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SYNOPSIS

Introduction:

14-3-3 proteins belong to a family of acidic proteins with a molecular weight of 25-32 kDa. [1,
2]. This protein family binds to phosphorylated proteins containing a serine residue in one of
two consensus motifs [3, 4]. There are seven 14-3-3 isoforms 1e. B, y. €. {. 1, T and o [5. 6].
Two 14-3-3 proteins, 14-3-3¢ and 14-3-3y, are required to mhibit cell cycle progression in
response to DNA damage and incomplete S phase [7, 8]. Therefore, we wished to determine the
role of 14-3-3y in growth and development. However, knockout mice for 14-3-3y were viable
and did not show any growth defects or developmental abnormalities [9]. These results
suggested that other family members could possibly compensate for the loss of 14-3-3y duning
the process of development. Therefore, it was hypothesized that the generation of a
hypomorphic mutant for 14-3-3y could reveal 14-3-3y functions that were required for cell

growth and differentiation.



To address the role of 14-3-3y 1 growth and development. lentiviral particles generated using
pLKO EGFP-f 14-3-3y shRNA were mjected mto the testes of prepubescent CRL:CFW (Swiss)
mice such that lentiviruses infect spermatogonial stem cells and the viral genome gets
mtegrated mto the genome of the infected cells and i1s passed on to the developing
spermatocytes and spermatozoa to generate transgenic animals. This technique is known as
sperm mediated gene transfer (SMGT) [10]. Knockdown of 14-3-3y in the testes led to defects
i cell-cell adhesion, and cell matrix adhesion leading to collapse of the blood testes barier
(BTB) and defects n spermatogomial stem cell differentiation and spermatocyte development
and maturation[11]. Loss of cell-cell adhesion between Sertoli cells in the testes and between
Sertoli cells and germ cells leads to sterility (reviewed in [12-15]) because spermatocyte
development requires an intact Blood Testes Barrier (BTB). which is formed by tight junction
protemns and also has adherens like junctions and desmosome like junctions (reviewed m [12.
15-18]). Other important cell-cell adhesion junctions in the semuniferous epithelium that are
required for BTB formation and spermatogenesis are adherens junctions. desmosome like
junctions, tight junctions, gap junctions and ectoplasmic speciahizations (specialized actin based
junctions) [19]. Cadmimum chloride treatment results in the collapse of the BTB and dismption
of junctions between sertoli cells and developing spermatocytes due to a depletion of junctional

components at the cell border resulting in a loss of cell-cell adhesion and sterility [19].

Desmosomes are adherens like cell-cell adhesion junctions present n all epithehal tissues [20].
Desmosomes are made up of three types of proteins. the desmosomal cadherins, desmogleins
(DSGs) and desmocollins (DSCs), the armadillo (ARM) repeat containing proteins,
plakoglobin (PG) and plakophilins (PKPs) and plakin family protems such as desmoplakin
(DP). The desmosomal cadherins of two neighboring cells interact with each other mn a

homophilic or heterophilic manner to form cell-cell contacts. The cytoplasmic domains of these
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cadherins interacts with PG and the PKP protems (PKP1-3) to form an electron dense structure
known as the desmosomal plaque. In the plaque. the ARM protemns are connected to
mtermediate filaments via DP thus forming a tissue wide mtermediate filament network that
provides strength and stability to tissues [21]. The importance of desmosome is illustrated by
experiments i mice demonstrating that the deletion of desmosomal protem showed embryome
lethality e.g. PG knockout mice die at embryonic day 10.5 due to severe heart defects [22], DP
knockout mice die at embryonic day 6.5 with perturbed keratin network and defect in egg
cylinder elongation [23], DSG2 knockout embryos die shortly after implantation [24] and
PKP2 knockout mice die at embryonic day 10.5 due to defects in the atrial wall and leakage of

blood mnto pericardium and peritoneal cavity [25].

To identify which of the junctions in the seminiferous epithelium were affected by loss of 14-3-
3y, cell extracts of HCT116 cells (colon cancer cell line) were used to perform GST pulldown
assays using GST or GST 14-3-3y. GST14-3-3y binds to the desmosomal proteins PG, PKP3
and DP [11]. To determine 1f 14-3- 3y loss led to defects m desmosome formation, cell-cell
adhesion was measured in HCT116 denved 14-3-3y knockdown cells. Cell-cell adhesion was
decreased in the 14-3-3y knockdown cells as compared to the vector control cells. In addition,
the levels of the desmosomal proteins at the cell border were decreased upon loss of 14-3-3y
and this was due to the inability of the desmosomal plaque protein plakoglobin (PG) to localize
to the cell border m the absence of 14-3-3y [11]. These observations suggest that 14-3-3y loss

might lead to global changes in cell-cell adhesion i multiple tissue types.

Objectives:

1. Generate mducible and epidermis specific knockdown mice for 14-3-3y.



2. Determine the mechanisms by which 14-3-3y loss leads to defects in the desmosome

formation.

Results and discussion.
1. Generate inducible and epidermuis specific knockdown mice for 14-3-3y:

Inducible 14-3-3y knockdown mice Loss of 14-3-3y affects cell cycle progression mn response

to DNA damage and S-phase arrest [7] and desmosome formation [11]. Constitutive 14-3-3y
shRNA production in pre-founder mice leads to sterility by affecting spermatogenesis [11], and
therefore transgenic pups could not be obtained from such mice. To overcome this problem. 14-
3-3y shRNA was cloned downstream of HI1/Tet inducible promoter. This promoter is
negatively regulated by Tet repressor protemn in the absence of tetracycline. Administration of
tetracvcline or doxycycline will result mto release of tet repressor from H1/Tet promoter
allowmg RNA polymerase to bind to this promoter and induce shRNA production. Lentiviral
particles generated using either pLKO Tet Puromycin (Addgene) [26] or pLKO Tet Puromycin
14-3-3y shRNA were surgically injected into the testes of pre-pubescent male BALB/c mice.
Five weeks post injection these mice were mated with wild type female mice to obtamn pups.
Pups obtained were screened for the presence of puromycin resistance gene by using genomic
DNA 1solated from tail tips of pups as a template to amplify the Puromyein resistance gene. All
the pups were found to be positive for puromycin resistance gene and genomic DNA from WT
mouse was used as a negative control. The transgene positive vector control and 14-3-3y
shRNA mice were given doxycycline but no phenotypic changes were observed. An analysis of

14-3-3y levels suggested that there was no loss of 14-3-3y upon addition of doxycycline.

To i1dentify the stage in the spermatogenesis cycle that 1s affected by loss of 14-3-3y, lentiviral
particles generated using either pLKO Tet Puromycin or pLKO Tet Puromycin 14-3-3y shRNA

were surgically injected mnto the testes of pre-pubescent male CRL:CFW (Swiss) mice.



Immediately after surgery. one set (three mice) of pLKO Tet Puromycin or pLKO Tet
Puromycin 14-3-3y shRNA pre-founder mice were given doxycline in the drinking water and
the other set of pLKO Tet Puromycin or pLKO Tet Puromycin 14-3-3y shRNA pre-founder
mice did not receive doxycycline and served as a control. Five weeks post-surgery, both sets
were mated with the wild type female mice. Doxycycline was given throughout the breeding
experiments and the pups obtained from these crosses were also administered doxycycline.
Control mice and pups denived from these crosses were not provided with doxycycline. Pups
were screened for the presence of puromycin resistance transgene and it was observed that all
the pups of all the sets were transgene positive. Transgene positive mice were mbred to check
their fertilitv. Out of the three doxycycline administered pLKO Tet Puromycm positive
breedmng pairs of FI generation. only one pair gave birth to pups and mn the un-induced control
set, two breeding paurs gave birth to pups. None of the doxycycline admmistered pLKO Tet
Puromycin 14-3-3y shRNA positive breeding pairs of FI generation gave birth to pups and in
un-induced control set. only one pair gave birth to pups. The testes of all the male mice used n
the above mating experiments were collected and THC and RT-PCR for 14-3-3y will be
performed to analyze if the spermatogenesis was disrupted in the inducible and un-inducible

transgene positive pups.

4-3-3y W ice As desmosome assembly is affected by 14-3-3y
loss, we asked whether epidenmnal tissue specific ablation of 14-3-3y will affect barrier function
of skin, as has been demonstrated in desmosome knockout models of DSC1 and DSG3 [27,
28]. To address this question we tried to generate tissue specific 14-3-3y knockdown mice by
mtroducng RFP and 14-3-3y shRNAmir downstream of Keratinl4 (K14) promoter in
pCCLK 14 lentivector (a kind gift from Dr. F. Miselli) [29]. Keratin 14 promoter activity is

highly regulated and K14 is expressed only in the basal layers of epidermis and tongue palate
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[29]. To make epidernus specific transgenic mice. lentiviral particles generated using either
pCCLK14 RFP or pCCLK14 RFP 14-3-3y shRNAmir were injected into the testes of pre-
pubescent male mice [Crl:CFW(SW)]. Five weeks post-injection, these mice were mated with
wild type female mice. The pups obtained from pre-founder mice were screened for turbo RFP
gene by using genomic DNA isolated from tail tips to PCR amplify the turbo RFP transgene or
the turbo RFP 14-3-3y shRNAmuir transgene. Genomic DNA from wild type mouse was used as
a negative control. All the pups were found to be positive for tuwbo RFP transgene. Control
mice expressed the turbo RFP transgene in the epidermis and hair follicle. but not in the dernus,
suggesting that this vector system was capable of driving transgene production [30]. In contrast,
the PCR fragment, obtained from the pups of pre-founder mice injected with the shRNAmir
viruses, did not contain the 14-3-3y shRNAmir sequence. This suggests that all the pups were
negative for 14-3-3y shRNAmir sequence. To check whether the 14-3-3y shRNAmir sequence
was present in the pre-founder mice, RFP 14-3-3y shRNAmir was PCR amplified and cloned
mto TA vector (Thermo Scientific) and sequenced. The sequence matched with RFP 14-3-3y
shRNAmir suggesting during embryo formation lentiviral recombination might have led to the
deletion of shRNAmir sequence. Multiple attempts at generating pups positive for pCCLK 14

RFP 14-3-3y shRNAmur, resulted in the generation of only transgene negative pups.

The expermmental strategy described above was dependent on shRNA mediated degradation of
thel4-3-3y mRNA m epidermis. An alternative strategy would be to delete thel4-3-3y gene
specifically in the epidermis. As generating a conventional tissue specific knockout 1s
cumbersome and floxed 14-3-3y mice are not available, we chose the CRISPR Cas system,
which mduces small deletions in the targeted gene leading to a loss of gene expression [31].The
CRISPR cas system 1s composed of a guide RNA and a nuclease Cas9. The guide RNA binds

to one of the exons of the targeted gene and Cas 9 nuclease creates a double strand break in the
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genomic DNA where the guide RNA is bound, leading to the activation of DNA repair
pathways. which results in frame shift mutations due to inaccurate DNA repair [32]. The guide
RNA targeting exon 1 of 14-3-3y was cloned into the Lenticrispr cas vl plasmd (Addgene)
downstream of U6 promoter and the EFS promoter driving Cas 9 nuclease expression was
replaced with K14 promoter to target 14-3-3y gene only in epidermis. The Lenticrispr cas v,
Lenticrispr cas vl 14-3-3y gRNA viruses (for generating constitutive knockout), K14
Lenticrispr cas vl and the K14 Lenticnispr cas vl 14-3-3y gRNA viruses (for generating
epithelium specific knockout) were tested in virre and used for virus mediated transgenesis.
Pups were obtamed from these pre-founder mice. Pups obtained were screened for presence of
puromycin resistance gene by using genomic DNA isolated from tail tips as a template to
amplify the Puromycin resistance gene. Epidermis section of transgene positive pups will be
screened for the mutations m exon 1 region of 14-3-3y using T7 endonuclease assay to identify

epidernus specific 14-3-3y knockdown/knockout amumals.

