The sequence of the MCS is shown in frame with the 

start codon of the downstream florescent protein (FP). The positions of unique restriction 

sites are indicated. 

 

4.1.4 The bi-cistronic lentiviral vectors can be used for both transient and stable 

gene expression in culture. 

The ability of these bi-cistronic lentiviral vectors to express various fluorescent proteins 

(EGFP, ECFP, EYFP, mCherry and dsRed) was assessed by infecting HEK-293 cells 

with viruses produced using the various bi-cistronic lentiviral vectors. As shown in 

(figure 4.1.5 a), HEK-293 cells expressed the different fluorescent proteins upon 
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transduction with the virus. Untransduced cells showed no fluorescent signal.  To 

determine whether stable cell clones could be generated using this vector system, Keratin 

18 (K18) was cloned in frame with YFP to generate pLV-K18-YFP-IRES-Puro. The 

human hepatocyte cell line, HHL-17, was infected with K18- YFP expressing lentiviral 

particles followed by the selection of stable cell clones using Puromycin (0.25g/ml). 

The integration of the K18-YFP transgene encoded by the lentivirus in HHL-17 cells was 

determined by performing genomic DNA PCR’s on the HHL-17 derived stable clone 

(Figure 4.1.5 b). The expression of K18-YFP was observed by confocal microscopy and 

it was observed that the exogenously expressed protein was able to integrate into the 

endogenous keratin filament network (Figure 4.1.5 c) as previously reported (150, 398). 

These results confirm that the bi-cistronic lentiviral vectors can be used for assays that 

require either transient or stable expression.  

 

Figure 4.1.5 Transient and stable transgene expression using bi-cistronic lentiviral 

vector. (A) HEK 293 cells transduced by lentiviruses encoding either dsRED, mCherry, 

EGFP, YFP or CFP driven by the CMV promoter showing transient expression of the 
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fluorescent tag. (B) PCR amplification of genomic DNA purified from HHL-17 cells 

stably transduced with lentiviruses expressing YFP-K18. (C) Expression of K18-YFP in 

stable cell clones generated in HHL-17 cells (YFP is pseudo-colored in green). (Original 

magnification 630X with 2X optical zoom). Scale bars are shown in each panel.  

 

4.1.5 The bi-cistronic lentiviral vectors can be used for live cell imaging 

experiments. 

To determine if these bi-cistronic lentiviral vectors could be used for studying cellular 

processes in live cells, the ability of Keratin 8 (K8) fused to CFP and K18-YFP to form 

an intermediate filament network in HEK-293 cells was determined. HEK-293 cells do 

not express K8 and K18, and thus were an ideal system to study filament formation. 

Lentiviral vectors expressing K18-YFP and K8-CFP downstream of the CMV promoter 

and the Ubc promoter respectively were generated. HEK 293 cells were transduced with 

lentiviruses expressing either K18-YFP or K8-CFP alone or in combination and 

visualized by confocal microscopy. HEK-293 cells transduced with either K18-YFP or 

K8-CFP alone did not demonstrate filament formation and instead showed the presence 

of distinct punctuate structures in the cytoplasm (Figure 4.1.6 a). However HEK-293 

cells transduced with both K18-YFP and K8-CFP demonstrated filament network 

formation (Figure 4.1.6 a). These results are consistent with previously published work 

suggesting that keratin filaments are formed due to heterotypic interactions between a 

type I and type II keratin and that lack of one type results in the presence of cytoplasmic 

aggregates of the other member of the pair (98, 147, 150, 189, 238, 242, 320). Further, in 

HHL-17 cells, ectopic expression of both K18-YFP and K8-CFP results in the formation 

of a keratin filament network (figure 4.1.6 b). These results suggest that bi-cistronic 

lentiviral vectors can be used to co-express different fluorescent proteins for studying 

protein organization into higher order structures and protein colocalization.  
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Figure 4.1.6: Application of bi-cistronic lentiviral vectors in live cell imaging. (A) HEK 

293 cells were transduced with either pLV-CMV- K18-YFP -IRES-Puro (Red pseudo 

color) or pLV-Ubc-K8-CFP-IRES-Puro (green pseudo color) or both constructs. No 

signal was observed in the YFP channel upon only K8-CFP transduction and no signal 
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was observed in the CFP channel upon K18-YFP transduction. Note that cells expressing 

only one partner of the pair do not show the presence of filaments and show the presence 

of discrete cytoplasmic aggregates while cells expressing both constructs show the 

presence of filament network and that the two proteins co-localize as seen in the merged 

image. (B) HH17 cells were transduced with pLV-CMV- K18-YFP -IRES-Puro (Red 

pseudo color) and pLV-Ubc-K8-CFP-IRES-Puro (green pseudo color). The transduced 

cells were visualized using confocal microscopy. (Original magnification 630X with 2X 

optical zoom). Scale bars are shown in each panel.  

 

One of the techniques used to study protein-protein interactions in vivo is Forster 

resonance energy transfer  (FRET) (324). FRET is based upon the transfer of energy from 

an excited donor fluorophor to a proximate acceptor fluorophor, resulting in enhanced 

fluorescence emission of the acceptor. This phenomenon only occurs when the distance 

between donor and acceptor is less than 10 nm and the emission spectra of the donor 

overlaps with the excitation of the acceptor. As K8 and K18 bind to one another to form 

keratin filaments (398), the K18-YFP and K8-CFP constructs were used to determine 

whether these vectors can be used to perform FRET assays. HHL-17 and HEK-293 cells 

were transduced with both K18-YFP and K8-CFP, and the FRET efficiency between 

these two proteins was measured in live cells as described in materials and methods. It 

was observed that K18-YFP and K8-CFP interact with each other with a FRET efficiency 

of 44.6% in HHL-17 cells (Figures 4.1.7 a, b and c) and 41% in HEK-293 cells (figure 

4.1.7 d).The percentage FRET efficiency obtained for K18-YFP and K8-CFP is highly 

significant (Figure 4.1.7 d) as determined by measuring the FRET efficiency of three 

different regions for acceptor photobleaching and no bleaching (control) followed by 

statistical analysis using students t-test. These results suggest that the bi-cistronic 

lentiviral vector can be effectively used to study protein-protein interactions in live cells 

using FRET.  
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Figure 4.1.7: Application of bi-cistronic lentiviral vectors in live cell imaging. (A) 

Acceptor photobleaching FRET was performed in HHL-17 cells co-transduced with both 

pLV-CMV- K18-YFP -IRES-Puro (Red pseudo color) and pLV-Ubc-K8-CFP-IRES-Puro 

(green pseudo color). Pre-bleach and post-bleach images were acquired using an 

LSM510 confocal microscope. The gain in the fluorescence intensity of the donor (K8-

CFP) upon acceptor photobleaching is shown in the inset. (B) Graph representing the 

gain in mean fluorescence intensity upon acceptor photobleaching as a function of time is 

depicted. The mean fluorescence intensity is on the Y-axis and time in seconds on the X-

axis. (C) Graph representing the percentage FRET efficiency for K18-YFP and K8-CFP 

using acceptor photobleaching in HHL-17 cell. The bars represent the mean and the 

error bars the standard deviation. The p value was obtained using a student’s t-test. 

(Original magnification 630X with 2X optical zoom). Scale bars are shown in each panel. 
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(D) Graph representing the percentage FRET efficiency for K18-YFP and K8-CFP using 

acceptor photo bleaching in HEK-293 cells. The bars represent the mean and the error 

bars the standard deviation. The p value was obtained using a student’s t-test. 

4.2 Generation of transgenic mice  

4.2.1. Generation of transgenic mice by lentiviral infection of morulae. 

One of the most interesting recent developments in the application of lentiviral vectors is 

their use for generating transgenic animals as an alternative method to standard DNA 

pronuclear injection. Morulae were isolated from 2.5 dpc pregnant mice and treated with 

acid tyrode to remove the zona pellucida as described previously (336). They were 

infected with EGFP-f expressing lentiviruses at an MOI of 100. The infected morulae 

were incubated overnight at 37oC in a humidified CO2 incubator and 20-30 morulae were 

implanted into 3.5 dpc pseduopregnant mice the next day. To determine if the morulae 

were being infected in vitro, they were maintained in culture for 4 days and the efficiency 

of infection determined by fluorescence microscopy. As shown in (Figure 4.2.1 a), 

morulae infected with lentiviruses showed the presence of EGFP-f, while uninfected 

morulae did not show any fluorescence. Two pups were born after a series of 

implantations; unfortunately the mother cannibalized both pups. Skin sections from the 

two dead mice were analyzed for the presence of GFP by confocal microscopy. As shown 

in (Figure 4.2.1 b), both transgenic pups showed the presence of EGFP-f in the skin while 

a section taken from a wild type pup of a similar age did not show any GFP expression.  
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Figure 4.2.1: Infection of morulae in vivo results in the generation of EGFP-f 

transgenic mice. (A) Morulae after infection with lentivirus at 100 MOI expressing 

EGFP-f. The morulaes were visualized under the fluorescence microscope five days after 

transduction. (B) Cross section of the mouse skin from pups obtained by the implantation 

of morulaes infected with lentivirus. 

 

4.2.2 Lentiviral Mediated Transgenesis by In Vivo Manipulation of Spermatogonial 

Stem Cells. 

 5-10 µl of recombinant EGFP-f expressing lentiviruses (5 x 106 TU/ml) was injected into 

the intertubular spaces of the testis of 28 day old Crl:CFW(SW) male mice (Figure 4.2.2 

a). Injection into the intertubular space allows the lentivirus to infect undifferentiated 

spermatogonial cells located at the basement of the seminiferous tubules (168). These 

male mice, referred to as pre-founder mice, were mated with wild type females of the 

same strain 35 days post infection. To determine whether the progeny from this cross 

carried the transgene, EGFP-f was amplified from genomic DNA isolated from the 

progeny. An amplification for the patch gene served as a loading control (Figure 4.2.2 c-

e). Transgenic pups were generated from mating experiments with three independently 

derived pre-founder mice at an overall rate greater than 60% (Figure 4.2.2 c-e, Table 

4.2.1), a rate that is much higher than previously reported with conventional transgenic 

protocols or with retroviral infection of spermatogonial stem cells in vitro or in vivo (169, 

253). All mice showed amplification for the patch gene, which served as a loading 

control and also demonstrated that the band for EGFP-f was specific. Further, WT mice 

did not show any product for the EGFP-f transgene (data not shown). Inbreeding of 

transgene positive pups from the mice showed an increased incidence of transgene 

positivity in the F1 generation and an even higher incidence in the F2 generat ion (Figure 

4.2.2 c). Further, a transgene positive male mouse, 1883, was out bred with a wild type 

female mouse of the same strain. Three of the six pups from this cross showed the 

presence of the transgene (Figure 4.2.2 c). These results suggest that inheritance of the 

transgene is stable and that fertility of the transgenic mice is not compromised.  
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Pre-founder mice  

 

Founder Mice per litter  Founder mice per litter positive for 

EGFP-f 

607  8 1 

607  11 9 

607  6 4 

Total  25 14 

Success rate 56% 

608  8 5 

608  6 4 

608  8 4 

Total 22 13 

Success rate 59% 

609  8 4 

609  12 10 

609  13 7 

Total 33 22 

Success rate 66% 

Grand Total  80 49 

 Total success rate 61.25% 

 

Table 4.2.1. Percentage of EGFP-f positive pups obtained from individual matings with 

three different pre-founder mice. The pre-founder mice were mated with multiple WT 

female mice and the frequency of EGFP-f positive pups determined after each mating. 

Note that an overall success rate of greater than 60% was obtained in these matings. 
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Figure 4.2.2: Generation of transgenic mice. (A) Design of the vector used for 

generating transgenic mice. (B) Injection of recombinant lentiviruses into mouse testis. 

(C-E) Pedigree analysis for pre-founder mice 607 (C), 608 (D) and 609 (E) showing 

germline transmission of the transgene. Individual mice were assigned numbers for 

further experiments. Genomic DNA amplification using primers for EGFP-f or patch (as 

a loading control) are shown.  

 

4.2.3 Transgene expression in various tissues of founder mice. 

To determine whether the transgene was expressed in multiple tissues, tissues from 

organs of an F1 GFP positive mouse and a GFP negative litter mates were analyzed by 

Reverse Transcriptase PCR (RT-PCR) and immunofluorescence microscopy. As shown 

in figure 4.2.3 a, the EGFP-f transgene positive animal showed the presence of the 
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EGFP-f message as compared to RNA prepared from tissue sections derived from the 

negative litter mate control. A RT-PCR analysis for the housekeeping gene, GAPDH, 

served as a loading control. Similarly, immunofluorescence microscopy on tissue sections 

from the transgenic mice showed green fluorescence in multiple tissues, when compared 

to the control mice (Figure 4.2.3 b). An analysis of hematoxylin and eosin stained 

sections of different tissues indicate no change in the morphology of tissue from 

transgenic mice as compared to control mice (Figure 4.2.3 c). The mean intensity 

fluorescence obtained by three different section of the same tissue of transgenic mice is 

much higher when compared to control mice (Figure 4.2.3 d).  

To demonstrate that the spermatogonial stem cells had been infected in the pre-founder 

mice, the mice were sacrificed after multiple breeding experiments and tissue sections 

prepared from the testis of the pre-founder and control mice. The tissue sections were 

stained with antibodies to GFP. As shown in (Figure 4.2.3 e), cells in the interstitial 

spaces and the spermatogonial stem cells showed staining for GFP in pre- founder but not 

in control mice. An immunofluoresence analysis on sections from the epididymis 

followed by confocal microscopy demonstrated that mature sperm also stained positively 

for GFP in profounder mice, whereas sections from wild type mice did not show any 

signal for GFP (Figure 4.2.3 f). The GFP staining mostly localized to the tail region and 

was mostly excluded from the head region.  
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Figure 4.2.3: EGFP-f expression in various tissues of founder mice. (A) Multiple 

tissue sections from control and transgenic littermates were analyzed for the expression 

of EGFP-f mRNA by RT-PCR analysis. Control mice did not show the presence of the 

EGFP-f mRNA but transgenic mice showed the expression of the EGFP-f mRNA in 

multiple tissues (H=heart, B=brain, L=liver, Lu=lung and S=skin). An RT-PCR was 

performed for GAPDH as a loading control. (B) Multiple tissue sections from control and 

transgenic littermates were analyzed for the expression of the EGFP-f transgene by 
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confocal microscopy. Original magnification is 630X. Scale bars are shown in the 

figures. (C) Hematoxylin and eosin stained sections from wild type or transgenic mice. 

Original magnification is 630X. Scale bars are shown in the figures. (D) The mean 

fluorescence intensity from control and transgenic sections is on the Y-axis and the 

different tissues are represented on the X-axis. The error bars represent the standard 

deviation for sections derived from at least three different mice. (E) Testis sections from 

control mice or pre-founder mice were stained with antibodies to GFP followed by 

immunflourescence analysis and confocal microcospy. The top panel shows the DIC 

image of the fluorescence field. Note that the pre-founder mice show high levels of 

EGFP-f expression in both cells in the interstitial spaces and in spermatogonial stem 

cells (filled arrow) that line the basement membrane of the seminiferous tubules. Original 

magnification is 630X and scale bars are indicated in the figures. ST=seminiferous 

tubule and IS=interstitial spaces. (F) Epididymis sections from control mice or pre-

founder mice were stained with antibodies to GFP (green) and propidium iodide (red) to 

stain DNA, followed by immunflourescence analysis and confocal microcospy. The top 

panel shows the DIC image of the fluorescence field and the bottom panel shows the 

merged image. Note that the pre-founder mice show high levels of EGFP-f expression in 

the sperm tails in the profounder mouse but not in WT mice. Original magnification is 

630X and scale bars are indicated in the figures.  