2. Determine the mechanisms by which 14-3-3y loss leads to defects in the desmosome

formation:

Plakoglobin (PG) interacts with 14-3-3y but the binding site was not known. Using scansite
software. phosphorylated S236 residue was predicted as binding site of 14-3-3y on PG. Usmg
site directed mutagenesis, Myc tagged S236A PG mutants were generated and using GST
pulldown assays. 1t was shown that Myc S236A PG failed to bind 14-3-3y whereas binding of
Mye PG (wild type) tol14-3-3y was unaltered [11]. Immunofluorescence experiments using Myc
antibody showed that Myc S236A PG had pan-cellular localization whereas Myc PG (wild
type) was largely localized to the cell border. Scansite software also predicted that residue S236
was phosphorylated by PKCp. To determine whether PKCp was required for the cell border

localization of PG, localization of PG and other desmosomal proteins was checked in HCT116
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denived PKCp knockdown cells and 1t was observed that PG. DP and PKP3 showed
cytoplasmic localization. Moreover, levels of PG and DP were also reduced in HCT116 derived
PKCu knockdown cells as compared to the vector control cells. PKCu could phosphorylate PG
in vitro. probably at S236 residue. and this phosphorylated residue served as a binding site for

14-3-3y. 14-3-3y might load PG on to the motor protein Kif5B to transport PG to the cell border

[11).

It was previously shown in the lab that in PKP3 knockdown cells, none of the desmosomal
proteins were present at the cell border, with PG being a notable exception [33]. In 14-3-3y
knockdown cells none of the desmosomal proteins localize to the cell border therefore, we
wished to observe whether in the absence of 14-3-3y, PG localized to the cell border can rescue
the phenotype observed in the 14-3-3y knockdown cells by recruiting the other desmosomal
proteins to the cell border and stimulating desmosome formation. To address this query, we
cloned PG ¢DNA mto pEGFP-f vector, adding a famesyl moiety to the protein resulting in the
modified protemn localizing to the cell membrane [34]. We observed that an increase in the
levels of the desmosomal proteins at the cell border in HCT116 denived 14-3-3y knockdown
cells transfected with famesylated PG (PG-EGFP-f) as compared to the cells transfected with
etther farnesylated EGFP (EGFP-{) or PG fused to an unfaresylated GFP protemn (PG-EGFP).
PG-EGFP was unable to localize to the border suggesting that the defect in the 14-3-3y
knockdown cells was due to a defect in the localization of PG to the cell border. 14-3-3y
knockdown cells transfected with PG-EGFP-f also had increased levels of desmosomal protein
when compared to the EGFP-f transfected cells. These results indicate famesylated PG 1s
capable of stabilizing and recruiting desmosomal proteins DP and DSG2 to the cell border in
the 14-3-3y knockdown cells. Moreover. hanging drop assay showed increase i cell-cell

adhesion in cells expressing PG-EGFP-f when compared to the EGFP-f expressing cells
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suggesting that desmosomal proteins not only localized to the cell border but also formed
functional desmosomes. This result is in accordance with the literature suggesting PG along

with one desmosomal cadherin and DP can form functional desmosomes [35].

The PG 14-3-3y complex 1s transported to the cell border by the kmesin motor protemn KifSB
and therefore m the absence of Kif5B, PG is not localized to the cell border resulting in a
decrease m the levels of the desmosomal protems at the border and a disruption of cell-cell
adhesion. Expression of PG-EGFP-f in the Kif5B knockdown cells lead to an increase i the
levels of DP at the cell border. however the levels of the other desmosomal protems at the
border were not altered and therefore no mcrease m desmosome formation and function was
observed. This data suggests PG-EGFP-f cannot completely rescue desmosomal protein
localization 1 the absence of Kif5B [11]. To determune whether the altered localization of DP
im HCT116 derived 14-3-3y knockdown cells expressing PG-EGFP-f was not because of the
PG overexpression, PG-EGFP or EGFP was expressed in HCT116 derived 14-3-3y knockdown
cells and stained for DP. It was observed that PG-EGFP had largely cytoplasmic localization
and the endogenous DP was also cytoplasmic suggesting 14-3-3y is required for the transport of
both overexpressed and endogenous PG [11]. Moreover. expression of PG-EGFP in HCT116
derived KifSB knockdown cells could not rescue DP localization suggesting KifSB is requured
for transport of PG. Kif5B has been reported to be required for the transport of desmosomal
cadherins to the cell border [36] and thus Kif5B might be required for the transport of other
desmosomal protems to the cell border resulting in defects in desmosome formation. This 1s
consistent with our data that the inhibition of Kif5SB expression in the testis leads to a more

severe phenotype than loss of 14-3-3y [11].

14-3-3y and Kif5B are required for the transport of PG to the cell border and therefore in

the absence of 14-3-3y or Kif5B. none of the desmosomal proteins are transported to the
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cell border. In the absence of 14-3-3y. when PG is artificially localized to the cell border,
PG signals the transport of DSG2. DP and PKP3 at the cell border thus stimulating
desmosome formation. This suggests presence of PG at the cell border 1s either requured for
transport of DSG2. PKP3 and DP or for stabilizing these proteins at the cell border. The
mability of PG-EGFP-f to recruit DSC2/3 to the cell border might be due to the incomplete
recruitment of PKP3 to the cell border as while an mcrease in PKP3 levels i1s observed at
the cell border in 14-3-3y knockdown cells expressing PG-EGFP-f. a complete restoration
of PKP3 levels at the cell border is not observed in these cells suggesting 14-3-3y might be
required for PKP3 transport or stabilization of PKP3 at the cell border. These data also
suggest that the transport of DP and DSG2 is not dependent on 14-3-3y. In the absence of
Kif5SB. the artificial localization of PG to the cell border stimulated the localization of DP
to the border but not of PKP3 and DSG2. Desmosome formation cannot be rescued in the
absence of Kif5SB by rescumng PG and DP transport because at least one desmosomal
cadherin 1s requured for mtiation of desmosome formation. This suggests Kif5B 1s required

not only for the transport of PG but also for the transport of DSG2 and PKP3.

To conclude, our results suggest that one major role of the 14-3-3y/KIF5B complex 1s to
mediate the transport of PG to the cell border. The presence of PG at the cell border results
the increased recrmtment of DP. DSG2 and PKP3 to the cell border in cells lacking 14-3-3y,
however. the level of PKP3 and DSG2 at the cell border is attenuated n cells lacking KIF5B

suggesting that Kif5B play a role m the transport of PKP3 and DSG2 to the cell border.
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1. Introduction



1. Introduction

1.1 Transgenesis

The study of human disease cannot be restricted by observations made in affected individuals
and in vitro studies. To understand the cause of the disease and different genetic, physiological
and environmental factors affecting disease outcome, animal models of diseases are required.
These animal models are generated by introducing changes in their genome that are inherited by
the progeny. The process of introducing genetic changes into the genome of an animal by using

foreign DNA is termed as transgenesis.

To stably modify the genome of an organism, it is necessary that the changes are made at the
early stages of embryogenesis such that the transgene is integrated into the germline. Dr. Ralph
Brinster developed a technique that permitted the isolation and culture of ova and embryos [1].
After a decade of this technical advancement, the initial experiments of embryo manipulation
were successfully performed by multiple groups. Briefly, cultured embryos were aggregated with

teratoma cells resulting into generation of progeny expressing teratoma specific genes [2, 3].

Gordon et al., showed that the foreign DNA can be directly injected into male pro-nucleus of the
0.5 dpc (day post coitus) embryo. The injected embryo was then transplanted into the pseudo-
pregnant mother for further development. The pups obtained from the pseudo-pregnant mother
were transgene positive [4]. This technique is known as DNA microinjection. Using this
technique, Brinster developed transgenic mice expressing Herpes Simplex Virus (HSV)
thymidine kinase [5]. Instead of injecting DNA, some groups infected the embryos with

retroviruses to obtain transgenic animals [6, 7]. Isolation, culture and modification of embryonic
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stem cells led to the development of generation of transgenic animals by injecting modified

embryonic stem cells into the blastocoel cavity of embryo [8].

All the above mentioned methods involved modification of fertilized ovum and the efficiency of
transgenesis using these techniques is very low. Other difficulties in using these methods of
transgenesis includes: difficulties in culturing embryos, ovum and embryonic stem cells;
maintenance of the pluripotency of embryonic stem cells, disruption of the embryos during
microinjection, difficulty in implantation of embryos into pseudo-pregnant mothers, poor
integration of the transgene [9] and physiological stress to animals. Apart from these factors,

these methods are laborious, time consuming and expensive.

Another way to generate transgenic animals is to modify gametes. The female gametes or ova
cannot be used to generate transgenic animals because the number of female gametes available
for modification are limited and it was observed that ova do not bind to DNA [10]. In contrast,
the male gametes (spermatozoa) are present in large numbers and bind to DNA [11]. Therefore,
different groups started modifying spermatozoa in an attempt to generate transgenic animals. A
brief description of the process of spermatogenesis and testis morphology is required to
understand the principle behind the methods that use spermatozoa as a vehicle for transgene

delivery.

1.1.1 Structure of the Testis

Testes are the oval-shaped organs of the male reproductive system which produce male gametes.
Each testis is covered by connective tissue sheath known as tunica albuginea (Figure 1.1). The
tunica albuginea extends inwards forming testicular septa and divides testis into different lobules

known as testicular lobules. There are around 250 lobules and each lobule contains around 4-5
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seminiferous tubules. The seminiferous tubules from all the lobules converge to form rete testis
and rete testis further extend to form a mass of tightly coiled tubes known as epididymis.
Epididymis is divided into three parts: head, body and tail. The tail of epididymis is connected
to vas deferens also known as efferent ductules or ductus deferens. Epididymis stores the sperm
and promotes maturation of sperms until they pass through the vas deferens. The testis can be
divided into two compartments an interstitial compartment (region between the testicular
lobules), made up of macrophages and Leydig cells (involved in hormone production), and
tubular compartment (made up of testicular lobles), made up of seminiferous tubules (involved in
spermatogenesis) [12]. Seminiferous tubules in pre-pubescent animals are made up of Sertoli
cells and spermatogonial stem cells (SSC). SSCs are the progenitor cells which give rise to
spermatocytes by the process of spermatogenesis. SSC arises from primordial germ cells after a

series of division and Sertoli cells arise from mesenchymal cells [13].
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Figure 1.1: The schematic representation of structure of testis. The schematic drawing

showing anatomy of a testis highlighting different parts of testis [14].
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1.1.2 Spermatogenesis

Spermatogenesis is the process by which SSC divides and differentiates to give rise to mature
sperm (Figure. 1.1). The process of spermatogenesis is divided into three steps, i.e.,
spermatogonial renewal, meiosis and spermiogenesis [13]. In spermatogonial renewal, also
called as spermatogoniogenesis, a type A spermatogonium(also called as A;) undergoes a series
of mitotic division (A to Ay to Ay to Aj4to Intermediate spermatogonium) to give rise to a type
B spermatogonium [15]. Expression of Stem Cell Factor (SCF) by Sertoli cells and expression of
cKit, the receptor for SCF, by the spermatogonial cells is important for the mitotic division of
spermatogonial cells. In spermatogonial renewal, a balance is maintained between the pluripotent
SSC population and the pool of SSCs committed to differentiation. This balance is maintained
with the help of proteins like Nanos homolog 2 (NANOS?2), Inhibitor of DNA binding 4 (ID4)
and Zinc finger and BTB domain containing 16 (ZBTB16). NANOS2 suppresses expression of
Stimulated by Retinoic Acid gene 8 (STRAS) which is required for pre-meiotic DNA replication
[16, 17]. Glial cell line derived neurotrophic factor (GDNF), secreted by Sertoli cells and
peritubular myoid cells, binds to GRNF-family receptor al (GFRal) present on SSCs and
catalyzes activation of c-RET receptor leading to the activation of PI3K/AKT, MEK and Src
kinases. GDNF also induces expression of ID4. ZBTB16 represses cKit which is required for
SSC differentiation. Spermatogenesis and oogenesis specific helix-loop-helix proteins (SOHLH)
SOHLH1 and SOHLH?2 are important for repressing the genes responsible for stem cell self-

renewal [17].