 

4.2.4 Analysis of transgene integration events in the EGFP-f transgenic mice. 

The pre-founder mice were able to sire transgenic pups for over a year after infection 

with the recombinant lentivirus indicating that the transgene was integrated in the 

spermatogonial cells. To demonstrate that expression of the transgene was independent of 

the site of integration, integration sites were mapped in founder mice using a variant of a 

protocol developed by Schroder et. al. as summarized in figure 4.2.4 a (319). The 

integration events to different sites on chromosomes were represented graphically as 

described earlier (301). In addition, we have listed the percentage of total integration 

events on each chromosome (Figure 4.2.4 b). Most of the integration events were 

observed in three different sites on chromosome two. This resulted in the maximum 

number of mice having integrants in chromosome two. The sites of integration were 
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sequenced and the distribution among the different chromosomes mapped as shown 

(figure 4.2.4 b and table 4.2). These results show that expression of the transgene was 

independent of the site of integration. Further, the number of integration events in each 

transgenic mouse was determined. It was observed that most mice had either one or two 

integration events (Figure 4.2.4 c). The percentage of mice having one, two or three 

integration events are also listed (Figure 4.2.4 c). This suggests that at the virus titer used 

in these experiments most spermatogonial stem cells develop either one or two 

integration events.  

 

Figure 4.2.4. Analysis of integration events in the EGFP-f transgenic mice. (A) 

Protocol for the identification of integration sites. (B) Graph showing the frequency of 

integration events observed in the transgenic animals. Chromosome number is on the X-

axis and the number of mice showing integration in the respective chromosomes is on the 

Y-axis. The number above each bar in the graph indicates the percentage of total 

integration events analyzed on each chromosome. (C) Graph showing the number of 

integration events in each mouse. No of integration events is on the X-axis and number of 

mice on the Y-axis. The number above each bar indicates the percentage of mice with 

one, two or three integration events.  
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Chromosome 

number 

Accession Number Number of mice 

showing 

integrations  

Identity of mice 

showing integrations 

1 NT_39170.7 3 6 &,12 

2 NW_001030712.1 

NW_001030694.1 

NW_001030686.1 

9 11,12,33,35,45 &51 

3 NT_039207 

NT_162143 

2 38 

4 NW_001030747 2 49 & 54 

6 NW_039353 1 33 

8 NT_078575.6 3 11 & 45 

13 NT_039578 2 6 & 38 

14 NW001030543 2 42 & 37 

18 NW_001030631 

NW_001030635.1 

3 12 & 52 

 

Table 4.2.2 Summary of the integration events observed in the different transgenic 

animals. The chromosome number is shown in column one while the number of the 

individual mice with an integration in these chromosomes is shown in column 4. The 

integration events in each chromosome are shown in the third column of this table with 

the appropriate accession number in column 2. As can be seen from the table, multiple 

mice show different combinations of integration events suggesting that transgene 

expression is independent of integration site. The number of assigned to the mice in this 

table is similar to the number reported in figure 3.9.  
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4.3 Generation of 14-3-3γ knockdown mice. 

The transition of cells from G2 to M phase requires an active cdk1/cyclin B complex 

(345), which is activated by dephosphorylation of T14 and Y15 in cdk1 by the dual 

specificity phosphatase, cdc25C (103, 112). Cd25C itself is negatively regulated by 

phosphorylation on S216 during interphase and is not phosphorylated on S216 during 

mitosis (281). This site is a target for phosphorylation by DNA damage checkpoint 

kinases such as Chk1 and Chk2 (228, 281, 311).  The phosphorylation of cdc25C on S216 

creates a binding site for 14-3-3 proteins leading to the hypothesis that 14-3-3 proteins 

negatively regulate cdc25C function (69, 281). Binding of 14-3-3 proteins to cdc25C 

leads to its retention in the cytoplasm thus preventing mitotic progression (69, 126). 

Mutation of Serine 216 to Alanine (S216A), results in loss of 14-3-3 binding and a pan-

cellular localization of cdc25C (69, 126). These results suggest that 14-3-3 proteins 

regulate cdc25C function in part by restricting it to the cytoplasm in interphase. Further, it 

has been reported that 14-3-3 proteins prevent interaction between cdc25C and its 

substrate, the cyclin B/cdk1 complex (244). Therefore, 14-3-3 proteins regulate cdc25C 

function at multiple levels.  

It has been demonstrated that 14-3-3 β, ε, γ, σ and ζ bind to wild type cdc25C in vitro but 

not to the S216A mutant (71). However, coimmunoprecipitation experiments revealed 

that only 14-3-3ε and 14-3-3γ form a complex with and inhibit cdc25C function in vivo 

(71).  Similarly, cells lacking either 14-3-3ε or 14-3-3γ show an override of the S phase 

and DNA damage checkpoints and these are due to the inability of these cells to regulate 

cdc25C function (157, 354). Further, a structural motif conserved in 14-3-3ε and 14-3-3γ 

mediates specific complex formation with cdc25C in vivo (354). These results suggest 

that the activity of different 14-3-3 isoforms is not redundant and that each 14-3-3 protein 

may selectively bind to different ligandssuggesting that loss of 14-3-3ε and 14-3-3γ leads 

to defects in checkpoint function (157, 354). Given these results, we wished to determine 

whether loss of 14-3-3ε and 14-3-3γ in the mouse would affect growth and development.  
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4.3.1 To determine whether 14-3-3ε and 14-3-3γ bind to mouse cdc25C in vitro.  

To address whether the loss of 14-3-3ε or 14-3-3γ results in mis- localization of cdc25C, 

we first determined whether 14-3-3ε and 14-3-3γ formed a complex with mouse cdc25C 

by performing GST pull down assays. Protein lysates from three confluent 100mm dishes 

of NIH3T3 cells were incubated with GST, GST 14-3-3ε or GST 14-3-3γ bound to 

glutathione-Sepharose beads. The reactions were washed with NET-N and the complexes 

were resolved on 10% SDS-PAGE gels followed by Western blotting using antibodies to 

cdc25C. GST 14-3-3ε or GST 14-3-3γ could not form a detectable complex with mouse 

cdc25C (Figure 4.3.1 A). In humans, 14-3-3 proteins bind to cdc25C in vitro and in vivo 

upon phosphorylation at a Serine residue at position 216 (refs); however a comparison of 

sequences of cdc25C proteins from different species demonstrated that this sequence was 

absent in mouse cdc25C but was present in cdc25C from Xenopus laevis (Figure 4.3.1 B). 

These results lead us to conclude that 14-3-3 proteins might regulate cell cycle 

progression in a cdc25C independent fashion in the mouse. 

 

Figure 4.3.1: 14-3-3γ or 14-3-3ε does not interact with cdc25C. (A) Protein extracts 

prepared from NIH3T3 cells were incbubated with GST, GST-14-3-3ε or GST-14-3-3γ on 

glutathione Sepharose beads. The reactions were resolved on 10% SDS PAGE gels 

followed by Western blot analysis with antibodies against cdc25C. The whole cell extract 

(WCE) shows one tenth input.    Clustal W based sequence alignment of the cdc25C from 

different species showing the residues surrounding position 216 (human cdc25C 
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numbering). Alignment was done using the MegAlign DNA analysis software 

(DNASTAR). Note that the Serine at position 216 is not present in mouse cdc25C. 

4.3.2 Testing the efficiency of cDNA and shRNA constructs.  

A cDNA for the mouse 14-3-3γ gene product was cloned in pCDNA3.0 downstream of 

the HA epitope as described in Materials and Methods. The ability of the construct to 

express mouse 14-3-3γ was determined by transfection of different amounts of the HA-

tagged mouse 14-3-3γ construct into HCT116 cells. Constructs expressing HA-tagged 

mouse 14-3-3-ε transfected in HCT116 cells served as positive control for the HA 

antibody, whereas cells transfected with pCDNA 3.0 alone served as negative control for 

HA antibody. Maximal expression of the HA-14-3-3-γ was obtained when 1µg of the 

construct was transfected into HCT116 cells, as determined by Western blotting with 

antibodies to the HA epitope (Figure 4.3.2 A).  

To identify a shRNA constructs that could inhibit the expression of 14-3-3γ, three 

different shRNA constructs against 14-3-3γ were designed and cloned in pLKO.1 as 

described in Materials and Methods. The ability of these constructs to inhibit the 

expression of exogenously expressed 14-3-3γ was determined by co-transfection of the 

pLKO.1 based shRNA constructs with HA-tagged mouse 14-3-3γ in HCT116 cells. The 

levels of HA-mouse 14-3-3γ were determined by Western blotting. No down regulation 

of HA-14-3-3γ was observed in the cells transfected with vector control (Figure 4.3.2 B). 

The constructs pLKO.1 G1, G2 and G3 could inhibit the expression of HA-14-3-3γ 

(Figure 4.3.2 B). Western blots for β-actin were performed to serve as loading controls. 

The G3 construct was used to generate 14-3-3γ knockdown mice.  

 

Figure 4.3.2: Testing the 14-3-3γ cDNA and shRNA constructs. (A) 0.5 – 5µg of a 

construct expressing mouse HA-14-3-3γ were transfected in HCT116 cells. The cells were 
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lysed 48 hrs post transfection and protein extracts resolved on 10% SDS page gels and 

Western blots performed with antibodies to the HA epitope or β-actin. The cells 

transfected with HA tagged mouse 14-3-3ε and vector control served as positive and 

negative controls respectively. (B) 0.5, 1 or 1.5µg of the vector control (pLKO.1puro) or 

shRNA constructs targeting mouse 14-3-3γ were co-transfected with an HA-epitope 

tagged mouse 14-3-3γ construct into HCT116 cells The cells were lysed 60 hrs post 

transfection to prepare protein extracts, which were resolved on a 10% SDS page gels 

and Western blots performed with antibodies against HA (12CA5) and β -actin.  

 

4.3.3 Generation of 14-3-3γ knockdown mice 

To generate knockdown mice for 14-3-3γ, lentiviruses that express EGFP-f and the G3 

shRNA that targets 14-3-3γ were produced and concentrated as described in Materials 

and Methods. The lentiviral particles were injected into the interstitial spaces of the 

developing testes to infect spermatogonial stem cells as described (322). The 14-3-3γ 

fore-founder mouse (indicated by the hatched box and arrow) was mated with normal 

female mice of the same strain (Figure 4.3.3).  None of the mice injected with lentiviruses 

expressing shRNA’s targeting 14-3-3γ produced pups when mated with wild type female 

mice. Even pups that lack the transgene were not produced in these mating experiments 

suggesting that male mice injected with the 14-3-3γ knockdown viruses were sterile.  

 

Figure 4.3.3: Generation of 14-3-3γ knockdown mice. The profounder mice (hatched 

box) were mated to wild type female of same strain and none of the profounder mice 

produced any pups. 

To determine if the mouse testes infected with the 14-3-3γ knockdown lentiviral 

constructs is integrated in testis, genomic DNA was isolated from the testis of three male 

mice injected with viruses encoding the 14-3-3γ shRNA and were then screened for the 
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presence of EGFP-f by performing polymerase chain reactions with EGFP-f specific 

primers. Genomic DNA was also isolated from one male mouse testes injected with 

viruses encoding the only EGFP-f serving as a positive control and one male mouse testes 

not injected with any viruses to serve as negative control for the presence of EGFP-f. It 

was observed that all three mice injected with the lentiviral constructs expressing EGFP-f 

shRNA targeting 14-3-3γ showed the presence of the EGFP- f transgene, whereas the 

negative control did not showed the presence of transgene and the positive control 

showed the presence of the EGFP-f transgene (Figure 4.3.4). This result suggested that 

the lentiviral cDNA was integrated into the genomic DNA in the testis. In addition, testis 

injected with the 14-3-3γ knockdown viruses expressed EGFP- f, whereas testis from wild 

type mice did not express EGFP-f as determined by immunofluorescence analysis using 

antibodies to GFP (Figure 4.3.5).   

 

Figure 4.3.4: Screening for the lentiviral integration in testis injected with 14-3-3γ 

shRNA lentiviral constructs. Genomic DNA was purified from testis sections of the 

indicated mice and used as a template for the amplification of EGFP-f or the mouse 

patch gene, which served as a loading control.  
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Figure 4.3.5: Expression of EGFP-f in testis injected with 14-3-3γ shRNA lentiviral 

constructs. Immunofluorescence analysis was performed on paraffin sections from 

control testes or 14-3-3γ knockdown testes using specific antibodies to GFP. Nuclei were 

counter-stained with propidium iodide (PI).  

To determine if the mice infected with the 14-3-3γ knockdown constructs have reduced 

levels of 14-3-3γ in the testis, tissue sections from testis isolated from mice injected with 

the vector control, or mice injected with viruses encoding the 14-3-3γ shRNA were 

sacrificed and an immunohistochemical analysis using antibodies to 14-3-3γ was 

performed. The levels of 14-3-3γ in the mouse testis infected with the 14-3-3γ 

knockdown lentiviral constructs are greatly reduced as compared to level of 14-3-3γ in 
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the mouse tested infected with vector control lentiviral constructs (Figure 4.3.6). These 

results suggest that 14-3-3γ expression is inhibited upon injection of the testis with the 

recombinant lentivirus. 

 

 

Figure 4.3.6: Expression of 14-3-3γ in testes injected with 14-3-3γ shRNA lentiviral 

constructs. Immunohistochemical analysis was performed on paraffin sections from 

control testes or 14-3-3γ knockdown testes using antibodies to 14-3-3γ, the nucleus was 

counterstained with hematoxylin. Note that section from 14-3-3γ knockdown testes shows 

the reduced levels of 14-3-3γ as compared to control testes.  

4.3.4 Defects in 14-3-3γ knockdown testis. 

The mouse testes consist of seminiferous tubules that are responsible for the production 

of spermatozoa. These tubules are lined by the tunica propria attached to which are germ 

cells that are capable of developing into spermatids by a process called spermatogenesis 

(58). In addition to the developing spermatocytes and spermatids, the semeniferous 

tubule also contains sertoli cells that form the blood testes barrier (BTB) and provide 

support to the developing spermatocyte. During spermatogenesis, the germ cells go 

through different stages of development (64). The ordered sequence of events is called 

the spermatogenic cycle. In mice, one complete spermatogenic cycle consists of twelve 

stages (266, 267). Different portions of the seminiferous tubule are at different stages in 

the spermatogenic cycle (266). The spermatogenic cycle begins with the differentiation of 
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the spermatogonia situated outside the blood-testis barrier into preleptotene/leptotene 

spermatocytes.  These spermatocytes then cross the BTB in late VII to early stage XII, 

moving from the basal compartment into the adluminal compartment of the seminiferous 

tubule (58, 248). The round spermatids differentiates into elongated spermatids, which  

detach from the seminiferous epithelium and are released into the lumen of the 

seminiferous tubule (304) into the epididymis where they undergo further maturation to 

form spermatozoa. 

The BTB junction is formed at sertoli cell- sertoli cell junctions. The BTB consists of 

basal ectoplasmic special junctions (a type of adherens junction), the desmosome like 

junction, tight junctions and gap junctions (184, 303). BTB restructuring during 

spermatogenesis is crucial for the development of mature spermatozoa (305). Loss of 

BTB function or disruption of BTB organization results in an inhibition of spermatocyte 

development, with development being halted at stage VIII followed by the progressive 

loss of germ cells resulting in male infertility (346). The integrity of the BTB and cell-

cell adhesion is essential for spermatogenesis and fertility (184, 185).  

It has been previously reported that loss of BTB function or disruption of BTB 

organization results in an inhibition of spermatocyte development, with spermatocyte 

development being halted at stage VIII followed by the progressive loss of germ cells 

therby making mice infertile (346). Wild type mice showed the presence of multiple 

vesicles at different stages of development in the testis. However, testis from the mice 

injected with the 14-3-3γ shRNA failed to show different developmental stages in the 

testes with most of the as most of the vesicles in the seminiferous tubules seemed to be 

stuck at stage VIII (Figure 4.3.7). Moreover sections from epididymis of mice injected 

with 14-3-3γ knockdown lentiviral constructs do not show the presence of developed 

sperm in the epididymis (Figure 4.3.8). In contrast the sections from epididymis of mice 

injected with vector control lentiviral constructs contained spermatozoa in most of the 

epididymal sacs (Figure 4.3.8). These results suggest that sterility in males upon loss of 

14-3-3γ may be due to problems with spermatocyte development due to a defect in 

transport across the BTB and a failure to migrate to the epididymis. 
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Figure 4.3.7: Staging of 14-3-3γ knockdown testes. Paraffin sections from control testes 

or 14-3-3γ knockdown testes were stained with propidium iodide (PI) to identify different 

developmental stages in testes. Note that in 14-3-3γ knockdown testes most of the vesciles 

are at stage VIII as compared to the vector control. 
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Figure 4.3.8: 14-3-3γ knockdown leads a defect in sperm migration to the epididymis. 

(A) Epididymis sections from mice injected with viruses encoding the vector control or a 

shRNA targeting 14-3-3γ were stained with hematoxylin and eosin. The sacs of the 

epididymis in the 14-3-3γ knockdown mice show no sperm while the sacs of the 

epididymis in WT mice show the presence of mature sperm. (B) A graphical 

representation of the differences in the amount of sperm in epididymis and testes of the 

WT and 14-3-3γ knockdown virus injected animals is shown. The number of vesicles 
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containing spermatozoa is on the Y-axis. An average count and standard deviation for 

three different mice is shown. Student’ T test was performed. 

Apart from the problems in development or maturation adhesion defects were also 

observed between sertoli cells and developing spermatocytes upon inhibition of 14-3-3γ 

expression in the testis (Figure 4.3.9 A and B). It was also observed that the adhesion of 

sertoli cells to the basal lamina is reduced upon loss of 14-3-3γ. To determine whether the 

intracellular junctions between sertoli cells are disrupted in 14-3-3γ knockdown mice, the 

wild type and 14-3-3γ knockdown testis was sectioned, fixed using 3% glutaraldehyde 

and 1% osmium tetraoxide and contrasted with alcoholic uranyl acetate and lead citrate 

on grids. The ultrastructure of cell-cell junctions in the testis was studied using electron 

microscopy. It was observed that the testis sections from vector control mice display 

intact cell-  cell junctions and the cells are closely packed, whereas the testis section from 

14-3-3γ knockdown mice do not have intact cellular junctions and the cells are loosely 

packed (Figure 4.3.10). These results suggest that loss of 14-3-3γ in mice testis leads to 

reduced intercellular adhesion between sertoli cells and between sertoli cells and 

spermatocytes leading to defects in development and sterility.  



126 

 

 



127 

 

Figure 4.3.9: 14-3-3γ knockdown leads to defects in testes development. (A&B) Testis 

sections from mice injected with viruses encoding the vector control or a shRNA 

targeting 14-3-3γ were stained with antibodies to 14-3-3γ. Please note that the staining 

for 14-3-3γ is specific as 14-3-3γ expression is not observed in the interstitial space. Note 

that the levels of 14-3-3γ are not altered in the epididymis of upon injection with either 

vector control virus or 14-3-3γ knockdown virus. There is a decrease in 14 -3-3γ 

expression in the testes injected with viruses encoding the 14-3-3γ shRNA. In addition, 

cell-cell adhesion is altered in the semeniferous tubules that accompany the 14-3-3γ 

knockdown.  

 

Figure 4.3.10: Ultra structure of 14-3-3γ knockdown testes. Electron micrograph of 

testes sections from mice injected with viruses encoding the vector control or a shRNA 

targeting 14-3-3γ. Note that the cell-cell adhesion is severely impaired in 14-3-3γ 

knockdown testes. The intracellular junctions are shown by white arrows. Note the intact 
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intracellular junctions in testes sections from mice injected with viruses encoding the 

vector control, in contrast testes sections from mice injected with viruses encoding the 

14-3-3γ knockdown testes shows decrease cellular adhesion.  

 

4.3.5 14-3-3γ down-regulation results in decreased cell-cell adhesion. 

To understand the molecular mechanisms underlying the loss of adhesion, we switched to 

a cell line model to study the role of 14-3-3γ in cell-cell adhesion in epithelial cells. We 

had previously generated 14-3-3γ knockdown cell lines in HCT116 cells, which are 

epithelial in origin (299). Our previous results have demonstrated that the protein levels 

of 14-3-3ε and 14-3-3σ are unaltered in these lines when compared to the vector control 

(157). The levels of different 14-3-3 isoforms in the 14-3-3γ knockdown cell line was 

confirmed by RT- PCR using specific primers for each isoform. As shown in Figure 

4.3.11 A only the levels of 14-3-3γ mRNA are reduced, while the mRNA levels of the 

other 14-3-3 isoforms remain unaltered. An RT PCR for GAPDH served as a loading 

control.  

To confirm whether 14-3-3γ regulates cell-cell adhesion, HCT116 derived 14-3-3γ 

knockdown clones were tested for their ability to adhere to one another in a hanging drop 

assay as previously described (197).  The 14-3-3γ knockdown clone forms fewer clusters 

and smaller clusters of cells as compared to the vector control cells. These results suggest 

that loss of 14-3-3γ lead to a decrease in cell-cell adhesion (Figure 4.3.11 B and Table 

4.3.1). As we have observed the cell-ECM adhesion defects in the 14-3-3γ knockdown 

testis, we tested the ability of derived 14-3-3γ knockdown clones to adhere to different 

extra cellular matrix (ECM) proteins, Fibronectin and Collagen IV. We performed the 

cell-ECM adhesion assay as described previously (7) and stained for filamentous actin 

using FITC Phallodin. We found that the HCT116 derived 14-3-3γ knockdown clones 

shows reduced adhesion to both fibronectin and collagen IV (Figure 4.3.12). This result 

suggests that loss of 14-3-3γ leads to decrease in cell-ECM adhesion. 
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Figure 4.3.11: 14-3-3γ knockdown in HCT116 cells shows reduced cell-cell adhesion. 

(A) RT PCR analysis using specific primers against different isoforms of 14-3-3 proteins 

was performed on HCT116 derived vector control and 14-3-3γ knockdown cells, GAPDH 

served as a loading control. Note that mRNA levels of14-3-3γ are reduced while mRNA 

levels for all other isoforms remain unchanged. GAPDH serves as a loading control. (B) 

2 X 104 cells of the HCT116 14-3-3γ-knockdown clone or the vector control were 

resuspended in 35μl of complete medium for 16 hr. The cells were fixed and then the size 

of aggregates measured. Representative images for each clone are shown.  

 

 

Table 4.3.1 14-3-3γ knockdown clones show a defect in cell adhesion. Cell-cell 

adhesion was measured by the hanging drop assay as described. 2 x 104 cells of the 

indicated knockdown clones were resuspended in 35μl of complete medium on the lid of a 

24 well dish. 16 hours later the cells were fixed and the number and area of aggregates 

in fifteen fields was measured. The numbers of aggregates of different sizes are shown. 
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Figure 4.3.12: 14-3-3γ knockdown in HCT116 cells shows reduced cell-ECM adhesion. 

2 X 103 cells of the HCT116 14-3-3γ-knockdown clone or the vector control were plated 

on ECM protein coated plate for 45min followed by staining using FITC Phallodin. 

Representative images for each clone are shown. 

 

4.3.6 Desmosomes 

Desmosomes are adherens like junctions present in epithelial tissues (62, 109, 110, 127, 

316) . Ultrastructurally desmosomes appear as electron dense structures comprised of the 

intercellular region and the desmosomal plaque. The intercellular region is bisected by an 

electron dense region which is made up of the extracellular domains of the cadherin super 

gene family (77). On the cytoplasmic face of the plasma membrane, the desmosomal 

plaque consists of a very dense outer dense plaque (ODP) and a less dense inner plaque 

which are separated by a region of low electron density. Desmosomes are composed of 

proteins from three gene super families namely, the cadherins, the armadillo family of 

proteins and the plakins. The extracellular domains of the cadherins (desmocollins and 

desmogleins) on adjacent cells dimerize in a calcium dependent manner in the 



131 

 

intercellular space (12, 110, 115, 181). The cytoplasmic tails of the desmosomal 

cadherins in turn interact with the armadillo (ARM) family proteins like the plakophilins 

and plakoglobin (10, 145, 317, 385). These in turn associate with the members of the 

plakin family (desmoplakin), which anchor intermediate filaments to the desmosomal 

plaque (144).  

 

4.3.7 Cell border localization of desmosomal components is significantly reduced 

upon 14-3-3γ down regulation. 

To determine the reasons for the decrease in cell-cell adhesion upon loss of 14-3-3γ, the 

vector control and 14-3-3γ knockdown cells were stained with antibodies against several 

proteins that are present in either desmosomes, adherens junctions, gap junctions and in 

polarity complexes as all of these regulate cell-cell adhesion in epithelial tissues and have 

been shown to be required for cell-cell adhesion in the testis (10, 19, 109, 115, 209). As 

shown in figure 4.3.13 A, the levels of the desmosomal plaque proteins plakoglobin (PG) 

plakophilin3 (PKP3) and plakophilin 2 (PKP2) are lower at the cell border in the 

knockdown clone as compared to the vector control. Similarly, the levels of the 

desmosomal cadherins, desmocollins 2 and 3 (Dsc 2/3) and desmoglein 2 (Dsg2) and the 

plakin family member desmoplakin (DP) are also decreased at the border in the 

knockdown clone as compared to the vector control (Figure 4.3.13 B) The cell border 

staining was quantitated as previously described (122) and the reduction in cell border 

staining for the different desmosomal components was statistically significant (Figure 

4.3.13 C). The reduced cell border intensity is not due to a decrease in the levels of these 

proteins in the knockdown clones as demonstrated by a Western blot analysis (Figure 

4.3.14). These results are in agreement with our previously published data which 

demonstrated that PG is required for desmosome formation and that a decrease in levels 

for this protein leads to PKP3 accumulating in the cytoplasm, which is accompanied by 

adepletion of other desmosomal proteins from the cell border (122). In contrast, E-

cadherin, P-cadherin, ZO-1 , Par3 and β-catenin levels at the cell border were unaltered in 

the 14-3-3γ knockdown clones (Figure 4.3.15 A and B), suggesting that loss of 14-3-3γ 

specifically affects desmosome assembly and does not affect adherens junc tion or tight 

junction formation or the formation of polarity complexes. To confirm whether the 
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defects observed in the 14-3-3γ knockdown testis is due to loss of desmosomal proteins at 

the cell border, we stained the tissue section from testes of vector control or 14-3-3γ 

knockdown mice. We found that PKP3 is not present at the border in the 14-3-3γ 

knockdown testis (Figure 4.3.16), suggesting that loss of 14-3-3γ might play a role in the 

assembly of desmosome like junctions in the testis and probably in other tissues. The 

staining of tissue sections with antibodies to the other junctional components is 

underway. 

As desmosomes anchor intermediate filaments, we stained the vector control and 

knockdown clones with antibodies to Keratin8 (K8) and Keratin18 (K18). No change in 

the expression levels and ability to form keratin filaments was observed in the 14-3-3γ 

knockdown clone as compared to vector control (Figure 4.3.17).  This result suggests that 

14-3-3γ loss does not alter expression and filament formation by K8 and K18.  

 



133 

 

Figure 4.3.13: 14-3-3γ loss leads to depletion of multiple desmosomal proteins at the 

cell border. (A) HCT116 derived vector control or 14-3-3γ knockdown clones were fixed 

and immuno stained with the indicated antibodies (DSC2/3, DSG2, and PG). Original 

magnification x 630 with 4X optical zoom. (B) HCT116 derived vector control or 14-3-3γ 

knockdown clones were fixed and immuno stained with the indicated antibodies (DP, 

PKP2, and PKP3). Original magnification x 630 with 2X optical zoom.  Note that cell 

border recruitment of PG and PKP3 is reduced and the intracellular level of PG and 

PKP3 is increased in 14-3-3γ knockdown clones as compared to vector control cells. (C) 

The mean fluorescence intensities at the cell borders were measured for 24 cells in 3 

independent experiments for each immunofluorescence analysis. p values indicated were 

obtained using a student’s t-test.  

  

 

 

Figure 4.3.14: Expression levels of adhesion proteins are not altered upon 14-3-3γ 

down-regulation. Protein extracts from the HCT116 derived vector control or 14-3-3γ 

knockdown clones were resolved on a 7.5% SDS PAGE gel and Western blots performed 

with antibodies to the indicated proteins. Please note that the levels of adhesion proteins 

are not altered upon loss of 14-3-3γ. 
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Figure 4.3.15: 14-3-3γ loss does not alter the localization of adherens junction, gap 

junction and polarity proteins at the cell border. (A) HCT116 derived vector control or 

14-3-3γ knockdown clones were fixed and immuno stained with the indicated antibodies 

(E-Cadherin, P-Cadherin, ZO-1, Par3 and β-catenin). Please note that cell border 

recruitment of any of the adherens junction proteins are not altered in 14-3-3γ 

knockdown clones as compared to vector control cells. (B)The mean fluorescence 

intensities at the cell borders were measured for 24 cells in 3 independent experiments 

for each immunofluorescence analysis. (Original magnification x 630 with 2X optical 

zoom). 
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Figure 4.3.16: Localization of PKP3 at the cell border is altered in 14-3-3γ knockdown 

testes. Testes sections from mice injected with viruses encoding the vector control or a 

shRNA targeting 14-3-3γ were stained with antibodies to PKP3. Note that the cell border 

staining of PKP3 is reduced in the testis of both 14-3-3γ knockdown mice as compared to 

vector control. 
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Figure 4.3.17: 14-3-3γ loss loss does not lead to alteration in the localization of keratin 

8 and keratin 18. HCT116 derived vector control or 14-3-3γ knockdown clones were 

fixed and immuno stained with the indicated antibodies (Keratin 8 and Keratin 18). 

Please note that localization of both Keratin 8 and Keratin 18 are not altered in 14-3-3γ 

knockdown clones as compared to vector control cells. . (Original magnification x 630 

with 2X optical zoom). 

 

4.3.8 Reintroduction of shRNA resistant 14-3-3γ in 14-3-3γ knockdown clones 

rescues the defects in the localization of desmosomal proteins. 

To ensure that the defects in the localization of the desmosomal proteins observed were 

not due to off target effects of the shRNA constructs, rescue experiments were performed 

with a shRNA resistant version of 14-3-3γ, 14-3-3γ-R. HCT116 derived 14-3-3γ 

knockdown clones were transfected with either GFP or GFP 14-3-3γ-R mutant 

constructs. These cells were then stained using antibodies to PG. As shown in fig 4.3.18, 

expression of GFP 14-3-3γ-R in the HCT116 derived 14-3-3γ knockdown clones resulted 

in a re- localization of PG to cell border, a result that was not observed in cells transfected 

with GFP alone (Figure 4.3.18). These results suggest that the defects in the localization 

of desmosomal proteins are specifically due to the loss of 14-3-3γ. 
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Figure 4.3.18: Reintroduction of shRNA resistant 14-3-3γ in 14-3-3γ knockdown 

clones rescues the defects in the localization of desmosomal proteins. (A) HCT116 

derived 14-3-3γ knockdown clones were transfected with either constructs expressing 

GFP or GFP-14-3-3γ-R mutant, cells were fixed 60 hrs post transfection and immuno 

stained with antibodies to PG. White arrows show the transfected cells and the yellow 

arrows show untransfected cells. Please note that GFP-14-3-3γ-R is able to rescue the 

localization of PG in 14-3-3γ knockdown clones. In contrast, GFP alone is not able to 

rescue the localization of PG in 14-3-3γ knockdown clones. . (Original magnification x 

630 with 2X optical zoom). 
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4.3.9 De novo desmosome formation is impaired in 14-3-3γ down regulated cells. 