Type B spermatogonia differentiate into primary spermatocytes, which enter the meiotic
program. Primary spermatocytes undergo meiosis | to give rise to secondary spermatocytes,

which undergo meiosis II and differentiate into round spermatids with a haploid DNA content.
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Initiation of meiosis requires expression of Deleted in Azoospermia-like protein (Dazl), which
induces expression of Stra8 which is required for meiosis [16]. Prophase of meiosis I is divided
into four steps, viz., leptotene, zygotene, pachytene and diplotene. DNA replication occurs in the
pre-leptotene phase of meiosis I [18] and at leptotene stage of prophase I, double stranded DNA
breaks (DSB) are introduced by SPO11 and the proteins involved in DNA repair pathways e.g.
YH2AX, ATM (Ataxia Telangiectasia Mutated), ATR (Ataxia Telangiectasia and Rad-3 related)
and DMC1 (DNA meiotic recombinasel) are recruited to the DSB sites [17]. In the leptotene
stage, synaptonemal complex protein 2 (SYCP2), SYCP3 and cohesin start forming axial
elements of synaptonemal complex along the homologous chromosomes. In the zygotene stage,
axial elements are called as lateral elements and they are joined by SYCP1 leading to formation
of synaptonemal complex thus initiating synapsis (pairing of homologous chromosomes) and
meiotic recombination. At pachytene stage complete synapsis is observed, the DSB are repaired
and meiotic recombination are completed. In diplotene stage, synaptonemal complex is
degraded, crossover of sister chromatids or chiasmata is observed [17]. The sister chromatids are
held together by cohesins. The cells then progress to diakinesis where meiotic spindle formation
begins. The primary spermatocytes then undergo anaphase I, followed by metaphase I and
telophase 1. After the end of telophase I, cells undergo second meiotic division, known as
meiosis II. In meiosis II, DNA replication does not occur. The chiasmata are resolved at
metaphase II/anaphase II stage of meiosis II and sister chromatids are separated by removal of

cohesins thus giving rise to haploid cells [17, 18].

During the process of spermiogenesis, haploid round spermatids undergo a series of changes,
such as flagella formation, manchette formation, the removal of a large portion of cytoplasm

resulting in the formation of elongated spermatids, acrosome formation and nuclear
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condensation [13]. Flagellum is required for the motility and flagellum formation starts at the
centriole and is composed of a microtubule based structure called the axoneme. Axoneme
formation is controlled by proteins like Hsp70-Hsp90 organizing protein (HOP) and Sperm
associated antigen 6 (SPAG6) [17]. The manchette is a microtubular structure attached to the
nucleus and it helps in the elongation of sperm nucleus. Removal of cytoplasm is important for
the development of sperms as it contributes to the elongated slender shape. A major part of the
cytoplasm is removed by tubulobulbar complex and the remaining cytoplasm is removed by the
residual body and cytoplasmic droplet. Acrosome biogenesis starts with the fusion of pro-
acrosomic vesicles above the sperm nucleus. Acrosome contains the hydrolytic enzymes required
to penetrate the zona pelucida of the ovum. Nuclear condensation leads to the cessation of
transcription. A defect in any of these steps leads to sterility [17]. After nuclear condensation, the
disassembly of apical ectoplasmic specialization junctions, present between Sertoli cells and
elongated spermatids, takes place thus allowing the elongated spermatids to leave the
seminiferous tubules and migrate to the epididymis, where they mature to give rise to
spermatozoa (Figure. 1.2). Therefore, each SSC gives rise to multiple spermatozoa and
spermatozoa are regularly produced as opposed to ova. Hence, it is easier to generate larger
numbers of transgenic animals by modifying spermatozoa and using them as a vehicle for the

delivery of the transgene.
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types are modified using the different SMGT techniques [19].
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1.1.3 Sperm Mediated Gene Transfer

Different techniques have been developed to generate transgenic mice by modifying
spermatozoa or SSCs (as indicated in Figure. 1.1) and these have been broadly grouped under the
term "Sperm Mediated Gene Transfer" (SMGT). The different techniques by which SMGT is

achieved are listed below.

i) Gene transfer mediated by Spermatozoa

As mentioned earlier, it was observed that spermatozoa can bind to DNA [10] and therefore,
spermatozoa incubated with transgenic DNA can be used for generating transgenic animals. The
binding of DNA to spermatozoa is not random and is dependent on a receptor present on the
spermatozoa and this receptor can be blocked by Inhibition factor 1 (IF1) present in seminal fluid
[20]. Binding of DNA to its receptor led to the internalization of the DNA bound receptor
followed by the release of DNA into sperm nuclei. In addition to DNA receptor, MHC II and
CD4 molecules played an important role in DNA uptake and internalization by spermatozoa
[21]. Moreover, blocking CD4 receptors also prevented DNA internalization in spermatozoa
[21].

Lavitrano et al., [11] generated a transgenic mouse by incubating a suspension of spermatozoa
(washed spermatozoa to remove IF1) with circular plasmid DNA encoding bacterial
chloramphenicol acetyltransferase (CAT) and using this suspension for in vitro fertilization . The
transgenic mice thus obtained, did not express the CAT gene due to the rearrangement of the
transgene [11]. This method of transgenesis is not very promising as several groups who have
tried this technique failed to obtain transgenic animals (reviewed in [22]). The major problems

with this technique were: DNA uptake efficiency was highly variable [23], the transgene did not
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integrate into the host genome and a high occurrence of rearrangement of the transgene upon
integration. Intra-Cytoplasmic Sperm Injection (ICSI) (the injection of sperm into an ovum) is
used to improve the efficiency of obtaining transgenic animals using this method [24].

In an attempt to obtain mice that express the transgene, Lavitrano et al., [11]incubated
spermatozoa with a linear DNA fragment of a plasmid expressing CAT and used these
spermatozoa for in vitro fertilization. They found that transgenic animals, obtained from this
method, expressed the CAT gene and the efficiency of obtaining transgenic progeny with this
protocol was higher compared to that observed with circular plasmid DNA. Using this
technology, the Lavitrano laboratory had successfully generated transgenic pigs expressing
human decay accelerating factor with an efficiency of 57% [25] and transgenic pigs expressing
multiple transgenes, i.e., enhanced blue fluorescent protein, enhanced green fluorescent protein
and DsRed?2 [26]. Kroll et al., [27] further modified the above-described protocol by incubating
purified Xenopus sperm nuclei for a short period of time (10 min) with restriction enzymes in the
presence of linearized plasmid DNA containing cDNA sequence of GFP. As a result, an
improvement was observed in the efficiency of integration of linearized plasmid DNA into the
genome and this method was named Restriction Enzyme Mediated Insertion (REMI) SMGT.
This modified sperm nuclei were injected into the unfertilized ovum to generate transgenic
embryos [27]. Another method used to improve the efficiency of DNA uptake by spermatozoa
was to disrupt the cell membrane of spermatozoa by freeze-thaw cycles and inject the
membrane-disrupted spermatozoa along with a plasmid DNA fragment containing a GFP
expression cassette into oocytes [28]. This change in protocol resulted in an increase in the

efficiency of generating transgenic animals by 20%. The most critical factors associated with this
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method were the choice of enzyme, which is used to linearize the plasmid DNA and the
processing of sperm nuclei.

Since DNA uptake by spermatozoa has not been very efficient, some groups tried using
transfection reagent lipofectamine to introduce exogenous DNA into spermatozoa [29-32].
Lipofectamine complexed with linearized DNA (lipofection combined with REMI) gave
efficient transgenesis compared to lipofectamine complexed with circularized DNA [30, 32].
Some groups have also used nanoparticles, like magnetic nanoparticles, mesoporous silica
nanoparticles, and halloysite clay nanotubes, to deliver exogenous DNA to sperm [33-36].
Briefly, magnetic nanoparticles mixed with linearized DNA fragments were incubated with
sperm and subjected to the magnetic field for 90 min. Unbound DNA magnetic nanoparticle
complex was removed and oocytes were fertilized with magnetofacted sperm to obtain GFP
positive embryos [33]. Using mesoporous silica nanoparticles only binding with sperm was
studied to show that the binding of the nanoparticle does not affect sperm but it was not used for
making transgenic embryos [35]. Campos ef al., showed that the sperm could be transfected with
plasmid (circularized and linearized in the ratio of 1:1) using halloysite clay nanotubes or
nanopolymer, transfected sperm was washed to remove the excess of transfection mixture,
transfected sperm was then used for in vitro fertilization. It was observed that the more
transgenic embryos were obtained with sperm transfected using nanopolymer or halloysite clay
nanotubes when compared with sperm transfected using lipofectamine [34]. The use of

nanoparticles for SMGT was termed as NanoSMGT [36].
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ii) Transplantation of Modified Spermatogonial Stem Cells into Testis

Spermatogonial stem cells (SSCs) are progenitor cells, which undergo meiosis followed by
differentiation to form spermatozoa, as described above. These cells are mostly quiescent;
however, they can be cultured and easily modified in vitro. Brinster et al., [37]demonstrated that
transplanting SSCs from a fertile animal to an infertile animal resulted in the restoration of male
fertility and suggested that modified SSCs could be used to generate transgenic animals. This
technique did not involve in vitro fertilization or ICSI. It was also shown that SSC
transplantation in a fertile mouse resulted in the generation of some pups derived from
spermatozoa from the donor and some from spermatozoa derived from the recipient [38].Though
Brinster et al., did not use modified SSCs, the Brinster laboratory showed that SSCs can be
isolated, cultured and transfected with a plasmid DNA or infected with retroviruses. These stably
transfected SSCs were then transplanted into recipient testis where modified SSCs form colonies
and these colonies were positive for transgene lacZ [39, 40]. However, they did not use these
mice to generate transgenic animals. Alternatively, SSCs can be transduced in vivo using
retroviruses to obtain transgene positive spermatozoa [39]. Ivics et al., standardized the protocol
to modify SSCs in vitro by transposons [41]. None of these articles used the transgene positive
spermatozoa for fertilization of ovum but these experiments demonstrated that even a few
transgenic SSCs upon transplantation can be used for the generation of transgene positive
spermatozoa and hence can be used to generate transgenic animals. The principle behind this
technique formed the basis for the evolution of SMGT techniques used today.