To determine whether 14-3-3γ is required for incorporation of desmosomal components 

during desmosome biogenesis, a calcium switch assay was performed as previously 

described (19). The HCT116-derived 14-3-3γ knockdown clone and the vector control 

were grown in low calcium medium for 20 hrs and then shifted to medium with standard 

calcium levels. The cells were fixed for immunofluorescence experiments at 30 min and 

60 min time intervals and stained with antibodies to DSC2/3, PG, and E-cadherin. As 

previously reported by us (122), PG is present at the cell border in the absence of calcium 

and the levels at the border increase upon calcium addition. A diffused cytoplasmic 

staining was observed for DSC2/3 in cells cultured in calcium depleted conditions 

(Figure 4.3.19 A and B). These proteins gradually accumulated at the cell-cell border and 

showed typical membrane localization after 60min (Figure 4.3.19 A and B upper panels). 

However these proteins failed to localize to the cell border in the 14-3-3γ knockdown 

clone upon addition of calcium (Figure 4.3.19 (A and B)). The localization of E- cadherin 

at the cell border was not altered in the vector as well as in 14-3-3γ knockdown cells in 

the presence or absence of calcium (Figure 4.3.19 C). However, E-cadherin showed an 

increase in the cell border intensity in both vector control and 14-3-3γ knockdown clone 

when shifted from a low calcium medium to standard calcium medium, which is 

consistent with previously reported experiments from our laboratory (122). These results 

suggest that 14-3-3γ is required for the localization of the desmosomal components to the 

cell border during desmosome formation and is not required for the assembly of adherens 

junctions.  
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Figure 4.3.19: 14-3-3γ is required to initiate desmosome formation. (A) HCT116 

derived vector control and 14-3-3γ knockdown cells were incubated in low calcium 

medium for 16-18 hours. Cells were washed and fed with normal medium with optimum 

calcium concentration, fixed and immunostained at different time intervals of 0 and 60 

minutes. Immuno staining was performed with the indicated antibodies (A) PG, (B) 

DSC2/3 and (C) E-cadherin. Scale bars are indicated on the figures. Arrows indicate cell 

border localization. (Original magnification x 630 with 2X optical zoom). 

 

4.3.10 14-3-3γ interacts with plakoglobin and the kinesin 1 motor protein, KIF5B.  

To understand how 14-3-3γ regulates the localization of desmosomal proteins to the cell 

border, a GST pulldown assay was performed to identify adhesion proteins which interact 

with 14-3-3γ. Protein lysates from three confluent 100mm dishes of HCT116 cells were 

incubated with GST or GST 14-3-3γ bound to glutathione-Sepharose beads. The 

reactions were washed with NET-N and  the complexes resolved on 10% SDS-PAGE 

gels followed by Western blotting using antibodies to PG. GST-14-3-3γ formed a 

complex with PG in contrast to the negative control (Figure 4.3.20 A). Previous results 
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from our laboratory demonstrated that a motor protein required for intracellular transport, 

the kinesin 1 heavy chain protein KIF5B, formed a complex with 14-3-3γ in a proteomic 

screen (Amitabha Mukhopadhaya unpublished data). Kinesin 1 motor proteins transport 

cargos along microtubules. A kinesin motor generally consists of a kinesin motor domain, 

which is conserved among kinesin superfamily proteins (KIFs), and unique stalk and tail 

domains that are used for kinesin dimerization and/or kinesin binding to cargos, adaptors 

or scaffold proteins. The kinesin motor domain generates force by hydrolysing ATP (45).  

In some cases, adaptors and scaffolds provide a mechanistic link between kinesins and 

cargos, for the recognition of specific cargos and the regulation of cargo loading and 

unloading.  

As KIF5B potentially formed a complex with 14-3-3γ, immunoprecipatiation 

experiments were performed to confirm 14-3-3γ forms a complex with KIF5B. HCT116 

cells were transfectd with either HA tagged 14-3-3γ constructs or vector control and 

immunoprecipitations performed with antibodies against the HA epitope as described 

(353) followed by Western blotting with antibodies specific to KIF5B. 14-3-3γ was able 

to form a complex with KIF5B in these assays (Figure 4.3.20 B). These results suggest 

that 14-3-3γ can bind to KIF5B.  

 

Figure 4.3.20: 14-3-3γ interacts with PG and Kinesin 1 motor protein KIF5B. (A) 

Protein extracts prepared from HCT116 cells were incbubated with either GST or GST-

14-3-3γ on glutathione Sepharose beads. The reactions were resolved on 10% SDS 

PAGE gels followed by Western blot analysis with antibodies against plakoglobin. The 



142 

 

whole cell extract (WCE) shows one tenth input. (B) HCT116 cells were transfected with 

HA tagged 14-3-3γ or the vector (pCDNA3). Protein extracts were prepared 48 hours 

post transfection and immunoprecipitations (IP) performed with antibodies to the HA 

epitope. The total extracts (WCE) and IP’s were resolved on SDS -PAGE gels followed by 

Western blotting with antibodies to HA and KIF5B.  

 

4.3.11 PG recruitment to cell border is microtubule dependent.  

As 14-3-3γ can interact with both plakoglobin and KIF5B we hypothesized that PG is 

recruited to the cell border byKIF5B in a microtubule dependent manner and 14-3-3γ is 

required to load PG onto KIF5B. To test this hypothesis we first asked whether PG 

recruitment to cell border is microtubule dependent both in the presence or absence of 

calcium as previous results from the laboratory have demonstrated that PG is present at 

cell border in HCT116 cells both in presence or absence of calcium. To test this 

hypothesis, HCT116 cells were cultured in low calcium medium in presence or absence 

of nocodazole which induces microtubule depolymerization for 2 hours. An 

immunoflouresence analysis was performed using specific antibodies to PG and α-

tubulin. As shown in figure 4.3.21 (A and B) the cell border recruitment of PG is 

compromised in the cells treated with nocodazole and the decrease in the cell border 

recruitment of PG is statistically significant (Figure 4.3.21 B). The nocodazole used in 

the experiment was sufficient to depolymerize microtubules as can be seen by the 

absence of microtubules (Figure 4.3.21 A and C). These results suggest that PG 

recruitment to the cell border is microtubule dependent.  We also stained the HCT116 

derived vector control 14-3-3γ knockdown cells with antibodies to KIF5B and α-tubulin. 

We found that there is no difference in either the expression or localization of KIF5B or 

α-tubulin in HCT116 derived vector control and 14-3-3γ knockdown clones (Figure 

4.3.22). We found that in both vector control and 14-3-3γ knockdown clones KIF5B 

decorates the α-tubulin filaments.  
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Figure 4.3.21: Plakoglobin recruitment to the cell border is microtubule dependent. (A) 

HCT116 cells were grown in low calcium medium in presence or absence of nocodazole 

(16µM) for 2 hours. The immunoflouresence analysis was performed using specific 

antibodies to PG and α-Tubulin. Note that localization of plakoglobin is altered in the 

cells treated with Nocodazolenocodazole. α-tubulin staining shows that the microtubules 

are depolymerized upon treatment with Nocodazolenocodazole.(B) The mean 

fluorescence intensities at the cell borders for PG were measured for 24 cells in 3 

independent experiments for each immunofluorescence analysis.(C) The total 

fluorescence intensities for α-tubulin were measured for 24 cells in 3 independent 

experiments for each immunofluorescence analysis. . (Original magnification x 630 with 

2X optical zoom). 
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Figure 4.3.22: 14-3-3γ loss does not alter the localization of KIF5B to to microtubules. 

HCT116 derived vector control or 14-3-3γ knockdown clones were fixed and immuno 

stained with the indicated antibodies (KIF5B and α-tubulin). Please note in the zoom 

images that KIF5B localizes to microtubules in both cell types (Original magnification x 

630 with 2X optical zoom). 

 

4.3.12 DSC2/3 recruitment to cell border is microtubule dependent.  

Recently a report has shown that the desmosomal cadherins are recruited to the cell 

border in a microtubule dependent manner (260). The cell line used in the above 

experiment was SCC9 cells which is cells of stratified squamous epithelia (298) and is 

different from the HCT116 cells which are derived from simple epithelia (299). So we 

asked whether desmocollin 2/3 (DSC2/3) recruitment to cell border during desmosome 

biogenesis is dependent on microtubule based processes in HCT116 cells. A calcium 

switch assay was performed as previously described (19) in the presence or absence of 

nocodazole. The HCT116 cells were grown in low calcium medium for 20 hrs and then 

shifted to medium with standard calcium levels in presence or absence of nocodazole.  

The cells were fixed for immunofluorescence experiment at 30 min and 60 min time 

intervals and stained with antibodies to DSC2/3 and α-tubulin. A diffused cytoplasmic 

staining was observed for DSC2/3 in the cells cultured in low calcium medium (Figure 
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4.3.23 (A and B)). These proteins gradually accumulated at the cell-cell border at 60 min 

for HCT116 cells treated with DMSO and showed typica l membrane localization. 

However at 60 min DSC2/3 protein failed to localize to the cell border in the HCT116 

cells treated with nocodazole upon addition of calcium.  As shown in the (Figure 4.3.23 

(A and B)) the nocodazole used in the experiment was effective enough to depolymerize 

microtubules. These results suggest that both calcium dependent and calcium 

independent desmosomal proteins may be recruited to the cell border in a microtubule 

dependent manner. However the transport of calcium independent desmosomal proteins 

(plakoglobin) is followed by the recruitment of calcium dependent desmosomal proteins 

(desmocollin 2/3) to the cell border in a microtubule dependent manner.  

 

Figure 4.3.23: Desmocollin2/3 recruitment to the cell border is microtubule dependent. 

(A) HCT116 cells were grown in low calcium medium for 20 hrs and then shifted to 
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medium with standard calcium levels in presence or absence of nocodazole (16µM) for 2 

hours. The immunoflouresence analysis was performed using specific antibodies to 

DSC2/3 and α-tubulin. Please note that DSC2/3 localizes to cell border at 60 min in 

HCT116 cells treated with DMSO whereas DSC2/3 fails to localize to cell border in the 

cells treated with nocodazole. α-tubulin staining shows that the microtubules are 

depolymerized upon treatment with nocodazole. (B) The mean fluorescence intensities at 

the cell borders were measured for 24 cells in 3 independent experiments for each 

immunofluorescence analysis. . (C) The total fluorescence intensities for α-tubulin were 

measured for 24 cells in 3 independent experiments for each immunofluorescence 

analysis. . (Original magnification x 630 with 2X optical zoom). 

 

4.3.13 ATPγS treatment inhibits the DSC2/3 recruitment to cell border.  

To further ascertain the role of KIF5B in recruitment to cell border during desmosome 

biogenesis, a calcium switch assay as previously described (19) was performed in 

presence or absence of the ATP analog, ATPγS. A specific inhibitor of kinesin was not 

available so we used ATP analogs to inhibit the ATPase activity of kinesin 1 motor 

proteins. The ATPase domain in kinesin 1 motor proteins is required to hydrolyze ATP to 

support the active process of movement along microtubules (45, 152, 374). ATPγS is an 

ATP analog in which one of the gamma-phosphate oxygens is replaced by a sulfur atom; 

this molecule is hydrolyzed at a dramatically slower rate than ATP itself and functions as 

an inhibitor of ATP-dependent processes. HCT116 cells were grown in low calcium 

medium for 20 hrs and then shifted to medium with standard calcium levels in presence 

or absence of ATPγS (500µM).  The cells were fixed for immunofluorescence 

experiment at 30 time interval and stained with antibodies to DSC2/3 and α-tubulin. A 

diffused cytoplasmic staining was observed for DSC2/3 in the cells cultured in calcium 

depleted conditions (Figure 4.3.24 (A and B)). These proteins gradually accumulated at 

the cell-cell border at 60 min for HCT116 cells treated with DMSO and showed typical 

membrane localization. However at 60 min DSC2/3 protein failed to localize to the cell 

border in the HCT116 cells treated with ATPγS even upon addition of calcium.  As 

shown in Figure 4.3.24 the ATPγS used in the experiment does not affect microtubule 

organization. These results suggest that even in the presence of functional microtubules 
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the desmosomal proteins recruitment to the cell border is dependent on the ATPase 

activity of motor proteins. However, as ATPγS inhibits multiple cellular processes, these 

results need to be confirmed with specific kinesin inhibitors.  

 

Figure 4.3.24: ATPγS treatment inhibits the DSC2/3 recruitment to cell border. (A) 

HCT116 cells were grown in low calcium medium for 20 hrs and then shifted to medium 

with standard calcium levels in presence or absence of ATP analog ATPγS (500µM) for 2 

hours. The immunoflouresence analysis was performed using specific antibodies to 

DSC2/3 and α-Tubulin. Please note that DSC2/3 localizes to cell border at 60 min in 

HCT116 cells treated with DMSO whereas DSC2/3 fails to localize to cell border in the 

cells treated with ATPγS. No difference in α-tubulin staining was observed upon 

treatment with ATPγS. (B) The mean fluorescence intensities at the cell borders were 

measured for 24 cells in 3 independent experiments for each immunofluorescence 
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analysis. (C) The mean fluorescence intensities of the cell were measured for 24 cells in 3 

independent experiments for each immunofluorescence analysis. (Original magnification 

x 630 with 2X optical zoom). 

 

4.3.14 Generation of HCT116 derived KIF5B knockdown cell lines. 

The experiments done so far suggested that the recruitment of PG to cell border is  

microtubule dependent. We next wanted to understand whether KIF5B is required for the 

recruitment of PG and other desmosomal proteins to the cell border. To test the 

hypothesis that PG recruitment to the cell surface thus initiating desmosome formation is  

dependent on Kinesin 1 motor protein (KIF5B), the expression of KIF5B was inhibited in 

HCT116 cells using vector driven RNA interference. HCT116 cells were transfected with 

the KIF5B knockdown construct or the vector control and stable clones were generated 

after selection in puromycin. As compared to the control pLKO.1 vector we identified 

five stably selected clones with a down regulation of KIF5B (Figure 4.3.25 (A)) as 

determined by Western blotting using specific antibodies to KIF5B. A Western blot for  

actin served as a loading control. It is reported previously that when the Kif5b gene was 

disrupted in mice, perinuclear accumulation of mitochondria is observed, suggesting that 

the KIF5 motors are essential for mitochondrial transport (350). To confirm whether 

these mitochondrial defects are replicated in our HCT116 derived KIF5B knockdown 

clones, we incubated the vector control cells and two KIF5B knockdown clones K1.3 and 

K1.5 with Mitotracker488 (500nM), which localizes to mitochondria, for 45 minutes 

followed by confocal imaging in live cells. As shown in the figure 4.3.25 (B), both 

HCT116 derived KIF5B knockdown clones K1.3 and K1.5 show a perinuclear 

accumulation of mitochondria, In contrast, the mitochondria in vector control cells are 

present all through the cell. This result suggests that the KIF5B knockdown clones 

generated by us functionally affects the transport of mitochondria.  
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Figure 4.3.25: Generation of stable KIF5B knockdown clones in HCT116 cells. (A) 50 

μg protein lysate from vector control and clones that were stably transfected with the 

KIF5B knockdown construct were resolved on a 10% SDSPAGE gel and Western blots 

were performed with antibodies to KIF5B. Western blots for actin served as a loading 

control. (B) The HCT116 derived vector control cells and two KIF5B knockdown clones 

K1.3 and K1.5 were stained using Mitotracker488 (500nM) for 45 minutes followed by 

confocal imaging in live cells. Please note that HCT116 derived KIF5B knockdown 

clones K1.3 and K1.5 shows the perinuclear accumulation of mitochondria, In contrast 

mitochondria in vector control cells is present all across the cell. (Original magnification 

x 630 with 2X optical zoom). 