An organotypic culture technique, for the culture of testicular cells of the neonatal mouse, to
obtain fertile spermatozoa in vitro has also been developed. In this technique, fragments of

neonatal testis were cultured using gas-liquid interphase method in KSR medium and it was
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observed that the SSCs differentiated to form haploid spermatocytes, round and elongated
spermatids. Both round and elongated spermatids were found to be fertile when used for
fertilizing ova using round spermatid injection (ROSI) and ICSI technique respectively.
Fertilized ova were transplanted, and some of the pups were found to be transgene positive [42].
Though establishing organotypic cultures is not easy, the cultures once established can generate
spermatozoa for a period of up to two months. It is tempting to speculate that recombinant
spermatozoa generated in vitro in these organotypic cultures could result in the generation of
compound transgenic animals carrying and expressing multiple transgenes in a single step rather

than the multiple rounds of transgenesis and mating that is the current norm.

iii) Electroporation of Transgenic DNA into Testis

DNA can be introduced directly into target organs either in adult animals or pups and embryos
using a number of procedures that are covered by the term LIVGET (localized in vivo gene
transfer technique). LIVGET achieves the integration of plasmid DNA into the target organs by
three distinct methods. The DNA is encapsulated either in a microparticle or a lipid particle that
is injected into the target organ, or DNA is injected into the target organ followed by an electrical
pulse across the organ. All these procedures resulted in the incorporation of the DNA construct
into the cells of the target organ.DNA injection into the seminiferous tubules or testis is termed
as TMGT (testicular mediated gene transfer). Sato et al., for the first time suggested that DNA
can be directly injected into the testis and showed that DNA calcium phosphate complex when
injected into the testis is taken up by the cells of the testis as shown by southern blotting but with
the passage of time there was loss of transgene and the injected mice could not sire transgene

positive pups [43]. Muramatsu et al., [44] then compared the efficiency of microparticle
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bombardment and electroporation for testis specific expression of the CAT gene. This was the
first report in which cells in the testis were modified successfully in vivo. They showed that,
upon intra-testicular DNA injection and electroporation, testicular cells showed CAT expression.
Further, they also injected a plasmid expressing lacZ into the testes followed by the application
of an electric current across the testis. Post 48 hours of electroporation, sections of electroporated
testis were stained with X-gal, hematoxylin and eosin, and they observed lac Z expression in
spermatogonium like cells, spermatocyte like cells and spermatid like cells. But they did not
determine whether the plasmid DNA had integrated into the genome of these cells [45].
Yamazaki et al., [45]demonstrated that injection of linearized plasmid DNA into seminiferous
tubules, followed by the application of an electric current to the testis, resulted in long term
expression of the lac-Z transgene and also in the modification of spermatogonial stem cells. The
above mentioned reports did not use transgene positive sperms, obtained using electroporation,
for generating transgenic animals. Huang ef al., generated transgenic mice expressing YFP by
electroporation. Briefly, DNA/HBS complex was injected into the testis of 14 day old mice
followed by electroporation, transgene expression was detected using fluorescent microscopy,
the tubules expressing YFP were collected to obtain transgenic spermatozoa for fertilizing ovum
using ICSI and embryos were transplanted into pseudo-pregnant female mice to obtain
transgenic pups [46]. The Majumdar laboratory has recently reported a method for DNA
electroporation in which the in vitro fertilization and embryo transplantation steps are bypassed
and the electroporated mouse is directly mated with female mice to obtain pups. In this method
linearized plasmid DNA was injected at multiple locations on one of the mouse testicle followed
by electroporation and the other testicle was castrated, 35 days post injection, this pre-founder

mouse was mated with wild type female mice to obtain pups and pups were screened for the
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presence of the transgene [47]. Later on this technique was modified and both the testicles were
injected and electroporated. The efficiency of this method was around 57-62% because different
vector constructs used in this study had different efficiency of integration [48]. However, the
pulse intensity and pulse interval will have to be standardized for different species such that the

testicular cells will not be affected by electroporation leading to their cell death.

iv) Virus Mediated Transgenesis

As mentioned earlier, Nagano er al., demonstrated that spermatogonial cells could be infected
with retroviruses in vitro and these cells upon reintroduction into the recipient testis
differentiated into transgene containing spermatozoa [39]. These recipient male mice were able
to sire transgenic pups (expressing lac Z) when mated with wild type female mice. The transgene
positive pups obtained from the recipient male mouse were inbred and it was determined that the
lac Z transgene was stably integrated as the pups obtained from inbreeding of transgene positive
animals were also positive for lac Z expression [49]. The same group suggested that the use of
lentiviruses would increase the efficiency of transgenesis due to their ability to infect quiescent
germ cells [40]. Pfeifer er al., [50] independently demonstrated that lentiviruses could infect
embryonic stem (ES) cells. They also showed that morula stage embryos could be infected with
lentiviruses in vitro and the infected morula could be implanted into the surrogate mother to
obtain transgene positive animals. Hamra et al., [S1] demonstrated that purified SSCs isolated
from rat testis could be infected with lentiviruses in vitro. And these modified SSC’s could give
rise to transgenic progeny when implanted in the rat testis. While the techniques mentioned
above resulted in the generation of transgenic animals, these were cumbersome for the following

reasons. SSCs need to be isolated and cultured in vitro and care has to be taken to prevent the
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differentiation of SSCs. Further, the transduced SSCs need to be propagated in culture, which is
not a trivial protocol though it has become easier over time. In addition, spermatocytes need to
be depleted from the recipient male mice and often the transplantation of the recombinant SSCs
into recipient mice failed, probably due to immune reactions against the modified SSCs. This
protocol is also difficult to use in larger animals where spermatocyte depletion and surgery might
pose unforeseen problems. In 2004, Kanatsu-Shinohara et al., [52] suggested that all the
difficulties in obtaining and culturing SSCs can be bypassed by in vivo retroviral transduction of
SSCs. By injecting retroviruses into the testis of sexually immature mice, they obtained
transgenic pups but the efficiency of obtaining transgenic pups (22%) was little less compared to
the in vitro transduction technique (33-38%).

In 2011, Sehgal et al., [53] reported that, upon in vivo lentiviral transduction of pre-pubescent
male mice, the EGFP-f transgene could integrate into the DNA of the SSCs and the transgene
was expressed in all the cells in the testis. More than 60% of the pups generated by mating these
pre-founder mice with wild type female mice were positive for the transgene. The transgene
integration sites were mapped in the transgene positive pups and demonstrated that the transgene
was stably inherited to next generation and that most of the animals contained one or two
integrant [53]. This method is cost effective, simple and highly efficient for generation of
transgenic animals as compared to the methods described above. But the site where integration is
going to occur cannot be predicted and the transgene will be expressed by all the testicular cells,
which are infected by lentiviruses. Few groups have also tried using adenoviruses for generating
transgenic animals but adenoviral infection did not lead to the integration of virus genome into
the host cell. Hence, adenoviruses when used to generate transgenic animal by injection into

seminiferous tubules did not show integration into the genome of the progeny but some of the
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pups expressed the transgene [54]. Recently, using GFP expressing pseudotyped lentivirus
infected spermatozoa, GFP positive transgenic mice were obtained [55]. Briefly, cauda
epididymis and the distal end of vas deferens were placed in a dish, punctured with a needle and
incubated with concentrated virus soup for 30 min to 2 hours. Then the spermatozoa were
washed with buffer and used for IVF to generate transgenic mouse. The efficiency of obtaining
transgenic animal using this technique was found greater than 42% [55]. The critical factor,
which affected the efficiency of fertilization in this technique, was the time interval for which

viruses were incubated with spermatozoa.

1.1.4 Site Specific Recombination and Targeted Knockouts

Until recently, the ability to generate knockout and knock-in mice was limited to technology
requiring the modification of embryonic stem cells in vitro, followed by embryo aggregation or
blastocyst injection. These methods are difficult to develop and require facilities not available in
most laboratories. Kanatsu-Shinohara er al., tried to generate knockout mice by infecting
cultured SSCs with retroviruses containing neomycin resistant cassette [56]. SSC colonies
resistant to neomycin were sequenced to identify the genes flanking the retroviral genome and to
find out if the neomycin resistant cassette became the part of the open reading frame (ORF) of
the flanking gene sequences, suggesting disruption of that gene. Using this random mutagenesis
approach, they found that one of the disrupted genes was occludin. The SSC colony with a
disrupted occludin allele was transferred to the recipient testis to generate occludin knockout
mice; though the efficiency to generate knockout mice with this method was very low (1.7%)
[56]. However, the advent of the SMGT technologies allows the exploitation of the nucleases

like TALENS (Transcription Activator-Like Effector Nucleases) and CRISPR-Cas system
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(Clustered Regularly Interspaced Short Palindromic Repeats; Cas-CRISPR associated protein) to
achieve targeted insertions or deletions or modifications with higher efficiency.

While using TALENS, the DNA or RNA sequences (transgene) can be injected into the oocytes
or embryos. Once inside the nucleus, TALENS bind to specific DNA sequences and introduce a
double stranded break, which causes activation of the Non Homologous End Joining (NHEJ)
pathway. During NHEJ, the exogenously provided template DNA or RNA is used to insert or
delete a few bases at the site of strand breakage. Recently, knock-in and knockout mice, and
mice with a site-specific mutation were generated using TALENS [57-59]. Elimination of
germline mitochondrial DNA mutations was achieved with the help of TALENS [60].Instead of
the embryo injections, the TALENS can be encoded in a lentiviral vector and used to infect
cultured SSCs. Recently, TALENS complexed with lipofectamine were used to transfect SSCs to
generate or correct mutations, even electroporation of SSCs has also been done to deliver
TALENS without affecting the cell viability or proliferation of SSCs [61, 62].

In the CRISPR-Cas system, a single guide RNA (sgRNA) (20 nucleotides) directs the Cas9
nuclease to its target. Once activated, Cas generates double stranded breaks, activates NHEJ and
NHEJ activation leads to insertion or deletion of specific nucleotides. To generate transgenic
mice using CRISPR-Cas system, Cas mRNA, sgRNA and a linearized vector coding for the
transgene were injected into the pronucleus or into the cytoplasm of a two/four cell embryo [63].
Transgenic mice containing a conditional allele for Mecp2 were generated by injecting mouse
embryos with a mixture of Cas9 mRNA, sgRNA and loxP oligonucleotides [63]. These mice
with conditional alleles can be mated with mice expressing tissue specific CRE recombinase to
generate mice with a tissue specific knockout of Mecp2 gene. A conditional allele can also be

generated by using a pair of Cas9 nucleases and a single DNA expressing guide RNA flanked by
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loxP sites [64]. Recently, using a single plasmid system for expressing sgRNA targeting the gene
of interest and Cas9 nuclease, a tyrosinase knockout rabbit was generated [65]. CRISPR-Cas had
been used in SSCs for genome correction with 100% efficiency, as in the case of mice carrying
the mutant Crygc gene (responsible for causing cataract), resulting into the generation of healthy
progeny [66]. To make the activity of Cas highly specific and reduce off-target effects, multiple

sgRNA or a pair of sgRNAs can be used [67].

1.2 14-3-3 Proteins

14-3-3 proteins belong to a family of acidic proteins with a molecular weight of 25-32 kDa [68,
69]. Moore and Perez first isolated these proteins from bovine brain homogenate. They were
named ‘14-3-3' because of their elution position in 2-dimensional DEAE cellulose
chromatography and migration pattern on starch gel electrophoresis [70]. In mammals there are
seven isoforms of 14-3-3, namely, B, v, €, 1, 6, T and {. The phosphorylated forms of 14-3-3f3 and
14-3-3C are known as 14-3-3a and 14-3-39 respectively [71]. 14-3-3 proteins bind to proteins
involved in different pathways. 14-3-3 proteins regulate multiple cellular pathways including cell
cycle progression, centrosome duplication, DNA damage repair, transcription, cell growth,
survival, apoptosis, protein trafficking and mitochondrial protein import and tumor suppression

[72-76].

1.2.1 Structure

14-3-3 proteins form dimers. Each 14-3-3 monomer in the dimer contains a channel for ligand

binding. The structure resembles the shape of a horseshoe. Each monomer is made up of nine
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anti-parallel o helices (aA-al) [72, 77]. Helices aA and aB of one isomer interact with the
helices aC' and aD' of the other monomer [72, 77]. Helices aA, aB, aC and aD form the base of
the inner channel [72]. Helices aE-aH forms remaining part of the channel. The amino acids
which are present at the interior face of this channel are conserved across the different isoforms
but the amino acids present at the exterior face of this channel are variable and is probably
responsible for the isoform specific ligand interaction [72, 78]. Helices aC, oE, aG and al are
involved in ligand binding [79]. Tyrosine, lysine and arginine residues present in these helices
binds to the phosphate groups present on the ligand [79, 80]. All 14-3-3 isoforms form both
homodimers and heterodimers with the exception of 14-3-3c, which only forms homodimers

whereas 14-3-3¢ preferentially forms heterodimers [77, 79].

1.2.2 Ligand binding

14-3-3 proteins bind to phosphorylated ligands containing phosphorylated Ser/Thr residues in
one of the two consensus motifs RSXpS/pTXP and RXY/FXpSXP [80, 81]. Muslin et al., in
1996, identified RSXpSXP as a mode I binding site after scanning the Raf-1 protein sequence as
Raf-1 was known to bind to 14-3-3(. They generated a short Raf peptide, Raf 259, containing
phosphorylated Serine at 259 position, and showed that when the phosphorylation of Ser259 is
inhibited it cannot bind to 14-3-3 proteins. They also showed that the phosphorylation of Ser257
alone or phosphorylation of both Ser257 and Ser259 abrogated 14-3-3 binding. Similarly,
presence of Arginine, Serine and Proline with respect to pSer is important and critical for 14-3-3
binding as the peptides which had these residues mutated or the degenerate peptides (containing

Proline or Serine or Arginine at different positions with respect to pSer) could not bind to 14-3-3
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proteins at all or the binding was very weak [81]. The 14-3-3 binding motif RSXpSXP is present
in other 14-3-3 ligands such as cdc25C, Bad, Mos, PLCy, etc.[81]. Yafte ef al., in 1997, screened
pSer oriented degenerate peptide libraries to identify peptides which showed strong binding to
14-3-3 proteins. They identified RXY/FXpSXP as a mode two consensus motif. The 14-3-3
binding proteins containing mode two consensus motif are cdc25A, keratin 8, PKCy, etc. [80].
Some proteins bind to 14-3-3 via their C terminus and the deletion of the C terminus abrogates
14-3-3 binding. The proteins which bind to 14-3-3 via their C terminus are glycoprotein complex
Ib-IX-V, plant H+-ATPase, interleukin 9 receptor a, potassium channels KCNK3, KCNKO9,
ovine arylalkylamin N-acetyl-transferase (0AANAT), etc. Coblitz et al., identified a mode three
14-3-3 binding site for such proteins, pSX1-2-COOH, after analyzing the 14-3-3 binding sites in

0AANAT and H+-ATPase [82, 83].

Yaffe et al., also described the structure of 14-3-3 protein bound to phosphorylated ligands by
using 14-3-3( bound to phospho-peptide, containing mode 1 consensus sequence similar to that
of Polyomavirus middle T antigen. The bound phospho-peptide initially has an extended chain
conformation and then its phospho-serine residue forms salt bridges with Arg, Lys and Tyr
residues present in the central channel [80]. Yang er al., had hypothesized that two types of
interactions take place between the phosphorylated target protein and 14-3-3 proteins. The
phosphorylated serine interacts with the inner channel of 14-3-3 and salt bridges are formed
between the phosphate group and the Arg, Arg and Tyr triad; this interaction is known as
primary interaction. The secondary interaction is the interaction of the target protein with the

outer surface of 14-3-3 proteins to form a strong complex [79].
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1.3 14-3-3y

14-3-3y was first identified by Ichimura er al., in 1988 from bovine brain homogenate using
reverse phase chromatography in an attempt to resolve the heterogeneous 14-3-3 protein
complex [68]. In humans 14-3-3y gene also known as YWHAG is located on chromosome

7q11.23 [84]. 14-3-3y is ubiquitously expressed but is abundantly expressed in the brain [85].

1.3.1 Functions of 14-3-3y

14-3-3y interacts with various proteins to regulate different pathways. Some of the important

functions of 14-3-3y are described below.

1.3.1.1 Regulation of cell cycle checkpoint control by 14-3-3y

14-3-3 proteins bind to cdc25C [86]. ¢dc25C is a dual specificity phosphatase which activates
mitotic complex, cyclinB/cdkl, leading to the initiation of mitosis [87]. During interphase, cell
cycle arrest and DNA damage, cdc25C is phosphorylated at a Serine residue at position 216
(S216) which leads to the generation of a 14-3-3 binding site. 14-3-3 bound c¢dc25C is
sequestered in the cytoplasm during interphase and in response to checkpoint activation, thereby
preventing premature activation of the mitotic complex, cyclinB/cdkl [87]. Of the different
isoforms of 14-3-3, only 14-3-3y and 14-3-3¢ were found to interact with ¢dc25C in vitro and in
vivo [88]. To understand the significance of cdc25C binding to 14-3-3y, 14-3-3y-cdc25C
complex formation was disrupted by expressing S216A c¢dc25C mutant which failed to bind 14-
3-3y and the cells expressing S216A ¢dc25C mutant showed premature chromatin condensation
(PCC) [88]. PCC is seen in S phase cells in which mitosis is induced [88] by overriding of
incomplete S phase and G2 checkpoint pathways. In HCT116 cells, disruption of endogenous
14-3-3y-cdc25C complex by loss of 14-3-3y also resulted in premature activation of
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cyclinB/cdk1l complex by cdc25C and increased PCC [89]. These observations highlight the
importance of regulation of cdc25C function by 14-3-3y in maintenance of checkpoint pathways

and prevention of PCC.

14-3-3 isoforms are known to regulate different functions of checkpoint kinase 1 (chk1). chkl is
activated upon DNA damage by ATR kinase. Activation of chk1 prevents cell cycle progression
and causes G2/M arrest by phosphorylating cdc25¢ at S216 position [90, 91] and as described
above S216 phosphorylated cdc25C cannot mediate activation of cyclinB/cdkl [87]. chkl is
phosphorylated at S345, which upon phosphorylation serves as 14-3-33 and 14-3-3( binding site
to promote the nuclear retention of chkl by masking the nuclear export signal of chkl [92].
Recently, 14-3-3y is reported to bind chkl at S296 position. chk1 auto-phosphorylated itself at
S296 position upon activation by the ATR kinase. Phosphorylation of S296 residue generated
14-3-3 binding site. Out of different 14-3-3 isoforms, only 14-3-3y binds to chkl at S296
position [93]. Binding of chkl to 14-3-3y promotes interaction of chkl with cdc25A and thus
promoting phosphorylation of cdc25A at S76 by chkl and the degradation of cdc25A [93, 94].
cdc25A activates cyclin E/cdk2 and cyclin A/cdk2 complexes and is required for G1/S transition

[95].

14-3-3y also regulates G2/M transition by interacting with Cdt2 (cell division cycle protein 2).
Cdt2 is an adaptor of CRL4 (member of cullin-RING E3 ligases). CRL4“‘?  complex is
composed of cullin4a or cullin4b (acts as scaffold), Rbx1/2 (RING box protein 1/2) which binds
to E2 enzyme (ubiquitin donor), DDB1 (damage-specific DNA binding protein 1) and Cdt2
which recognize substrates bound to PCNA (proliferating cell nuclear antigen). The C terminus
of cullin4a/b is bound to Rbx1/2 at the C terminus and the N terminus of cullin4a/b interacts

with DDB1 which is in turn bound to Cdt2 [96, 97]. CRL4“*? is considered as the master
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regulator of cell cycle. CRL4“Y is required for the degradation of Set8, p21, Cdtl(necessary for
DNA replication) and cdc6. CRL4AY? activity is required for cell cycle progression, PCNA
mediated DNA damage repair, preventing genomic instability and abnormal relicensing of origin
which leads to re-replication [96, 97]. Similarly, Cdt2 loss is associated with the re-replication
and G2 arrest. Cdt2 is phosphorylated by cyclinA/cdk2 and cyclinB/cdkl complex at T464
position, phosphorylated Cdt2 binds 14-3-3y and 14-3-3y prevents FbxO11 (F-box only protein
11) mediated Cdt2 polyubiquitination and degradation. Loss of 14-3-3y leads to decrease in the
levels of Cdt2 and an increase in the substrates of CRL4““* [97]. Therefore, 14-3-3 regulates cell

cycle progression by regulating functions of cdc25A, cdc25C and stability of CRL4“2 .

1.3.1.2 Regulation of centrosome duplication by 14-3-3y

First report which suggested role of 14-3-3y in centrosome formation came in 1996 when
Pietromonaco et al., showed that 14-3-3y is present in centrosomal fractions of mouse 3T3 cells
[75]. After two decades, it was shown that loss of 14-3-3y in HCT116 cells led to increase in the
number of centrosomes [98]. The increase in centrosome number in the absence of 14-3-3y was
due to centriole over duplication. The centriole over duplication resulted from uninhibited
function of ¢dc25C which led to premature activation of cdkl [98]. Activated cdkl
phosphorylates Nucleophosmin (NPM1), an inter centriolar linker protein which links two
centrioles. NPM1 upon phosphorylation by cdkl at T199 position is detached from centriolar
linker thereby increasing distance between two centrioles and providing signals for procentriole
biogenesis [98]. Therefore, 14-3-3y not only regulates cell cycle but it also regulates centrosome

duplication by regulating c¢dc25C function.
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1.3.1.3 Regulation of adeno-associated virus type 2 replication by 14-3-3y

Adeno-associated virus type 2 is a non-pathogenic human parvovirus which requires a helper
virus for efficient DNA replication. The virus encodes for four rep proteins i.e. Rep78, Rep68,
Rep52 and Rep40 from one rep gene. The major function of rep proteins is to replicate DNA and
site specific integration. It was found that Rep 68 upon phosphorylation at S535 position binds to
14-3-3y-14-3-3¢ heterodimer to form a ternary complex. SS35A Rep 68 mutant which failed to
bind 14-3-3 proteins had increased affinity for DNA binding and was more efficient in viral
DNA replication compared to the wild type Rep68. The mechanism by which 14-3-3 regulates

process of viral DNA replication by Rep68 is not known [99].