We also stained the HCT116 derived vector control KIF5B knockdown clones using 

antibodies to KIF5B and α-tubulin. We found that there is reduction in the expression of 

KIF5B in HCT116 derived KIF5B knockdown clones as compared to vector control 

cells, however the expression levels of α-tubulin did not change in either vector control or 

KIF5B knockdown cells (Figure 4.3.26 (A and B)). These results suggest that loss of 

KIF5Bdo not alter either the expression or organization of microtubules.  
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Figure 4.3.26: Loss of KIF5B does not alter microtubule organiozation. The HCT116 

derived vector control cells and two KIF5B knockdown clones K1.3 and K1.5 were fixed 

and stained using specific antibodies to KIF5B and α-Tubulin. Please note that HCT116 

derived KIF5B knockdown clones K1.3 and K1.5 shows the reduction in the levels of 
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KIF5B, however its reduction does not alter the organization of microtubules as 

determined by α-tubulin staining in the same cells. (B) The mean fluorescence intensities 

at the cell borders or the whole cell were measured for 24 cells in 3 independent 

experiments for each immunofluorescence analysis. (Original magnification x 630 with 

4X optical zoom). 

 

4.3.15 Recruitment of desmosomal proteins PG and DSC2/3 to cell border is 

impaired upon loss of KIF5B. 

To test the hypothesis that PG recruitment to the cell surface thus initiating desmosome 

formation is dependent on KIF5B, an immunofluorescence experiment was performed 

using antibodies to PG, and KIF5B or DSC2/3 and KIF5B followed by confocal 

microscopy. PG and DSC2/3 localized to the cell border in the vector control cells but not 

in the KIF5B knockdown clones (K1.3 and K1.5) (Figure 4.3.27 (A and B) and Figure 

4.3.28 (A and B)). The levels of KIF5B were significantly reduced in the KIF5B 

knockdown clones (K1.3 and K1.5) as compared to the vector controls) (Figure 4.3.27 (A 

and B) and Figure 4.3.28 (A and B)). These results suggest that KIF5B is required to 

recruit PG to cell border to initiate desmosome assembly. Similar experiments are being 

performed in mouse testis to determine whether KIF5B is required for cell-cell adhesion 

in the testis. 
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Figure 4.3.27: KIF5B loss leads to depletion of PG at the cell border. (A) HCT116 

derived vector control or KIF5B knockdown clones (K1.3 and K1.5) were fixed and 

immuno stained with the antibody to PG). Note that cell border recruitment of PG is 

reduced and the intracellular level of PG is increased in KIF5B knockdown clones as 
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compared to vector control cells. (B)The mean fluorescence intensities at the cell borders 

were measured for 24 cells in 3 independent experiments for each immunofluorescence 

analysis. p values indicated were obtained using a student’s t-test. (Original 

magnification x 630 with 2X optical zoom). 
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Figure 4.3.28: KIF5B loss leads to depletion of DSC2/3 at the cell border. (A) HCT116 

derived vector control or KIF5B knockdown clones (K1.3 and K1.5) were fixed and 

immuno stained with the antibody to DSC2/3.. Note that cell border recruitment of 

DSC2/3 is reduced and the intracellular level of DSC2/3 is increased in KIF5B 

knockdown clones as compared to vector control cells. (B)The mean fluorescence 

intensities at the cell borders were measured for 24 cells in 3 independent experiments 

for each immunofluorescence analysis. p values indicated were obtained using a 

student’s t-test. (Original magnification x 630 with 2X optical zoom). 

 

4.3.16 Conclusion 

We found that the mice injected with lentiviruses expressing shRNAs targeting 14-3-3γ 

were unable to sire pups when mated with wild type female mice. A further analysis of 

the testes phenotype showed severe cell-cell adhesion defects, defects in spermatogenesis 

and male sterility. It has been previously reported that the different isoforms of 14-3-3 

proteins are expressed in testis (348). As germ cells differentiate from spermatogonia into 

elongated spermatids, they move across seminiferous epithelium to reach the luminal 

compartment by reorganizing the blood testis barrier (BTB) (184, 210, 348).  At the same 

time, these germ cells must also maintain stable attachment with Sertoli cells via 

desmosome and actin based cell junctions to prevent depletion of immature germ cells 

from the seminiferous epithelium, which may result in infertility. Moreover loss of 

desmosomal proteins (Dsg2 Dsc2/3) in sertoli cells has also disrupted BTB dynamics and 

function (210).  The localization of various desmosomal proteins (DSC2/3, DSG2, DP. 

PG and PKP3) was altered upon loss of 14-3-3γ in HCT116 cells. This loss was reversed 

by using 14-3-3γshRNA resistant cDNA, suggesting that the alteration in localization of 

desmosomal proteins were caused by the reduced levels of 14-3-3γ. We have determined 

that 14-3-3γ interacts with PG and KIF5B in vitro and in vivo. We hypothesize that 14-3-

3γ is an adaptor molecule that act as scaffold between PG and KIF5B for the recruitment 

of PG to cell border in microtubule dependent manner.  Loss of KIF5B in HCT116 cells 

fails to recruit the desmosomal proteins to cell border. These observations suggest that the 

severe cell-cell adhesion defects in testes may be due to altered localization of 

desmosomal protein upon 14-3-3γ loss.  
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4.4 Generation of 14-3-3ε knockdown mice. 

4.4.1 Testing the efficiency of cDNA and shRNA constructs.  

A cDNA for the mouse 14-3-3ε gene product was cloned in pCDNA3.0 (Invitrogen) 

downstream of the HA epitope as described in Materials and Methods. The ability of the 

construct to express mouse 14-3-3ε was determined by transfection of different amounts 

of the HA-tagged mouse 14-3-3ε construct into HCT116 cells. Western blotting with 

antibodies to the HA epitope demonstrated that maximal expression of HA-14-3-3ε was 

obtained when 1µg of the construct was transfected into HCT116 cells (Figure 4.4.1 A). 

Cells transfected with an HA-tagged human 14-3-3γ and with pCDNA 3.0 served as 

positive and negative controls respectively.  

Three different shRNA constructs against 14-3-3ε were designed as described in 

Materials and Methods. The ability of these constructs to inhibit the expression of 

exogenously expressed 14-3-3ε was determined by co-transfection of the pLKO.1 based 

shRNA constructs and HA-tagged mouse 14-3-3ε in HCT116 cells. Protein levels of HA-

mouse 14-3-3ε were determined by Western blotting with antibodies to the HA epitope. 

The construct pLKO.1 E1 could inhibit the expression of HA-14-3-3ε, but the constructs 

pLKO.1 E2 and E3 could not inhibit expression of HA-14-3-3ε (Figure 4.4.1 B). No 

inhibition of HA-14-3-3ε expression was observed in cells transfected with the vector 

control (Figure 4.4.1 B). Western blots for actin were performed to serve as loading 

controls. 
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Figure 4.4.1: Testing the efficiency of cDNA and shRNA constructs. (A) 0.5 – 5µg of a 

construct expressing mouse HA-14-3-3ε were transfected in HCT116 cells. The cells were 

harvested 48 hrs post transfection,protein extracts resolved on 10% SDS page gels and  

Western blots performed with antibodies to the HA epitope or β -actin. Cells transfected 

with an HA-tagged human 14-3-3γ and with pCDNA 3.0 served as positive and negative 

controls respectively. (B) 0.5, 1 or 1.5µg of the vector control (pLKO.1puro) or shRNA 

constructs targeting mouse 14-3-3ε were co-transfected with an HA-epitope tagged 

mouse 14-3-3ε construct into HCT116 cells The cells were lysed 60 hrs post transfection 

to prepare protein extracts, which were resolved on a 10% SDS page gels and Western 

blots performed with antibodies against HA (12CA5) and β-actin.  

 

4.4.2 Generation of 14-3-3ε knockdown mice 

To generate knockdown mice for 14-3-3ε, lentiviral particles containing both an 

expression cassette for EGFP-f and an shRNA cassette that targets 14-3-3ε were injected 
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into the interstitial spaces of the developing testes to infect spermatogonial stem cells. 

The 14-3-3ε fore-founder mouse (indicated by the hatched box and arrow) was mated 

with normal female mice of the same strain (Figure 4.4.2 A & C).  The pups obtained 

were then screened for the presence of EGFP-f by performing polymerase chain reactions 

(PCR) with EGFP-f specific primers on genomic DNA. A PCR reaction for the mouse 

patch (Ptc) gene was performed as a loading control. Eleven out of eighteen animals 

showed the presence of the EGFP-f transgene. mRNA from these eleven mice was 

analyzed by reverse transcriptase coupled PCR (RT-PCR) to identify animals that had 

decreased levels of 14-3-3ε (Figure 4.4.2 B & D). The levels of knockdown were 

established by comparing the levels of 14-3-3ε mRNA to that of the housekeeping gene 

GAPDH. In all we found seven animals (mice numbered 102, 103,107,149,150,153 & 

154) that showed a decreased level of 14-3-3ε out of eleven. Mice with knockdown of 

14-3-3ε died within 6 months of birth, unlike their normal litter mates. Mice numbered 

102 & 149 died at night and further analysis was not possible since tissue decomposition 

had begun.  

 

Figure 4.4.2: Generation of 14-3-3ε knockdown mice. (A & C) Genomic DNA was 

purified from tail snips of the indicated mice and used as a template for the amplification 

of EGFP-f or the mouse patch gene, which served as a loading control to identify 

transgene positive (black boxes and circles) or negative (open boxes and circles). The 
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pattern of inheritance is shown in the pedigree. . (B & D) To identify animals with a 

knockdown of 14-3-3ε and RT PCR analysis was performed using primers to amplify 

either 14-3-3ε or GAPDH, which served as a loading control. The profounder mice (234) 

and the founder mice are labeled as indicated in the figure.  

 

4.4.3 Analysis of cortical development in the brains of 14-3-3ε knockdown mice. 

It has been reported previously that mice that are heterozygous or homozygous null for 

14-3-3ε have defects in brain development and neuronal migration. Most of the 

homozygous null mice die just after birth and the heterozygouse mice have a thinner 

cortex than wild type mice. These results suggested that even a haploinsufficiency of 14-

3-3ε leads to defects in brain development due to slower neuronal migration of 

hippocampal and cortical neurons (363). To determine if this phenotype is duplicated in 

the 14-3-3ε knockdown mice, brain sections from wild type or knockdown mice were 

stained with antibodies to 14-3-3ε to study organization of the cerebral cortex (Figure 

4.4.3 A). As determined by immuno-histochemical analysis using specific antibodies to 

14-3-3ε, there is a decrease in staining for 14-3-3ε in brain sections derived from mouse 

number 103 as opposed to sections derived from wild type mice (Figure 4.4.3 A). 

However as these were coronal sections it was difficult to study cortical organization, 

therefore the whole brain from three mice numbered 152,153 and 154 and three wild type 

litter mates were fixed in paraformaldehyde and sagittal sections generated by Achira 

Roy in Dr Tole’s lab at TIFR. An in-situ hybridization using cux2, which marks cortical 

layers II-IV, showed a decrease in the staining of cux2 in mice number 153 and 154 but 

not 152 as compared to the wild type littermates (Figure 4.4.3 B). Mouse 152 had higher 

levels of 14-3-3ε as compared to 153 and 154 (Figure 4.4.2 D). We tried to perform an 

immunohistochemical analysis for 14-3-3ε, in sections from these mice; however, we 

were unable to stain these sections with antibodies to 14-3-3ε. Further, no significant 

defects in cortical organization were observed in these mice. This might be due to the fact 

that the level of 14-3-3ε in these mice is less than that observed for mouse number 103. 

Therefore, these results should be repeated with larger numbers of mice with a consistent 

knockdown of 14-3-3ε to convincingly demonstrate that the knockdown mice show 

defects in the development of the cerebral cortex.  
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Figure 4.4.3: 14-3-3ε knockdown in brain A. Brain sections from WT or 14-3-3ε 

knockdown mouse number 103 were stained with either no primary antibody (negative 

control) or antibodies against 14-3-3ε. Note that the staining observed in the WT mouse 

is much more intense than that observed in the knockdown mouse. B. In situ hybridization 

on brain sections from WT or 14-3-3ε knockdown mice (mice number 152,153 & 154) 

using a cux2 probe. Note that the staining observed in the WT mice and mouse number 

152 is much more intense than that observed in knockdown mice numbered 153 & 154. 
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 4.4.4 14-3-3ε knockdown mice show patchy hair loss and have defects in 

organization of the epidermis.  

The 14-3-3ε knockdown mice show patchy hair loss (Figure 4.4.4). Hair loss was greater 

on the ventral region as compared to the dorsal region (Figure 4.4.4). To determine 

whether the organization of the epidermis is disturbed in the 14-3-3ε knockdown mice, 

skin sections from WT or mutant mice were stained with hematoxylin and eosin. Wild 

type mice showed intact epidermal morphology with a distinct layered epidermis and 

normal hair follicle development (Figure 4.4.5 A and B). In contrast, skin sections from 

14-3-3ε knockdown mice showed a decrease in the thickness of the epidermis, as 

compared to wild type littermates (Figure 4.4.5 B). In addition, while hair follicles 

developed normally in the WT mice, they did not develop in the 14-3-3ε knockdown 

mice as indicated by the arrows. Even in areas where the 14-3-3ε knockdown mice 

showed the presence of hair, the hair bud and the bulge were not completely formed and 

no bulge stem cells were observed in the hair follicle  and no new hair growth from the 

follicle was observed suggesting that there is a defect with either the growth of stem cells 

or a defect in the stem cell niche in these mice (Figure 4.4.5 B). In areas lacking hair, the 

follicles were completely undeveloped and no invagination of the surrounding epidermis 

into the dermal layer was observed unlike the typical morphology observed in wild type 

litter mates (Figure 4.4.5 A and B). Further, using markers for the different layers of skin 

(keratin 14 for basal layer, keratin 1 for spinous layer and involucrin for granulous layer) 

immunohistochemical analysis on skin from wild type and 14-3-3ε knockdown mice was 

performed. Only keratin 14, a marker for the basal layer, was expressed in skin sections 

from 14-3-3ε knockdown mice (Figure 4.4.6 A). The difference in the stratification of 

skin from wild type mice and 14-3-3ε knockdown mice is depicted schematically (Figure 

4.4.6 B). Immunohistochemistry analysis for 14-3-3ε in the skin is currently being 

performed. These results suggest that 14-3-3ε is required for skin stratification and in 14-

3-3ε knockdown mice skin is not able to differentiate to form the upper stratified layers 

of the epidermis. 
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Figure 4.4.4: Patchy hair loss in 14-3-3ε knockdown mice. A. Dorsal and ventral side of 

the 14-3-3ε knockdown mice and wild type littermates are indicated. Note the patchy hair 

loss marked by arrows is observed in the 14-3-3ε knockdown mice.  
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Figure 4.4.5: Epidermal loss in 14-3-3ε knockdown mice. A & B. Skin sections from WT 

or 14-3-3ε knockdown mice (mouse number 153) were stained with hematoxylin and 

eosin and observed by light microscopy. The mutant mice showed defects in the formation 

of the epidermis with a decrease in the number of stratified layers and defective hair  
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follicle formation marked by black arrows. CL; Corneous layer, SL; Spinous layer, BL; 

Basal layer, HF; Hair follicle, HB; Hair bud, IRS; Intracellular root sheath, SB; 

Sebaceous gland.  
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Figure 4.4.6: Stratification of skin is impaired in 14-3-3ε knockdown mice. A. Skin 

sections from wild type and 14-3-3 ε knockdown mice were stained using specific 

antibodies for different stratified layers (keratin 14, keratin1 and involucrin). The skin 

from the knockdown mice only shows the presence of basal layer marker keratin 14. B. 

Schematic representation of difference in stratification of skin from wild type and 14-3-3ε 

knockdown mice. 

 

4.4.5 14-3-3ε knockdown mice show defects in T-cell development. 