1.3.1.4 Regulation of pS3 activity by 14-3-3y and suppression of 14-3-3y expression by p53.

p53 is a tumor suppressor protein known to be activated in response to ionizing radiation (IR).
p53 is a transcription factor and is known to regulate genes responsible for cell cycle arrest,
DNA repair and apoptosis. In non-irradiated cells, S376 and S378 residues of p53 are
phosphorylated. In response to IR, ATM dephosphorylates S376 residue of p53 and exposes
pS378 residue which serves as a 14-3-3 binding site [100]. Different 14-3-3 isoforms were
screened for their ability to bind p53 and it was observed that 14-3-3y binds to p53 in both GST
pulldown assay and co-immunoprecipitation experiments [101]. The p53 mutants who failed to
bind 14-3-3 were unable to induce cell cycle arrest in response to IR suggesting that the p53
binding to 14-3-3 was important for p53 function [101]. 14-3-3y helps in oligomerization of p53
and the 14-3-3y-p53 complex had higher affinity to bind DNA when compared to p53 alone

[100, 102, 103]. Recently, it was shown that in non-small cell lung cancers mutation of p53 was
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directly correlated with the increase in the levels of 14-3-3y. Using chromatin
immunoprecipitation assay (CHIP) and luciferase assay it was shown that p53 binds to the 14-3-
3y promoter and suppresses 14-3-3y expression in response to IR [104]. p53 regulates level of
14-3-3y just not at the level of transcription but also at the level of proteasomal degradation by

enhancing ubiquitination of 14-3-3y [105].

1.3.1.5 Regulation of transcription of synaptic genes by 14-3-3y

The muscle-specific receptor tyrosine kinase (MuSK) is present at post synaptic sites and is
responsible for aggregation of synaptic proteins including acetylcholine receptors leading to
differentiation of neuromuscular junction. In an attempt to identify interacting partners of MuSK
in post synaptic membranes of Torpedo electrocytes using mass spectrometry, Strochlic et al.,
identified 14-3-3y. 14-3-3y formed a complex with MuSK in muscle cells also. In muscle cells
expression of 14-3-3y was found to localize at neuromuscular junction and expression 14-3-3y in
C2C12 myotubes led to the inhibition of the transcription of synaptic genes and alteration in the
morphology of neuromuscular junction [106]. It was speculated that the binding of MuSK to 14-
3-3y led to the inactivation of Rafl, an effector of avian erythroblastosis oncogene B
(ErbB)/Neuregulin-1 (NGU) pathway, thereby preventing transcription of Erk responsive genes

[107].
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1.3.1.6 Regulation of mRNA stability by 14-3-3y

Most of the 14-3-3y functions are dependent on protein-protein interactions but a decade ago, 14-
3-3y was found to interact with mRNA. 14-3-33, 14-3-3y, 14-3-3n, 14-3-3( and 14-3-3t were
found to bind 3° UTR of low molecular weight Neurofilament (NFL) mRNA. Neurofilament
protein belongs to the family of intermediate filament proteins. The binding of 14-3-3 isoforms
to 3’UTR of NFL mRNA is dependent on the presence of a couple of hexanucleotide sequence
and the mutation the of these sequences abolished 14-3-3 binding and increased the stability of
the 3°UTR of NFL mRNA [108]. The mechanism by which 14-3-3 proteins regulate stability of

NFL mRNA is unclear [108].

14-3-3 proteins were also found to bind mRNA of human surfactant protein SP-A. SP-A is
expressed in lungs and is important for innate immunity. SP-A is encoded by two genes SP-Al
and SP-A2. The 5’UTR splice variants of SP-A2 which contains exon B are ABD and ABD’.
These splice variants are efficiently translated and have a lower decay rate when compared to the
splice variants which lack exon B. Exon B is an enhancer of transcription and translation [109].
14-3-3y, 14-3-3g, 14-3-3n, 14-3-36 and 14-3-3t binds to exon B and the levels of SP-A2
decrease in cells with loss of these 14-3-3 isoforms. These findings suggest that 14-3-3 isoforms
play an important role in SP-A2 translation but the exact function of 14-3-3 binding to exon B is

not clear [110].

1.3.1.7 Role of 14-3-3y in Parkinson’s disease

14-3-3y levels are often deregulated in different neurodegenerative disorders. Parkinson’s
disease is a neurodegenerative disease which affects motor functions. The exact cause of this
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disease is unknown. It has been reported that the aggregates of a-synuclein protein are seen in
the neurons in this disease. Mutations in a-synuclein are the cause of aggregate formation. 14-3-
3 proteins share structural homology with a-synuclein and are seen in a-syn inclusion bodies.
Over-expression of a-synuclein in mouse model was studied and it was found that 14-3-3
expression was deregulated with a significant reduction in the levels of 14-3-3y and reduction in
14-3-36 and 14-3-3¢. The over-expression of 14-3-3y, 14-3-3¢ and 14-3-30 in the neuroglioma
cells led to the reduction of the a-synuclein aggregates. The mechanism by which 14-3-3
isoforms regulate a-synuclein aggregation is not clear. Exposure of rotenone and 1-Methyl-4-
phenyl pyridinium in animals causes Parkinsonian like syndrome. Dopaminergic cells which
over-expressed 14-3-3y, 14-3-3¢ and 14-3-30 isoforms were resistant to the toxicity caused by
rotenone and 1-Methyl-4-phenyl pyridinium. The B, ¢ and { isoforms of 14-3-3 did not give any
protection against the cytotoxicity caused by rotenone and 1-Methyl-4-phenyl pyridinium. Thus

14-3-3y provides protective function against Parkinson’s disease [111].

Leucine rich repeat kinase-2 (LRRK2) is a multidomain protein and is mutated in familial
Parkinsons’s disease. LRRK2 is phosphorylated by protein kinase A at multiple sites. LRRK2
phosphorylated at S1444 residue serves as binding site for 14-3-3y. The kinase activity of
LRRK?2 is attenuated by binding to 14-3-3y. In Parkinson’s disease R1441C, R1441G and
R1441H mutations of LRRK2 are reported and all these mutants lack 14-3-3y binding site and
have more kinase activity compared to the wild type LRRK2 [112]. Different mutations in
LRRK2 have different effects on neurons. Expression of R1441C mutant in mouse led to the
reduction in substantia nigra dopaminergic neurons and led to the increase in transcription of
genes responsible for cell death and decrease in the transcription of genes responsible for

neuroprotection [113]. Expression of G2019S mutant affected lysosome morphology, autophagy
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efflux resulting into the formation of aggregates of detergent insoluble a-synuclein and release of

a-synuclein in neurons [114].

1.3.1.8 Regulation of class switching in B cells by 14-3-3y

14-3-3 proteins are known to bind DNA [115]. 14-3-3y binds to supercoiled DNA as well as
cruciform DNA [116]. 14-3-3 proteins bind to the AGCT sequence. Multiple AGCT repeats are
present in intronic switch region of immunoglobulin heavy chain. Class switch DNA
recombination (CSR) happens in this intronic switch region. 14-3-3 expression increases in B
cells undergoing CSR in vitro [117]. 14-3-3y binds to the AGCT repeats and helps in recruitment
or stabilization of activation-induced cytidine deaminase (AID), protein kinase A (PKA) and
uracil DNA glycosylase by binding to these proteins as shown by bimolecular fluorescence
complementation and GST pulldown assays. Moreover, binding of 14-3-3y, 14-3-3¢ and 14-3-3(
enhances activity of AID and inhibition of recruitment of 14-3-3y and AID led to the inhibition

of class switch DNA recombination [118].

1.3.1.9 Regulation of ion channel activation by 14-3-3y

14-3-3y is reported to bind various ion channel transporters namely, Uncoupling proteins 2 and 3
(UCP2 and UCP3), TWIK-related spinal cord K channel (TRESK), large-conductance Ca2+-
activated K (BK) channel, Cystic fibrosis transmembrane conductance regulator
(CFTR),TWIK-related acid-sensitive potassium channel (TASK)Urea transporter (UT-Al),

Bestrophin 1 (Bestl) and Transient receptor potential melastatin 4b (TRPM4b) [119-126]. UCPs
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belong to the family of mitochondrial anion carrier proteins (MATP). UCPs are present in the
inner mitochondrial membrane and the UCP2 is expressed by all the cells whereas UCP3 is
expressed only in skeletal muscles. 14-3-3y, 14-3-36, 14-3-3f and 14-3-3( were found to interact
with UCP2 and UCP3 using yeast two hybrid assay and it was speculated that it helps in the
translocation of UCP3 [119].

TRESK is a two-pore domain K* channel is a type of a leak channel to allow movement of free
K" ions from high gradient to low gradient. TRESK is activated by calcium via calcineurin.
Calcineurin binds to nuclear factor of activated T cells like (NFAT) domain present in the
intracellular loop of TRESK and dephoshphorylates TRESK thus activating TRESK. TRESK is
phosphorylated at intracellular loop by protein kinase A (PKA), this phosphorylation generates
binding site for proteins and binding with 14-3-3 proteins prevents the activation and prolongs
the recovery of TRESK. 14-3-3y and 14-3-3n were found to interact with TRESK by GST
pulldown assays [120].

Another K" channel BK, is also activated by calcium and found to interact with 14-3-3y by mass
spectrometry and co-immunoprecipitation assay. The loss of 14-3-3y leads to increase in
expression of BK but the mechanism behind the regulation of BK by 14-3-3y is not clear [121].
TASK is an acid sensitive K channel expressed in neurons, T cells and B cells. TASK is
important for proliferation of T cells and cytokine production by regulating Ca* influx. 14-3-3y,
14-3-3¢ and 14-3-3( were found to bind TASK by co-immunoprecipitation assay followed by
mass spectrometry. The 14-3-3 proteins bind to C terminus region of TASK and facilitate the
transport of TASK to the cell border. Inhibition of 14-3-3 binding to TASK inhibited T cell

effector functions [123].
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CFTR is responsible for anion secretion activity is dependent on cAMP and PKA
phosphorylation for its activation. CFTR is phosphorylated by PKA at regulatory region; this
phosphorylation causes conformational change which allows ATP binding and ATP hydrolysis
to drive channel gating. CFTR transcription is dependent on levels of cAMP. 14-3-3(3, 14-3-3y
and 14-3-3¢ were found to interact with CFTR in co-immunoprecipitation assay. The expression
of 14-3-3B and 14-3-3¢ correlated with CFTR levels. Binding of 14-3-3 proteins led to the
stabilization of CFTR by preventing its association with COPI thereby preventing retrograde
transport of CFTR to the endoplasmic reticulum. The importance of 14-3-3y binding to CFTR is
not clear as 14-3-3y levels did not affect CFTR levels [122].

UT-A1 helps in concentrating urine thus maintaining water balance. UT-A1 functions are
regulated by vasopressin. Vasopressin binds to its receptor V,, causes phosphorylation of UT-A1
by PKA leading to accumulation of UT-A1 in the cell membrane. UT-A1 was found to interact
specifically with 14-3-3y. 14-3-3y also interacts with mouse double minute 2 (MDM2), an E3
ubiquitin ligase which is known to mediate ubiquitination of UT-A1. 14-3-3y therefore binds to
UT-A1 and recruits MDM2 to facilitate ubiquitination and degradation of UT-A1 [124].

Bestl is a calcium dependent anion channel expressed by non-neural tissues and peripheral
neurons. In an attempt to identify the binding partners of Bestl by yeast two hybrid assay was
done 14-3-3y was found to interact with Bestl. The interaction of Bestl and 14-3-3y was
confirmed by co-immunoprecipitation assay. Best1 did not interact with other 14-3-3 isoforms. C
terminus region of Bestl bound to 14-3-3y. Loss of 14-3-3y led to the reduced membrane
expression of Bestl1 in astrocytes and reduced the activity of Bestl [125].