The 14-3-3ε knockdown mice died or were sacrificed because they were very sick about 

6 months post birth. To determine the cause of death in the knockdown mice, the mice 

were dissected and the internal organs examined. All the mice had significantly enlarged 

spleens average length of 4.5 cm as compared to 2 cm in the wild type mice (Figure 4.4.7 

A). In addition, all the mice with enlarged spleens showed the presence of infiltrating 

cells, with morphology typical of lymphocytes, in the lungs, liver and kidneys, which is 

indicative of a lymphoproliferative disorder (Figure 4.4.8).  Two of the knockdown mice 

with enlarged spleens also had enlarged lymph nodes (Figure 4.4.7 B) and one mouse 

showed a solid tumor in the intestinal tract (Figure 4.4.7 C). These results indicated that 

loss of 14-3-3ε may lead to uncontrolled cell growth in various tissues.  
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Figure 4.4.7: Phenotypes in 14-3-3ε knockdown mice. (A). The size of the spleens from 

14-3-3ε knockdown mice were compared to those from the wild type litter mates. Note 

that the spleens from the knockdown mice are greatly enlarged as compared to spleens 

from the wild type litter mate controls.  (B). Two 14-3-3ε knockdown mice showed the 

presence of enlarged lymph nodes as compared to the lymph nodes from either wild type 

mice or other knockdown mice. (C). A solid tumor was observed in the intestine of 14-3-3 

ε knockdown mouse number 103 while no such growth was observed in any of the wild 

type litter mates. 

To confirm that the enlarged spleens and the presence of the infiltrating cells in other 

tissues were due to a deregulation of lymphocyte growth and differentiation, the spleens 

of WT or 14-3-3ε knockdown mice were stained with antibodies to CD3 (T cell marker) 

and CD45 (activated lymphocyte marker) . As shown in (Figure 4.4.9 A), spleen sections 

derived from the 14-3-3ε knockdown mice showed an increased presence of CD3 and 

CD45 positive lymphocytes as compared to WT mice, a phenotype consistent with the 
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development of T-cell leukemia or lymphoproliferative disorders (8, 9). Interestingly, 

multiple reports have suggested that 14-3-3ε levels are reduced in adult T-cell leukemias 

(8, 9), a result that is consistent with the development of the disease in the 14-3-3ε 

knockdown animals. In addition, we demonstrated that there is an increase in the number 

of CD3 positive cells in the lungs of the knockdown mice as compared to the vector 

controls (Figure 4.4.9 B). These results suggest that a decrease in 14-3-3ε levels could 

lead to the increased proliferation of immature T-cells. 

 

Figure 4.4.8: 14-3-3ε knockdown mice show lymphocyte infiltration in various organs. 

Lung, Liver & kidney sections from WT or 14-3-3ε knockdown mice (mice number 103 & 

107) were stained with hematoxylin and eosin and observed by light microscopy. The 

lungs of the knockdown mice show a high number of cells of lymphoid origin in the 

alveolar spaces as compared to WT lungs (indicated by white arrows). The liver & 

kidney of the knockdown mice show a high number of cells of lymphoid origin as 
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compared to WT lungs (indicated by white arrows).  Infiltrating lymphoid cells are 

indicated by arrows.  

 

 

 

Figure 4.4.9: 14-3-3ε knockdown mice spleen and lungs shows CD3 positive cells. (A). 

Spleen sections from WT or 14-3-3ε knockdown mice (mice number 103) were stained 

with antibodies to CD3 or CD45. Note that the number of CD3 or CD45 positive cells is 

greatly increased in the mutant mice as compared to the WT. (B). Lung sections from WT 
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or 14-3-3ε knockdown mice (mice number 103) were stained with antibodies to CD3. No 

CD3 positive cells were observed in lung sections from WT mice but the infiltrating cells 

in the 14-3-3ε knockdown mice were positive for CD3. 

T-cell precursors arrive at the thymus from the bone marrow via the bloodstream and 

undergo development to form mature T cells, which are exported to the periphery where 

they can undergo antigen- induced activation and differentiation into effector cells and 

memory cells (190). Each stage of development is characterized by stage-specific 

intracellular events and the display of distinctive cell-surface markers (190). T cell 

precursors in the thymus express the cell surface receptor CD3, during TCR-gene 

rearrangement and are designated as CD3 double negative (DN) cells. Upon completion 

of the TCR-gene rearrangement the T cell precursor exhibits the cell surface receptor 

CD4 and CD8 in addition to CD3; these are CD3 double positive (DP) cells. The CD3+ 

DN thymocytes that do not mature, die by apoptosis within the thymus either because 

they fail to make a productive TCR-gene rearrangement or because they fail to survive 

thymic selection (190). Double-positive thymocytes further develop into immature 

single-positive CD4 thymocytes or single positive CD8 thymocytes (190). These single-

positive cells undergo additional negative selection and migrate from the cortex to the 

medulla, where they pass from the thymus into peripheral organs such as the spleen and 

lymph nodes (190). To identify the cell type showing aberrant expansion in the 14-3-3ε 

knockdown animals, lymphocyte cultures derived from the spleen were generated as 

described in Materials and Methods. The isolated splenocytes from 14-3-3ε knockdown 

mice showed a reduction in the level of 14-3-3ε compared to wild type mice as 

determined by Western blotting (Figure 4.4.10). Western blots for β-actin were 

performed as a loading control. Immunophenotyping using antibodies that recognized the 

T cell markers CD3, CD4 and CD8 and the B cell marker, B220 demonstrated that the 

14-3-3ε knockdown mice showed an increase in CD3 and CD4 positive cells and a 

modest increase in the CD8 positive cells as compared to cells derived from the WT 

spleen (Figure 4.4.11 A,B, & C). In contrast, there was a decrease in B220 positive cells 

in the 14-3-3ε knockdown animals as compared to the WT animals (Figure 4.4.11 D). 

Further, an analysis of subsets of T cells showed that the CD3+ CD4- CD8- DN 

population was increased in the cultures derived from 14-3-3ε knockdown mice as 
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compared to wild type (Figure 4.4.11 E). These results suggest that upon loss of 14-3-3ε, 

the CD3+DN immature cells are observed in peripheral tissues due to defects in T cell 

development. However, these results need to be confirmed in stable lines with a 

consistent knockdown of 14-3-3ε.  

 

Figure 4.4.10: 14-3-3ε levels are reduced in splenocytes from 14-3-3ε knockdown mice. 

50µg protein lysates from splenocytes purified from wild type (WT) or 14-3-3ε 

knockdown mice (numbers 150 and 153) were resolved on SDS PAGE gels followed by 

Western blot analysis with antibodies to 14-3-3ε. Western blots for actin served as 

loading controls. 
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Figure 4.4.11: 14-3-3ε knockdown mice have aberrent T cell population. (A, B, C, D, & 

E). Spleenocytes from wild type (WT) or 14-3-3ε knockdown mice (150 and 153) were 

immunophenotyped with antibodies to CD3 (A), CD4 (B), CD8 (C) and B220 (D). CD3 
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and CD4 positive lyumphocyte numbers are increased in 14-3-3ε knockdown mice as 

compared to wild type mice. B220 population is decreased in 14-3-3 ε knockdown mice 

as compared to wild type mice. There is no change in the numbers of CD8 positive 

lymphocytes. Moreover the number of lymphocytes that are CD+CD4-CD8- are 

increased in 14-3-3 ε knockdown mice as compared to wild type mice (E).  

It has been reported previously that one of the proteins that is required for T-cell 

maturation is SLP76 (41, 63). SLP76 is an adaptor protein that positively regulates T cell 

receptor (TCR) signaling. Upon T cell activation, SLP-76 further phosphorylates 

phospolipaseCγ at Tyrosine 783 (79). It has been previously reported that SLP76 binds to 

14-3-3 proteins and that this is dependent on phosphorylation of SLP76 at a Serine 

residue at position 376 by HPK1 (79). 14-3-3 association is required to inhibit SLP76 

signaling, thus resulting in the formation of a negative feedback loop (79). To determine 

whether 14-3-3ε could form a complex with SLP76, flag epitope tagged SLP76 and HA-

tagged 14-3-3ε were transfected into HEK293 cells in the presence or absence of HPK1. 

48 hours post transfection protein extracts were prepared and immunoprecipitations 

performed with antibodies to the Flag-epitope tag followed by Western blotting with 

antibodies to Flag and 14-3-3ε. As shown in (Figure 4.4.12 A), SLP76 formed a complex 

with 14-3-3ε only upon expression of HPK1. We hypothesize that 14-3-3ε negatively 

regulates T cell activation by binding to and inhibiting SLP-76 function. It is reported 

earlier that phospholipaseCγ is phosphorylated on Y783 upon T cell activation (79), so 

we determined if the isolated splenocytes from 14-3-3ε knockdown mice shows increase 

in the level of phosphorylated -phospolipaseCγ.  Splenocytes from 14-3-3ε knockdown 

mice show an increase in the level of p-PhospolipaseCγ compared to splenocytes from 

wild type mice as determined by Western blotting upon activation with Concavalin A 

(Figure 4.4.12 B), thereby suggesting that the loss of 14-3-3ε leads to permanent T cell 

activation. These results need to be confirmed by performing blots for total 

PhospholipaseCγ to confirm that the difference in the levels of the activated form are not 

due to an increase in enzyme levels. These results suggest that one possible mechanism 

by which T cell development might be altered in the 14-3-3ε knockdown animals may be 

through the aberrant activation of SLP76.  
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Figure 4.4.12: 14-3-3ε regulates T cell activation. (A) 14-3-3ε forms a complex with 

SLP76 in the presence of HPK1. HEK293 cells were transfected with the indicated 

constructs. Protein extracts were prepared 48 hours post transfection and 

immunoprecipitations (IP) performed with antibodies to the FLAG epitope. The total 

extracts (WCE) and IP’s were resolved on SDS-PAGE gels followed by Western blotting 

with antibodies to Flag and 14-3-3ε. (B) Spleenocytes from wild type and 14-3-3 ε 

knockdown mice is activated using Concavlin A and immunoblotted for the p-PLC-γ 

(Y783) and β actin. Note that the p-PLC-γ levels are increased in 14-3-3 ε knockdown 

mice as compared to wild type mice. 

To determine whether cells of the lymphoid lineage present in spleen observed in the 14-

3-3ε knockdown mice are due to malignant transformation induced by 14-3-3ε loss, we 

injected the splenocytes from WT and 14-3-3ε knockdown mice into SCID mice. None of 

the mice injected with splenocytes either from WT mice or 14-3-3ε knockdown mice 

developed tumors. It is possible that the defects in lymphoid behaviour that are observed 

in the 14-3-3ε knockdown mice are due to systemic defects caused by the knockdown of 

14-3-3ε in hematopoietic system. To determine whether the defect is specific to the 

hematopoietic system, bone marrow cells from 14-3-3ε knockdown mice was injected in 

tail vein of SCID mice. The mice were then monitored and sacrificed after 180 days. The 

mice injected with bone marrows cells from 14-3-3ε knockdown mice do not show 

increase in the size of spleen (Figure 4.4.13). This result suggests that bone marrows cells 

from 14-3-3ε knockdown mice are not capable of inducing splenomegaly in SCID mice.  



173 

 

 

Figure 4.4.13: Bone marrow cells from 14-3-3ε knockdown mice are not capable of 

inducing splenomegaly in SCID mice. The size of the spleens from SCID mice injected 

with either bone marrow cells from 14-3-3ε knockdown mice or wild type littermate. Note 

that there is no difference in size of spleens from the SCID mice injected with bone 

marrow cells from 14-3-3ε knockdown mice as compared to wild type litter mate 

controls. 

To determine whether the enlarged lymph nodes present in some of the 14-3-3ε 

knockdown mice, were due to the development of a tumor, a piece of the lymph node was 

subcutaneously implanted on the back of a SCID mouse. As shown in (Figure 4.4.14 A & 

B), the lymph node transplant developed large tumors and the tumor was transplantable 

for three successive transplantations (Figure 4.4.14 C). Further, after the third 

transplantation, a tumor bearing mouse was injected with radiolabeled FDG as described 

in Materials and Methods and was followed by imaging on a Positron Emission 

Tomography (PET) machine. As shown in (Figure 4.4.14 D), the tumor is vascularized 

and able to take up the labeled FDG, thereby suggesting that enlarged lymph node from 

14-3-3ε knockdown mice can form tumors. These experiments need to be repeated on 

lymph nodes isolated from multiple mice before we can draw conclusions about whether 

loss of 14-3-3ε leads to tumor progression.  
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Figure 4.4.14: Lymph node inflammation in the knockdown mice is due to tumor 

formation. (A). Lymph nodes from the knockdown mice (mice number 153) were 

implanted subcutaneously in SCID mice and subsequently gave rise to tumors (B). (C & 

D). In vivo imaging of tumor formation in SCID mice using PET.  

The observation that some of the 14-3-3ε mice showed lymph node tumors led to the 

hypothesis that loss of 14-3-3ε could result in neoplastic transformation. To determine 

whether loss of 14-3-3ε leads to an increase in neoplastic transformation, NIH3T3 cells 

transfected with the 14-3-3ε knockdown construct or the vector control and stable clones 

generated after selection in puromycin. As compared to the control pLKO.1 vector we 

identified five stably selected clones with a down regulation of 14-3-3ε (Figure 4.4.15). 

The blots were stripped and re-probed with the antibody against 14-3-3γ to determine that 

the expression of the other 14-3-3 family members was not affected in these cells. The 

levels of endogenous 14-3-3γ did not change suggesting that the shRNA against 14-3-3ε 

does not target other 14-3-3 family members. A Western blot for β-actin served as a 

loading control. 
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Figure 4.4.15: Generation of stable 14-3-3ε knockdown clones in NIH-3T3 cells. 50 μg 

protein lysate from control and clones that were stably transfected with the 14-3-3ε 

knockdown construct were resolved on a 10% SDSPAGE gel and Western blots were 

performed with antibodies to 14-3-3ε and 14-3-3γ. Western blots for actin served as a 

loading control.  

To determine whether 14-3-3ε can function as a tumor suppressor, stable cell clones 

lacking 14-3-3ε generated in NIH3T3 cells were tested for their ability to form colonies 

in soft agar as compared to the vector control. As shown in (Figure 4.4.16 A & B), the 

14-3-3ε knockdown clone E17, formed larger and more colonies in soft agar as compared 

to the vector control, P3. Further, cells lacking 14-3-3ε showed increased migratory 

ability in a scratch wound healing assay (Figure 4.4.16 C & D). To further determine 

whether loss of 14-3-3ε could lead to neoplastic transformation, the vector control and 

knockdown cells were injected into SCID mice and the mice monitored for tumor 

formation. As shown in (Figure 4.4.16 E & F), mice injected with the knockdown clones 

showed the presence of larger tumors as compared to the vector control. These results 

suggest that loss of 14-3-3ε leads to neoplastic progression. These results suggest that 

loss of 14-3-3ε may lead to neoplastic transformation.  
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Figure 4.4.16: NIH3T3 cells lacking 14-3-3ε leads to acquisition of neoplastic 

transformation. (A & B). The NIH 3T3 14-3-3ε knockdown clone E17 or the vector 

control P3 were plated in soft agar and colony formation determined after 2-3 weeks. 

The number of colonies formed by the clones per 20 fields (10X) was counted in triplicate 

in each experiment and plotted as bar graph. (C & D). Scratch wound healing assays 

were performed on the vector controls and E17. As shown, the distance migrated by the 

knockdown clones was greater than the vector control. A graphical representation of the 

data is shown. Significance was determined by the student’s t-test. (E & F). 106 cells of 

each clone were injected into the flanks of six SCID mice and the mice were observed for 

a period of six weeks. The mean tumor volume is plotted in graph. Significance was 

determined by the student’s t-test.  

 

4.4.6 Generation of inducible 14-3-3ε knockdown and over-expressor mice. 

The 14-3-3ε knockdown mice show multiple phenotypes that were not observed in the 

knockout mice (363), presumably because the 14-3-3ε knockout mice die just after birth. 

To determine whether the phenotypes observed are due to loss of 14-3-3ε, a rescue 

experiment needs to be performed to ensure that the defects observed in 14-3-3ε 

knockdown mice were not due to off target effects of the shRNA constructs, a rescue 

experiment with a 14-3-3ε cDNA needs to be performed. The shRNA resistant version of 

mouse 14-3-3ε, 14-3-3ε-R, was cloned in pTRIPZ (Open Biosystems) downstream of the 

HA epitope as described in Materials and Methods.  Co-expression of wild type HA-14-

3-3ε or the HA-14-3-3ε-R mutant with pLKO.1 E1 construct followed by a Western blot 

with the anti-HA antibody revealed that although wild type HA- 14-3-3ε expression was 

inhibited by the shRNA construct, HA-14-3-3ε-R mutant was resistant to shRNA 

mediated down regulation (Figure 4.4.17).  

To perform the rescue experiment, we wished to generate mice in which expression of 

both an shRNA for 14-3-3ε and an shRNA resistant 14-3-3ε construct could be induced 

by doxycyclin. To generate inducible knockdown mice for 14-3-3ε, lentiviruses that 

express a shRNAmiR that targets 14-3-3ε were cloned in pTRIPZ (Open Biosystems) as 

described in Materials and Methods. Lentiviral particles containing both an RFP and a 

shRNAmiR cassette that targets 14-3-3ε were injected into the interstitial spaces of the 
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developing testes to infect spermatogonial stem cells as described in Material and 

Methods. The 14-3-3ε fore- founder mouse (indicated by the hatched box and arrow) was 

mated with normal female mice of the same strain (Figure 4.4.18).  The pups obtained 

were then screened for the presence of RFP by performing polymerase chain reactions 

with RFP specific primers on genomic DNA. A PCR reaction for the mouse patch (Ptc) 

gene was performed as a loading control. Five out of seven animals showed the presence 

of the RFP transgene (Figure 4.4.18). Stable lines will be generated and the ability of 

doxycyclin to inhibit 14-3-3ε expression will be tested at a later date.  

 

Figure 4.4.17: HA-14-3-3ε-R is resistant to degradation by E1 shRNA construct. 50µg 

protein extracts from HCT116 cells co-transfected with shRNA constructs targeting 14-3-

3ε along with wild type or mutant 14-3-3ε were resolved on a 10% SDS-PAGE gel and 

Western blots were performed using antibodies to GFP and actin. Note that 14-3-3ε-R 

mutant is resistant to degradation by E1 shRNA construct as compared to WT-14-3-3ε.  
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Figure 4.4.18: Generation of inducible 14-3-3ε knockdown mice. Pedigree analysis for 

pre-founder mice showing germline transmission of the transgene. Genomic DNA 

amplification using primers for RFP or patch (as a loading control) are shown.  

 

4.4.7 Conclusion 

To study the contribution of 14-3-3ε in growth and development of mice 14-3-3ε 

knockdown mice were generated as described (322). The 14-3-3ε knockdown mice died at 

6 months post birth. It has been reported earlier that mice heterozygous or homozygous 

null for 14-3-3ε have defects in brain development and neuronal migration (363). We 

observed that although the level of 14-3-3ε in brain is significantly reduced, cortical 

thinning was observed only in mice with a greater level of 14-3-3ε knockdown. These 

mice showed pleotropic phenotypes including spleenomegaly and patchy hair loss 

(alopecia). We observed lymphocytic infiltration in various organs (lung, liver and 

kidney) of the 14-3-3ε knockdown mice. The levels of CD3+ and CD4+ cells were 

significantly increased. Upon analysis we also found that the level of CD3+ CD4- CD8- 

cells is more in the knockdown mice, generally observed in patients with leukemia (352). 

It is also reported that the level of 14-3-3ε is significantly reduced in human malignancies 
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such as Leukemia or lymphoma (8, 9). We hyphothesized that the the CD3+ DN cells in 

peripheral tissues like the spleen, may arise due to the hyperproliferation of immature T 

cells. This hypothesis was strengthened by the finding that 14-3-3ε binds to SLP-76 in 

presence of kinase HPK1 (79). These results therefore suggest that 14-3-3ε may 

negatively regulate the T cell activation. To further understand the role of 14-3-3ε in 

growth and development inducible knock down mice will be generated to test the 

contribution of 14-3-3ε to development in the epidermis and in the lymphoid system.  
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5. Discussion 

5.1 Generation of lentiviral vectors.  

Multiple lentiviral vectors have been developed during the course of this thesis that can be 

used to express cassettes expressing either an shRNA, a cDNA or both in cultured cells 

(122) and in transgenic mice (322).  The lentiviral vectors generated were tested for their 

ability to transduce cells in vitro and in vivo (Figure 4.1.5, Figure 4.2.1, Figure 4.2.3 and 

Figure 4.3.5).  Lentiviral vectors are widely used to infect non- dividing cells and 

embryonic stem cells (284, 315). We have developed lentiviral vectors for the expression 

of shRNA’s using a human U6 promoter that drives RNA Polymerase III based 

transcription for the generation of shRNA transcripts. One limitation of earlier versions of 

these vectors was that the number of restriction sites for cloning was limited. We have 

introduced a novel MCS containing additional restriction sites for cloning shRNA’s, 

resulting in the generation of a versatile vector that can be used by multiple users (Figure 

4.1.1). Older versions of these vectors did not contain a cDNA for a fluorescent reporter 

(e.g. EGFP-f) that could be used to track transduced cells. To overcome this hurdle, we 

have also generated lentiviral vectors capable of expressing both the shRNA and a 

fluorescent reporter (EGFP-f) (Figure 4.1.2).  

Five different bi-cistronic lentiviral vectors have been generated in this report for the 

expression of fusion proteins tagged at the N-terminus with a fluorescent tag in 

mammalian cells (Figure 4.1.4). Apart from providing a greater choice of restriction sites, 

this vector contains Nhe1 and Not1 sites upstream of the IRES. These sites permit the 

cloning of both N terminal and C terminal tagged fluorescent fusion proteins from any of 

the commercially available expression vectors into the lentiviral vectors generated in this 

report. The bi-cistronic lentiviral vectors presented here could also be used for other 

imaging techniques such as fluorescence resonance energy transfer (FRET) and 

fluorescence (FRAP) (Figure 4.1.6 and Figure 4.1.7). Currently lentiviral vectors are 

being extensively used to generate transgenic animals (135, 234, 257, 284, 307, 322, 360, 

361). Recently, non- invasive high-resolution multiphoton tomography has demonstrated 

the in-vivo imaging of the live animal expressing fluorescent proteins under tissue specific 

promoter (368). This advancement in the in-vivo imaging method enables the researcher 
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to generate transgenic animals expressing different fluorescent prote ins. The bi-cistronic 

lentiviral vectors in this report described thus can be used to generate transgenic animals 

to perform functional genomic studies in vivo. 

 

5.2 Novel protocol for the generation of transgenic mice.  

A new cost effective, rapid technique with a high rate of success for the generation of 

transgenic mice by in vivo transduction of the gene of interest into undifferentiated 

spermatogonia has been developed during the course of this thesis using EGFP-f as the 

transgene (322). This technology does not compromise the fertility of the off-spring, 

resulting in germline transmission of the transgene, using a limited number of animals. 

Previously published reports have demonstrated that lentiviral mediated transgenesis is 

relatively stable and can be inherited in the germline (240, 259, 283, 284). Thus, the use 

of lentiviruses as a vector delivery system to generate transgenic animals does not 

compromise inheritance or the development of the animal, results that are consistent with 

those obtained in this report (Figure 4.2.2). Further, previous protocols that modify 

spermatogonial stem cells, either in vitro or in vivo, used retroviruses and yielded 

transgenic pups at very low efficiencies (169, 253). Previously, male rat germ cells were 

transduced in culture using HIV-1 based lentiviral vectors, which were then transplanted  

into the testis of wild type rats (138). The rate of colonization of the recombinant germ 

cells in wild type testis was low (33%) and only one of three male mice was fertile. The 

founder mice in these experiments produced founder pups at a rate of 30% (138). The 

processes reported in this thesis result in a very high rate of transgenesis, with all the 

animals being able to sire transgenic pups, leading to the rapid generation of multiple 

transgenic pups with different integration events allowing the generation of multiple 

transgenic lines (Table 4.2.1, Table 4.2.2 and Figure 4.2.4).  

Recently, organotypic testis cultures have been generated that allow the production of 

recombinant sperm, which could be used to generate transgenic animals (313). While this 

allows the generation of recombinant sperm without the generation of profounder 

animals, the process can be technically challenging, especially for laboratories not used to 

establishing and propagating organotypic cultures. The procedures described in this thesis 

are easily performed and require a small simple surgery. Although, the rate of 
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transgenesis reported here may not be better than the conventional lentiviral transgenesis 

method (284), the technique is cost effective, simple and faster to perform. Further, 

infecting the spermatogonial stem cells in vivo allows the repeated use of the pre-

founder, eliminating the necessity to repeatedly infect embryos or organotypic cultures 

with lentiviruses. Further, as demonstrated here the pre-founder mice can be mated 

multiple times, resulting the generation of a number of transgenic pups. As multiple 

transgenic lines are required to rule out integration site specific events, the generation of 

multiple lines described herein results in a quick analysis of the phenotype and allows 

experiments to proceed at a rapid pace.  

Several groups have reported that knockdown mice replicate the phenotypes observed in 

knockout mice (360, 361, 373). While this greatly enhances the ability of scientists to 

study the consequences of gene depletion in the whole animal, the use of implantation 

strategies did not permit the use of genetic screens using lentivirus driven bar-coded 

shRNA’s, as performed in cell lines in culture (22, 273). The protocol described in this 

thesis now permits the use of such genetic screens in the whole animal to understand the 

contribution of various gene products to growth, development and disease. Screens using 

tissue specific production of miRNAs (296), or by using either temporal or tissue specific 

Cre based inducible systems (361, 373) can also be designed to examine the effects of 

knockdown/overexpression of a gene product in a particular tissue type. As the 

experiments described in this thesis have shown, most of the mice have one or two 

integration events (Figure 4.2.4). Therefore, it should be possible to design genetic 

screens without worrying about the complications that could ensue from multiple 

integration events in the same animal. The number of integration events could be 

increased or decreased by altering the titer of the virus used for injection; however, 

lowering titer might hamper efficiency of generation of transgenic mice in the F1 

generation. The design of the constructs generated in this thesis also permits in vivo 

rescue experiments using one lentiviral construct that expresses both the shRNA and the 

resistant cDNA from different promoters, thus eliminating concern about off target 

effects of the shRNA construct. Finally, the procedure could be extended to other 

animals, especially non-human primates, resulting in a significant advancement in 
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transgenic research and the use of models that are closer to human subjects to model 

human disease.  

 

5.3 Generation of knockdown mice for 14-3-3ε and 14-3-3γ.   

Human 14-3-3 and 14-3-3 are the only 14-3-3 isoforms that bind to and inhibit human 

cdc25C function in vivo (71), while all 14-3-3 isoforms tested bind to cdc25C in vitro 

(71).  In humans, 14-3-3 proteins bind to cdc25C in vitro and in vivo upon 

phosphorylation at a Serine residue at position 216; however a comparison of sequences 

of cdc25C proteins from different species demonstrated that this sequence was absent in 

mouse cdc25C but was present in cdc25C from Xenopus laevis (Figure 4.3.1 b). 

Consistent with this we observed that 14-3-3 proteins are unable to form a complex with 

cdc25C in mouse cells (Figure 4.3.1 a). These results are also consistent with previously 

published data that suggest that cdc25C null mice do not have cell cycle or checkpoint 

defects (94). These results lead us to conclude that 14-3-3 proteins might regulate cell 

cycle progression in a cdc25C independent fashion in the mouse.  

 

Desmosomes are highly specialized adherens like junctions that anchor intermediate 

filaments at membrane-associated plaques in adjoining epithelial cells (115). These 

junctions are important for maintaining the integrity of tissues that endure mechanical 

stress, such as the epidermis and myocardium. The importance of the mechanical 

functions of desmosomal constituents is evident by pathologies reported in animal 

models. Conditional loss of DP in the heart (106) or nullmutations of the armadillo 

family proteins PG and PKP2 (25, 26, 114, 128, 302) yield animals with cardiac 

abnormalities and associated lethality beginning at approximately embryonic day 11 

(302). In PG knockout mice, embryos survive until birth and skin fragility was also 

observed (25).  

Several studies have shown the role of the desmosome and its components in promoting 

tumor progression. Desmosomal cadherin expression has been shown to be altered in a 

number of types of cancers. Loss of DSG3 has been linked to poor prognosis in lung 

cancer patients (100). DSG2 has also been shown to be significantly lost or down 
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regulated in gastric cancer cases (24, 397). DSC2 has been shown to be lost in colorectal 

cancers (175). In oral squamous cell carcinoma (OSCC) samples, DSG3 and DSC3 

showed low expression as compared to normal epithelia. Further, reduced DSC3 was 

correlated with lymph node metastasis (379). Previous reports suggest that PG functions 

as a tumor suppressor, as loss of heterozygosity of the plakoglobin gene and hyper 

methylation of the plakoglobin promoter is associated with onset of early prostrate cancer 

(333). PKP1 and PKP3 expression was observed to be extensively reduced in 

oropharyngeal carcinomas (276). A previous report from our laboratory demonstrates that 

PKP3 loss leads to a decrease in cell–cell adhesion leading to the stimulation of neoplastic 

progression and metastasis (197). PKP3 is required for the recruitment of other 

desmosomal proteins, to the cell border in human cell lines derived from both simple and 

stratified epithelia (122). However, the recruitment of PKP3 to the cell border is 

dependent on the presence of both PG and E-cadherin at the cell border to initiate 

desmosome assembly (122). PG localizes to both desmosomes and adherens junctions, 

and is required for the initiation of desmosome formation by adherens junctions (2, 179, 

208). Initiation of desmosome formation is compromised upon loss of PG in cells lines 

and tissues (2, 122, 302). The results described in this thesis build on this model and 

demonstrate that 14-3-3γ is essential for recruitment of PG to the cell border (Figure 

4.3.13) and initiation of de novo desmosome biogenesis (Figure 4.3.19). 14-3-3γ forms a 

complex with PG (Figure 4.3.20) and upon loss of 14-3-3γ, PG recruitment to cell border 

is compromised. In the absence of 14-3-3γ, PG does not localize to the border and 

therefore cannot induce desmosome formation in collaboration with E-cadherin by 

recruiting PKP3 to the cell border (Figure 4.3.13). Upon reintroduction of shRNA 

resistant 14-3-3γ in knockdown cells rescue the recruitment of PG to the cell border, 

therby suggesting that 14-3-3γ has a role in recruitment of PG to the cell border (Figure 

4.3.18). 

A key question that is currently being addressed in the literature is how are desmosomal 

proteins transported to the border and assembled to form desmosomes. Microtubule (MT)-

based motor proteins in the kinesin superfamily support vesicular transport toward the cell 

membrane (reviewed in (152, 374)). Kinesins are a family of molecular motors that use 

the energy of ATP hydrolysis to move along the surface of microtubule filaments 
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(reviewed in (152, 374)). Kinesins transport cargo from the Golgi to the endoplasmic 

reticulum (ER) and from the transGolgi network (TGN) to the plasma membrane (166), 

and also transport lysosomes and endosomes (reviewed in (152, 374). Previous studies 

suggest that upon loss of kinesin associated protein-3 (KAP3), the nonmotor accessory 

subunit of kinesin-2, an increase in cytoplasmic staining of N-cadherin was observed, 

without change in overall expression, suggesting a defect in transport of N-cadherin to the 

cell surface (355). It is reported earlier that p120 catenin (p120) a component of adherens 

junctions is recruited to the cell border in microtubule dependent manner (57). The p120-

related molecule p0071 (plakophilin-4) has also been shown to interact with the kinesin-2 

subunit KIF3B (174). Consistent with these reports, the kinesin 1 and kinesin 2 motor 

proteins are required for the recruitment of desmosomal cadherins to the cell border in 

SCC9 cells (260). The results reported in this thesis demonstrate that PG recruitment to 

cell border in presence or absence of calcium is microtubule dependent (Figure 4.3.21). 