TRPM4b is also a calcium dependent non-selective cation channel. TRPM4b, full length protein

localized to plasma membrane whereas 1-174 amino acids truncated TRPM4a is cytoplasmic.
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TRPM4b interacted with 14-3-3y specifically and S88 of TRPM4b is critical for interaction with
14-3-3y. Loss of 14-3-3y led to the reduced surface expression of TRPM4b and increased the
glutamate-induced cell death in neurons [126].

The above section highlighted the role of 14-3-3y in the transport of ion channels to the cell
membrane. The ligand bound 14-3-3y has high affinity for membranes when compared to the
other 14-3-3 isoforms. Histidine residues present at 158 and 195 position of 14-3-3y, unique to
14-3-3y, contributed to the interaction of ligand bound 14-3-3y with membrane. This ability of

14-3-3y to bind to membranes might contribute in transporting ligands to the membrane [127].

1.3.1.10 Regulation of mitochondrial functions by 14-3-3y

Mitochondrial damage leads to autophagy and sometimes instead of autophagy mitochondrial
repair system MALM (Mieap induced accumulation of lysosome like organelles within
mitochondria) is activated to decrease ROS levels (reactive oxygen species) and increase ATP
synthesis [128]. Inhibition of MALM leads to the formation of MIV (Mieap induced vacuole like
structures) which fuses with lysosome and degrades unhealthy mitochondria. Mieap is a p53
induced protein involved in mitochondrial repair pathways MALM and MIV [129]. Mieap
interacts with 14-3-3y upon induction of MALM and is localized to the mitochondria. Loss of
14-3-3y does not inhibit MALM but it inhibited the degradation of oxidized mitochondrial
proteins [130]. The mechanism by which 14-3-3y regulates degradation of mitochondrial
proteins is not clear yet but this report shows 14-3-3y is required for mitochondrial functions and

mitochondrial quality control.
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1.3.1.11 Regulation of P-body formation by 14-3-3y

When level of ribosome free mRNA increases in the cytoplasm due to environmental stress these
ribosome free mRNAs associate with ribonuclear proteins and form a cytoplasmic membraneless
organelles known as stress granules and P bodies (processing bodies) [131, 132]. The mRNAs
stored in P bodies are degrades by decay machinery but the mRNAs present in stress granules are
utilized for translation after recovery from stress [132]. It is observed that upon UV radiation of
U20S cells, chk1/chk2 phosphorylate LATS2 (Large tumor suppressor homolog2, a downstream
effector of Hippo pathway) at S408. Phosphorylated LATS2 interacts with 14-3-3y and
phosphorylate 14-3-3y on S9 position. Upon phosphorylation, 14-3-3y translocated to P body
and moreover, 14-3-3y is required for P body formation as loss of 14-3-3y inhibited P body
formation. The loss of LATS2 did not affect the P body formation [133]. This was the first report

which showed importance of 14-3-3y in P body formation.

1.3.1.12 Role of 14-3-3y in cancer progression

The role of 14-3-3y in cancer progression is controversial. Loss of 14-3-3y expression is
associated with the increased proliferation in uterine leiomyoma [134] whereas increased
expression of 14-3-3y is associated with poor prognosis and survival in breast cancer,
hepatocellular cancer and non small cell lung cancer (NSCLC) [135-137]. Stimulation of
immortalized NIH3T3 by IL3 leads to an increase in 14-3-3y, which further activates cell
proliferation and survival by activation of PI3K-Akt and MAPK signaling [138]. The over-
expression of 14-3-3y alone in NIH3T3 cells leads to transformation by activation of PI3K-Akt

and MAPK signaling pathway [139]. The transformation of NI3T3 and activation of PI3K and
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MAPK signaling pathway by 14-3-3y is mediated by the variable region I and II (VRI and VRII)
of 14-3-3y because when the VRI and VRII of 14-3-3y is introduced in 14-3-3c, the resultant
chimeric protein is capable of transforming NIH3T3 cells and activating PI3K and MAPK

signaling pathway [140].

In NSCLC, the expression of mir-509-5p is often lost and14-3-3y is the direct target of this
micro RNA as loss of mir-509-5p is correlated with the increased 14-3-3y protein levels [141].
Expression of mir-509-5p in NSCLC resulted into the decreased proliferation and migration by
preventing 14-3-3 mediated Akt activation. Similarly, loss of 14-3-3y in NSCLC reduces
proliferation and migration [141, 142]. 14-3-3y and 14-3-3f forms complex with the
transcription factor snail and inhibit the transcription of epithelial genes, such as E-cadherin, by
binding to the promoter of epithelial genes [143]. Taken together, 14-3-3y promotes tumour

progression by activation of PI3K-Akt and MAPK signaling pathways.

1.3.1.13 Regulation of neuronal differentiation by 14-3-3y

Copinel (CPNEI) belongs to the family of calcium dependent membrane binding protein.
CPNEI1 is known to promote the neuronal differentiation in the hippocampal progenitor cells by
activation of Akt pathway [144]. It was recently found that, CPNEI interacts with 14-3-3y using
yeast two hybrid assay and the CPNE1-14-3-3y interaction is important for the activation of Akt
pathway and neuronal differentiation. 14-3-3y binds to the phosphorylated S54 of CPNEI and
mutation of this residue decreased levels of pAkt and inhibited neuronal differentiation of
hippocampal progenitor cells [145]. This report highlighted role of 14-3-3y in neuronal

differentiation.
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1.3.2 Mouse models of 14-3-3y loss

14-3-3y gene in mouse is located on chromosome 5 and it has only two exons
(www.ncbi.nlm.nih.gov/gene/22628). In order to study the role of 14-3-3y in vivo, Steinacker et
al., developed 14-3-3y knockout mice by introducing neomycin resistance cassette in exon2 of
the 14-3-3y coding sequence in embryonic stem cells [85]. The modified embryonic stem cells
were then used to generate chimeras. Inbreeding of the chimeric mouse resulted in the generation
of 14-3-3y knockout animals. These mice did not have any physiological or developmental
abnormalities. Since the level of 14-3-3y increases in the cerebrospinal fluid of Creutzfeldt-Jakob
disease, a fatal neurodegenerative disease caused by prions, 14-3-3y knockout mice were injected
with prions to study if the loss of 14-3-3y affects Creutzfeldt-Jakob disease progression. No
change in the disease progression was observed in wild type mice, heterozygous mice and
knockout mice [85]. To address the question whether the absence of phenotype in 14-3-3y
knockout mice was due to the increase in the levels of other 14-3-3 isoforms, western blots using
isoform specific 14-3-3 antibodies were done but no change was observed in the levels of other
14-3-3 isoforms (g, B, 1, €) in the 14-3-3y knockout mice. In this study the levels of 14-3-3c and

14-3-31 were not reported [85].

The expression of 14-3-3y starts at the E11.5 (E is embryonic day) and is at its peak from E11.5
to E17.5 suggesting that 14-3-3y plays an important role in the embryonic development. The 14-
3-3y expressed in cortex, preplate, intermediate zone and marginal zone. 14-3-3y shRNA was
injected into the lateral ventricle of the brains of the embryo followed by electroporation. The
knockdown of 14-3-3y in embryo led to the delayed neuronal migration due to the abnormal
morphology of neurons and the decreased migration velocity of neurons. These neurons had

thicker stem and highly branched processes [146]. Similarly, the over-expression of 14-3-3y in
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electroporated embryos also led to the delay in neuronal migration [147]. Mutations in 14-3-3y in
gene leads to epilepsy and one of the major causes of epilepsy is defective neuronal migration
[148]. These mouse models of 14-3-3y support the fact that 14-3-3y is responsible for neuronal

migration.

To study gene function in vivo, complete loss of a gene function or gene knockout may not
mimic the phenotype observed in vitro. Moreover, genes which are involved in multiple
pathways may show no phenotype in knockout animals [149]. In such cases, studying phenotype
of animals with partial loss of gene function becomes important. The mutations or modifications
which lead to partial loss of gene function are called hypomorphic mutations [149]. The partial

loss of the gene function may have severe defects than the complete loss of gene function.

In order to generate hypomorphic mutant of 14-3-3y, lentiviruses expressing 14-3-3y shRNA
were injected into the testes of pre-pubescent male mice. These pre-founder male mice had
become sterile and the testis section of these mice showed loss of cell-cell adhesion, and cell-
matrix adhesion leading to collapse of the blood-testis barrier (BTB) and defects in
spermatogonial stem cell differentiation and spermatocyte development and maturation [150].
This suggested 14-3-3y plays an important role in mediating cell-cell adhesion and cell-cell

adhesion is an important determinant of tissue structure and function.

1.4 Cell adhesion Junctions

Cell adhesion junctions are multi-protein complexes which connect cells to each other or
extracellular matrix. These cell-cell adhesion junctions are important for structure and function
of tissues [151]. Cell adhesion junctions are formed by following types of proteins, a
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transmembrane protein which will interact with the other transmembrane proteins present on
neighboring cells, a linker protein which connects these transmembrane proteins to cytoskeletal
proteins to provide stability and strength to the cells [151]. Epithelial cells have following types
of cell-cell adhesion junctions: adherens junction, desmosomes and tight junctions [152]. Cells
are connected to basement membrane or extracellular matrix by hemidesmosomes and focal

adhesions [152].

1.4.1 Cell-cell adhesion junctions found in testis

The seminiferous epithelium of testis has following types of cell-cell adhesion junctions, tight
junctions, adherens junctions, desmosome like junctions, gap junctions, ectoplasmic
specialization and tubulobulbar complex (Figure 1.2) [153, 154]. Adherens junctions,
ectoplasmic specialization and tubulobulbar complexes are actin based junctions. Desmosomes

like junctions are intermediate filament based junctions [153, 154].

Seminiferous tubules are divided into luminal and adluminal compartments by blood testis
barrier (BTB). BTB is formed between adjacent Sertoli cells and is made up of tight junctions,
gap junctions, basal ectoplasmic localizations, adherens junctions and desmosome like junctions.
BTB does not allow immunological cells to enter testis. Proteins present on developing
spermatocytes are recognized as antigens by immunological cells as these proteins were not
present in the embryonic stage when immune system was developing. Thus, BTB prevents
autoimmune response against spermatocytes and provides an “immune privileged niche” [155].
During the process of spermatogenesis, BTB undergoes restructuring to allow the pre-leptotene

spermatocytes to enter luminal compartment for further development [155].
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During spermatogenesis, developing spermatocytes are attached to Sertoli cells via different cell-
cell adhesion junctions. Desmosome like junctions, gap junctions and adherens junctions are
associated with initial stages of spermatocyte development and can be seen both in the luminal
and adluminal compartments. Ectoplasmic specialization and tubulobulbar complexes are
associated with elongating spermatids and are seen in adluminal compartments [153, 154]. These
cell-cell adhesion junctions are important for the development of spermatocytes as the

developing spermatocytes require nourishment and support which are provided by Sertoli cells

via these junctions.
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Figure 1.3: Different types of cell-cell adhesion junctions seen in seminiferous tubules [153].
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1.4.2 BTB and its function

BTB is formed between adjacent Sertoli cells and it acts as an immunological barrier. As
seminiferous epithelium lacks blood vessels, BTB controls the transport of electrolytes,
hormones, etc. and maintains cell polarity [155, 156]. The cell adhesion complexes that are
involved in BTB formation are tight junctions, gap junctions, ectoplasmic specialization and
desmosome like junctions [153, 154]. Developing spermatocytes present at the luminal
compartment have to pass through BTB by restructuring BTB to reach adluminal compartment
for further development [154]. Inhibition of BTB affects spermatogenesis for e.g., treatment of
neonatal rats with diethylstilbestrol (non-steroidal estrogen) led to inhibition of BTB formation
leading to disruption of spermatogenesis due to the exfoliation of spermatocytes at initial stages

of development [157].