Our data also shows that loss of kinesin 1 family motor protein KIF5B in HCT116 cells 

results in an inability PG to the cell border (Figure 4.3.27), whereas E-cadherin 

localization to the cell border is unaltered. Failure in recruitment of PG to the cell border 

in KIF5B knockdown cells lead to altered localization of other desmosomal proteins 

(Figure 4.3.28). This result is consistent with the observation that in PG knockdown cells, 

PKP3 doesn’t accumulate at the cell border, resulting in an inhibition of desmosome 

formation (122). These results are also consistent with previously published results that 

suggest that PG is required for the stimulation of desmosome formation by preformed 

adherens junctions (132, 171, 208, 235, 359) and that both PG and E-cadherin presence at 

the border is required for the localization of PKP3 to the border and desmosome 

formation (122, 235).  

 Our data demonstrates that 14-3-3γ forms a complex with both PG and KIF5B (Figure 

4.3.20), thereby suggesting that 14-3-3γ, PG and KIF5B exist in a tripartite complex. 

Kinesin localization on microtubules was not altered upon loss of 14-3-3γ. However, PG 

did not localize to the cell border upon loss of either 14-3-3γ or KIF5B.  Therefore, it is 

possible that 14-3-3γ is required to load the PG on kinesin.  However further investigation 

is warranted to demonstrate that a tripartite complex between PG, KIF5B and 14-3-3γ is 

formed and that this complex is required for transport of PG to the cell border.   
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Loss of cell adhesion between sertoli cells (SC-SC) or sertoli cell and germ cell (SC-GC) 

leads to sterility in mice (185, 210, 248, 346, 403). Another important Sertoli cell feature 

that is critical for spermatogenesis is the blood-testis barrier (BTB), an ultrastructure 

comprised of co-existing and mutually interacting junction types (tight junctions (TJs), 

basal ectoplasmic specializations (ESs), desmosomes and gap junctions) that basically 

maintains epithelial cell polarity and integrity (58). Moreover loss of desmosomal proteins 

(Dsg2 Dsc2/3) in sertoli cells has also disrupted BTB dynamics and function (210). 

Consistent with this observation our data suggests that upon loss of 14-3-3γ, cell adhesion 

between sertoli cells and germ cells is disrupted (Figure 4.3.9 and Figure 4.3.10). Further, 

cell adhesion between adjacent sertoli cells is disrupted leading to collapse of the BTB, 

presumably due to defects in desmosome formation (Figure 4.3.16). Consistent with these 

observations our data also suggest that upon loss of 14-3-3γ in cell culture the cell-cell 

adhesion is greatly reduced (Figure 4.3.11) with inability to form desmosomes Consistent 

with these observations our data also suggest that upon loss of 14-3-3γ in cell culture the 

adhesion of cell to ECM substrate (Collagen IV) is greatly reduced (Figure 4.3.13). These 

results are consistent with the previous observation that upon loss of 14-3-3θ, sertoli cell 

adhesion is compromised (386). Decrease in desmosome formation in testis upon loss of 

14-3-3γ might affect other complexes in BTB. To address this issue, tissue sections need 

to be stained with antibodies to other junctional proteins. Desmosome like junctions, are 

found between Sertoli cells at the BTB and between-Sertoli cells and all germ cells up to 

stage VIII (elongating spermatids) (58, 61, 247, 248). Consistent with this observation we 

found that loss of 14-3-3γ leads to arrest in stage VIII of spermatogenic cycle  (Figure 

4.3.7). These results suggest that 14-3-3γ loss results in decrease desmosome formation 

leading to mice sterility. 

Recent studies have shown that the basement membrane in the testis is important to the 

event of germ cell movement across the BTB because proteins in the ECM were shown to 

regulate BTB dynamics (58). Previous reports suggest that defects in the basement 

membrane can lead to Infertility in men (309, 310) . Consistent with these observations, 

our data demonstrates upon loss of 14-3-3γ, adhesion of GC and SC to basal lamina is 

compromised leading to mice sterility (Figure 4.3.9). Collagens are ubiquitous structural 

proteins found in ECM of all mammalian tissues including the testis, with 19 collagen 
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subtypes known to date. Type IV collagen, a network-forming collagen type (293), and 

laminins are the most abundant building blocks of the basement membrane (88, 293, 357, 

358). It was recently shown that antibodies against collagen IV could perturb Sertoli cell - 

BTB junction (337). Consistent with these observations our data also suggest that upon 

loss of 14-3-3γ in cell culture the adhesion of cell to ECM substrate (Collagen IV) is 

greatly reduced (Figure 4.3.12). The basement membrane type IV collagen can be 

recognized by α1β1 and α2β1 integrins (146, 264). However previous unpublished work 

from our laboratory suggest that 14-3-3γ do  not bind to integrins (134). In the testis, at 

the Sertoli cell–ECM interface, the only adhesive structure mounting Serto li cells to the 

tunica propria is the hemidesmosome (60, 184, 387). It may be possible that disruption 

desmosomal junctions upon loss of 14-3-3γ may also lead to the disruption of 

hemidesmosomes in testis. 

Our data demonstrates that transport of spermatozoa to epididymis is altered upon 

knockdown of 14-3-3γ (Figure 4.3.8). In some semeniferous tubule, spermatocytes are 

observed in the lumen of the knockdown testes; however the epididymal sacs are almost 

empty (Figure 4.3.8). The process of spermatazoa maturation is known as spermiogenesis 

(59). Heat shock proteins and male testis-specific members of the HSP70 family are 

expressed during spermiogenesis (365). The testis-specific chaperone, HSC70, is 

expressed in postmeiotic spermatids as they progress from step nine to the completion of 

spermatogenesis, but the precise role of this protein is not known (364, 365). Previous 

unpublished work by Amitabaha Mukhopadhaya in our laboratory suggests that HSC70 

interacts with 14-3-3γ. It is possible that upon loss of 14-3-3γ in testis the HSC70 

functions are perturbed leading to mice sterility, however this needs to be tested. 

The 14-3-3γ knockout mice do not show any adhesion defects (342), which is surprising 

given our findings. This might be due to strain specific differences or due to 

compensation from other 14-3-3 family members in the knockout mouse. The in vitro 

experiments performed during the course of this thesis demonstrate that the knockdown 

phenotype can be rescued by a shRNA resistant 14-3-3γ cDNA. If a similar experiment 

provides a rescue of the phenotype in vivo, it would suggest that our experimental 

strategy which relies on generating hypomorphic mutants might reveal phenotypes that 

are not observed upon performing traditional knockout experiments.  
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Based on all the above observations we constructed a model (Figure 5.1). 14-3-3γ is 

important to load PG to microtubule motor protein Kinesin KIF5B, both in presence or 

absence of calcium. Loss of 14-3-3γ disrupts loading of PG to KIF5B, and the recruitment 

of PG to the cell border is compromised. The absence of PG on cell border upon loss of 

14-3-3γ fails to recruit other desmosomal proteins thereby halting initiation o f desmosome 

formation. These observations are consistent with previous results that suggest that 

initiation of desmosomes is compromised upon loss of PG in cells lines and tissues (2, 

122, 302). The failure to initiate desmosome formation upon loss of 14-3-3γ in testis lead 

to reduced cell-cell and cell-ECM adhesion in cells and testis. The loss of adhesion can 

further contribute to mice sterility.  

The results from the in vitro studies suggest that loss of 14-3-3γ could lead to defects in 

desmosome formation in tissues other than the testis. To test this hypothesis, transgenic 

mice carrying either an inducible 14-3-3γ knockdown construct or mice containing a 

shRNA for 14-3-3γ downstream of a tissue specific promoter could be generated. These 

reagents will help in the study the role of 14-3-3γ in cell-cell adhesion and desmosome 

formation in multiple tissues and will determine whether loss of 14-3-3γ leads to global 

defects in desmosome formation or whether it is required for the formation of desmosome 

like junctions only in the testis. In the present study however, there are some questions 

that need to be answered, such as (1) which region of PG and KIF5B are required for 

complex formation with 14-3-3γ? (2) Can over expression of a mutant KIF5B that cannot 

bind to 14-3-3γ result in an alteration in the localization of PG at the cell border? (3) Will 

a mutant PG protein that cannot bind to 14-3-3γ localize to the cell border?  (4) Can down 

regulation of KIF5B in mouse testis phenocopy the cell adhesion defects observed upon 

loss of 14-3-3γ?  
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Figure 5.1 Schematic representation of desmosomal protein PG recruitment to cell 

border upon loss of 14-3-3γ, KIF5B or α-tubulin in HCT116 cells. (A) Loss of 14-3-3γ 

fails to recruit desmosomal protein PG to the cell border to initiate desmosomal 

assembly. (B) Loss of α-tubulin using Nocodazole fails to recruit desmosomal protein PG 

to the cell border to initiate desmosomal assembly. (C) Loss of KIF5B fails to recruit 
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desmosomal protein PG to the cell border to initiate desmosomal assembly. (D) 14-3-3γ 

act as an adaptor between PKG and KIF5B to transport PKG to cell border in a 

microtubule dependent manner in WT HCT116 cells.  

 

The 14-3-3ε knockdown mice died at 6 months post birth. These mice showed pleotropic 

phenotypes, the first being splenomegaly (Figure 4.4.7). The mice which had enlarged 

spleens also showed lymphocytic infiltration in the lungs, liver and kidneys (Figure 

4.4.8). The enlarged spleens and the lungs showed an increased level of CD3 positive 

cells (Figure 4.4.9). An analysis of the CD3 positive cells from the spleens of the 14-3-3ε 

knockdown mice showed that the levels of CD3+ and CD4+ cells in splenocytes were 

significantly increased (Figure 4.4.11). Upon further analysis, we also found that the level 

of CD3+ CD4- CD8- (CD3+ DN) cells were increased in the knockdown mice (Figure 

4.4.11), a phenotype generally observed in patients with leukemia (352). During T cell 

development, CD3+ DN cells that do not mature die due to the induction of apoptosis and 

therefore, these cells are not seen in peripheral tissues (190). The data reported in the 

thesis suggest two possibilities: (1) either the CD3+DN immature cells evade apoptosis 

(2) or the rate of proliferation of CD3+DN exceeds the rate of clearance of CD3+DN 

immature thymocytes by apoptosis.  

It has been reported previously that one of the proteins that is required for T-cell 

maturation and activation is SLP76. SLP76 is an adaptor protein that positively regulates 

T cell receptor (TCR) signaling. SLP76-/- mice contained no peripheral T cells as a result 

of an early block in thymopoiesis at DN stage (63). Thus, the SLP-76 adapter protein is 

required for normal thymocyte development and plays a crucial role in translating signals 

mediated by pre-T cell receptors into distal biochemical events (63). Upon T cell 

activation, SLP-76 activation results in an increase in the phosphorylation of 

phospolipaseCγ at Tyrosine 783 (79). It has been previously reported that SLP76 binds to 

14-3-3 proteins and that this is dependent on phosphorylation of SLP76 at a Serine 

residue at position 376 by HPK1 (79). We have confirmed that the SLP76 interacts with 

14-3-3ε in presence of HPK1 (Figure 4.4.12). We further hypothesized that 14-3-3ε 

association with SLP76 is required to inhibit SLP76 signaling thus resulting in the 

formation of a negative feedback loop. This was supported by the observation that upon 
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loss of 14-3-3ε the T cell activation is more as determined by the increased 

phosphorylation of phospolipaseCγ at Tyrosine 783 (Figure 4.4.12). Therefore, these 

results suggest that 14-3-3ε may negatively regulate T cell activation.  

Bone marrow cells from 14-3-3ε knockdown mice were not capable of inducing 

splenomegaly in immunocompromised mice suggesting that the defects in lymphoid 

behaviour that are observed in the 14-3-3ε knockdown mice are not due to systemic 

defects caused by the knockdown of 14-3-3ε in hematopoietic system (Figure 4.4.13). 

Splenomegaly is often seen in leukemia; however isolated splenocytes from 14-3-3ε 

knockdown mice did not form a tumor when injected subcutaneously into 

immunocompromised mice. However, it was observed that the enlarged lymph nodes 

present in some of the 14-3-3ε knockdown  mice, developed tumors when transplanted 

subcutaneously in SCID mice and the tumor was transplantable for 3 successive 

transplantations, thereby suggesting that enlarged lymph node from 14-3-3ε knockdown 

mice can form tumors (Figure 4.4.14). Interestingly, multiple reports have suggested that 

14-3-3ε levels are reduced in adult T-cell leukemias (8, 9). Our results suggest that loss of 

14-3-3ε results in increased division and survival of immature thymocytes, however 

additional hits maybe required for these cells to give rise to neoplastic disease. These 

results are consistent with the observation that the NIH 3T3 derived 14-3-3ε knockdown 

cells which do not have an intact p53 pathway (176) are transformed (Figure 4.4.16). 

These results suggest that loss of 14-3-3ε could result in neoplastic transformation.  

It has been reported previously mice heterozygous with respect to 14-3-3ε are normal and 

fertile, however homozygous null mice died at birth due to defects in the organization of 

cortical layers resulting in lower neuronal migration of hippocampal and cortical neurons 

(363). We have not observed any 14-3-3ε knockdown mice that died at birth, possibly 

because the 14-3-3ε protein levels in these mice are sufficient to support normal cortical 

development, which is compromised in the knockout mice (363).  We found that the 

thickness for cortical layer in knockdown mice is reduced in some of the 14-3-3ε 

knockdown mice generated as determined by in-situ hybridization using cortical layer II-

IV specific marker cux2 (Figure 4.4.3). These results are consistent with the observations 

that are made in 14-3-3ε knockout mice. However, the differences between WT and 14-3-

3ε knockdown mice are difficult to quantify and need to be repeated with larger numbers 
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of mice with a consistent knockdown to convincingly demonstrate that the knockdown 

mice show defects in the development of the cerebral cortex. This would be best 

accomplished by generating inducible knockdown mice, specifically mice that have a 

specific knockdown in the cortex using tissue specific promoters.  

The 14-3-3ε knockdown mice show patchy hair loss and the organization of the 

epidermis is disturbed in the 14-3-3ε knockdown mice (Figure 4.4.4 and Figure 4.4.5). It 

was also observed that the average thickness of the skin is reduced in 14-3-3ε knockdown 

mice with patchy hair loss (Figure 4.4.5). We found that only keratin 14, a marker for the 

basal layer was present in skin sections from 14-3-3ε knockdown mice (Figure 4.4.6). 

Till date no report has shown the role of 14-3-3ε in skin stratification, however a report 

by Kilani et al demonstrate that 14-3-3ε is present in terminally differentiated 

keratinocytes and is not present in the basal layer, thereby suggesting that 14-3-3ε may 

play an important role in organization of stratification of skin (177). Based on the 

observations made by Kilani et. al. (177) one could hypothesize that upon loss of 14-3-3ε 

in skin terminal differentiation of keratinocytes would be blocked, which is exactly what 

is observed in the 14-3-3ε knockdown mice. In our study, we were unable to determine 

how the loss of 14-3-3ε leads to patchy hair loss and disruption of hair follicle 

differentiation. It is possible that 14-3-3ε may regulate hair follicle development by 

regulating the differentiation of the bulge stem cells and the hair cycle (177). However 

these observations would be strengthened by generating a skin specific knockdown of 14-

3-3ε. The results presented here suggest that 14-3-3ε may be required for skin 

stratification and the development of hair follicles as in the absence of 14-3-3ε, the basal 

layer is not able to completely differentiate to form upper stratified layers in epidermis of 

skin and hair follicle development is severely compromised. Upon loss of 14-3-3ε in 

mice pleotropic phenotypes were observed which were not reported earlier; therefore the 

rescue experiments needs to be performed in future. This can be achieved by generating a 

mouse line expressing inducible 14-3-3ε  resistant to E1 shRNA and further can be used 

to cross breed with 14-3-3ε knockdown mice. To test whether 14-3-3ε plays a role in hair 

follicle development or skin diferentiation, transgenic mice carrying either an inducible 

14-3-3ε knockdown construct downstream of a tissue specific promoter could be 

generated.  
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