It was also reported that loss of cell-cell adhesion in testis led to the disruption of BTB and
spermatogenesis for e.g., intraperitoneal administration of cadmium chloride in rat led to sterility
due to the disruption of BTB. This disruption was associated with the decrease in the levels of
tight junction and adherens junction proteins accompanied by the decrease in the levels of
cytoskeletal proteins [158]. Other compounds which affect cell-cell adhesion in testis are
perfluorooctanesulfonate and bisphenol A [159]. Perfluorooctanesulfonate perturbed F-actin
organization thereby affecting actin mediated cell adhesion junctions [159]. Bisphenol A
disrupted BTB in immature rats by affecting tight junction protein levels and levels of gap
junction proteins and basal ectoplasmic junction proteins were also slightly affected [160]. These

reports highlight importance of cell adhesion junctions in spermatogenesis.
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To understand how 14-3-3y affected cell-cell adhesion, BTB and spermatogenesis, the
interaction of 14-3-3y with different cell adhesion junction protein was studied in vitro. Briefly,
cell extracts of HCT116 cells (colon cancer cell line) were used to perform GST pulldown assays
using GST or GST 14-3-3y. GST14-3-3y binds to the desmosomal proteins plakoglobin,
plakophilin3 and desmoplakinl/IT [150]. It did not interact with other cell adhesion junction

proteins suggesting 14-3-3y might regulate desmosome or desmosome like junctions in testis.

1.4.3 Adherens Junction

Adherens junction is an actin based cell-cell adhesion junction. This junction is present in
multiple cell types. In polarized epithelial tissues, adherens junction is also called as zonula

adherens. Adherens junction is calcium dependent cell-cell adhesion junction [161].

The adherens junctions are made up of two types of complexes i.e. cadherin/catenin complex and

nectin/afadin complex, as shown in Figure 1.3.

1.4.3.1 Cadherin/Catenin Complex

Cadherins are named according to the type of tissue on which cadherins are expressed for e.g., E-
cadherin for cadherins found on epithelial tissues, N-cadherin for cadherins expressed on neural
tissues, P-cadherin is expressed on placental tissues [161]. Cadherins are calcium dependent
transmembrane proteins which interact with each other in homophilic manner in presence of
calcium. Cadherins have an extracellular membrane, a transmembrane region and a cytoplasmic

tail. The cytoplasmic tail of cadherins interacts with B-catenin or y-catenin (Plakoglobin) or
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p120catenin. B-catenin or y-catenin in turn, interacts with a-catenin and a-catenin connects this
cadherin/catenin complex to actin filaments. Just like cadherins, a-catenin is named as a-E-
catenin o-N-catenin and a-P-catenin. pl20catenin stabilizes adherens junction by cadherin

clustering and regulate actin dynamics by inhibiting Rho GTPases [162].

Adherens junction are important for embryonic development as most of the mouse models of
adherens junction proteins are embryonic lethal. Mice embryos lacking E-cadherin could not
form blastocyst cavity and died suggesting E cadherin plays an important role in formation of
epithelium [163]. Loss of N-cadherin in mouse led to embryonic lethality at 10dpc as heart failed
to develop normally. Also, loss of N-cadherin affected neuroepithelium and somites [164]. P-
cadherin null mice had normal lifespan but the female mice with loss of P-cadherin had
unregulated growth of mammary glands suggesting P-cadherin negatively regulates growth of
mammary glands [165]. B-catenin null embryos died at 7dpc and the ectoderm formation was
affected in these embryos [166]. Mouse embryos lacking y-catenin died at 10dpc [167].
Expression of loss of function mutant of a-E-catenin in mouse also led to the embryonic lethality
by disruption of trophoblast ectoderm thus affecting blastocyst development [168]. Mouse model
of p120 knockout in endothelium is also embryonic lethal as the vascular endothelial cells of

these mice had proliferation defects [169].
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1.4.3.2 Nectin/Afadin Complex

Nectin belongs to the IgG superfamily of proteins. There are four types of nectin nectinl-nectin4
and five nectin like proteins Necl1-Necl5. Interaction of nectin with other nectins or nectin like
proteins is not dependent on calcium. Nectin has an extracellular domain which participates in
hemophilic or heterophilic interaction with other nectins, a transmembrane region and a
cytoplasmic domain which interacts with actin binding protein, afadin. Afadin interacts with

Ras/Rap family of GTPases and with a-catenin [162]. Loss of afadin leads to embryonic lethality

due to defect in ectoderm and mesoderm formation [170].

Figure 1.4: Structure of adherens junction. A cartoon depicting the molecular structure of
adherens junction [161].
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1.4.4 Desmosomes

Desmosomes are one of the important cell-cell adhesion junctions present in seminiferous
epithelium. Desmosomes are present at BTB and between Sertoli cells and round spermatocytes
in both adluminal and luminal compartment (Figure 1.2). Desmosomes are calcium dependent
adherens like cell-cell adhesion junctions present in all epithelial tissues [171]. Desmosomes are
made up of three types of proteins, the desmosomal cadherins, armadillo repeat containing
proteins and plakin family of proteins. The desmosomal cadherins of two neighboring cells
interact with each other in a homophilic or heterophilic manner to form cell-cell contacts. These
contacts can be seen as dense midline in an electron micrograph (Figure 1.4). This dense midline
is absent in desmosome like junctions present in seminiferous epithelium [172]. The cytoplasmic
domain of the cadherins interacts with armadillo repeat containing proteins to form an electron
dense structure known as the desmosomal plaque. In the plaque, armadillo repeat containing
proteins are connected to intermediate filaments by plakin family of proteins thus forming a
tissue wide intermediate filament network that provides strength and stability to tissues (Figure
1.4)[173].A disruption in desmosome function in humans, leads to skin and heart disorders such
as epidermolysis bullosa, ectodermal dysplasia, keratosis, keratoderma, woolly hair, and

arrhythmogenic right ventricular cardiomyopathy [174-180].

The structure and the function of the desmosomal proteins are described below:

1.4.4.1 Desmosomal Cadherins

There are two types of desmosomal cadherins namely desmogleins and desmocollins.
Desmosomal cadherins have extracellular domain, a transmembrane region and a short

cytoplasmic tail. The extracellular domain is involved in hemophilic and heterophilic interactions
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with the desmosomal cadherins present on the adjacent cells and cytoplasmic tails are used for
binding armadillo proteins. Desmocollins are of three types, DSC1-3. There are two splice
variants of DSCs namely DSCa and DSCb, and the b form has shorter cytoplasmic domain
which cannot bind plakoglobin[181]. There are four DSG isoforms DSG1-4. The DSG2 and
DSC2 are expressed in simple epithelium, basal layers of stratified epithelium, cardiomyocytes
and meningothelia [182]. Expression of DSG1, DSG4 and DSCI is seen in the upper layers of
stratified epithelium and expression of DSC3 and DSG3 is seen in the lower layers of stratified

epithelium [182].

The function of desmosomal proteins were first determined by the use of animal models, for e.g.,
loss of DSG2 in mouse led to embryonic lethality as embryos died shortly after implantation due
to the defect in the proliferation of embryonic stem cells, suggesting role of DSG2 in regulating
embryonic stem cells [183]. Similarly, DSC3 knockout embryos died before implantation but
role of DSC3 in blastocyst is not clear [184]. Loss of DSCI1 in mouse led to epidermal flaking
and loss of barrier function [185]. Loss of DSG3 led to runting, epidermal acantholysis, oral
lesions and hair loss [186]. All these reports suggest that desmosomal cadherins are required for

embryonic development, growth, barrier function and hair cycle.

1.4.4.2 Armadillo Repeat Containing proteins

This family of proteins got their name from the Drosophila protein armadillo involved in
segment polarity. Armadillo is the homolog of P-catenin and y-catenin (also called as
plakoglobin). Proteins belonging to this family have repeats of 42 amino acid long sequence,
known as arm repeats. Plakoglobin (PG), B-catenin, pl120catenin and plakophilins (1-4) are the

members of armadillo repeat containing proteins. Plakoglobin and plakophilins bind to
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cytoplasmic tails of cadherins and connect them to plakin family of proteins[187]. PG has 12 arm
repeats and binds to E-cadherin and desmosomal cadherins. PG binds to desmosomal cadherins
with higher affinity than E-cadherin[187]. PKPs have 9 arm repeats. PKP1 and PKP2 are
expressed as ‘a’ and ‘b’ isoforms and ‘b’ isoform is larger than ‘a’ isoform. PKP1 is expressed in
suprabasal layer of epithelium whereas PKP2 is expressed in simple epithelium, stratified
epithelium, cardiomyocytes and lymph nodes [187]. PKP3 is expressed in all the epithelial cells
with an exception of hepatocytes [188]. PKP4 also known as p0071 is less studied isoform of

PKP and its function in desmosome formation is not clear.

Arm repeat containing proteins are important for embryonic development as both PG knockout
mice and PKP2 knockout mice die at embryonic day 10.5 due to severe heart defects [189, 190].
PKP3 knockout mice had a normal lifespan. PKP3 knockout mice showed hair loss accompanied
by reduced hair follicles and are prone to skin inflammation [191]. PKP1 knockout mice were
normal at birth but died within 24 hours of birth [192]. PKP1 loss led to the fragile skin, loss of

tight junction barrier and reduced desmosomes [192].

1.4.4.3 Plakin family of proteins

The members of plakin family are Desmoplakin (DP), envoplakin, periplakin and plectin. The
function of this family is to connect the cytoskeleton proteins to the cell membrane. There are
three domains of DP, N terminal domain binds PG or PKP, a central rod domain for
oligomerization and C terminal domain binds to intermediate filaments[181]. There are two
splice variants of DP, DPI and DPII [193]. DP knockout mice die at embryonic day 6.5 with

perturbed keratin network and defect in egg cylinder elongation [194].
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Figure 1.5: Structure of desmosomes. An electron micrograph of desmosome is shown, over
which cartoon depicting the molecular model of desmosome is superimposed. The image is taken

from [173].

1.4.5 Regulation of Desmosome formation by 14-3-3y.

As mentioned earlier, 14-3-3 forms complex with desmosomal proteins. To determine the
function of this complex, desmosomal protein localization was observed in 14-3-3y knockdown
testis and vector control testis. It was observed that 14-3-3y knockdown testis had decreased cell
border localization of desmosomal protein compared to wild type testis [150]. Even though
plakoglobin or y-catenin is a part of both desmosomes and adherens junction, loss of 14-3-3y did

not affect localization of other adherens junction proteins.

The cell-cell adhesion was also studied in HCT116 derived vector control and 14-3-3y
knockdown cells. Decreased cell-cell adhesion was observed in the 14-3-3y knockdown cells as
compared to the vector control cells. In addition, the levels of the desmosomal proteins at the cell
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border were decreased upon loss of 14-3-3y in HCT116 cells [150]. On the basis of these results,
it was concluded that 14-3-3y forms complex with desmosomal protein for transporting

desmosomal proteins from cytoplasm to the cell border to initiate desmosome formation.

14-3-3y also forms a complex with kinesin motor protein, KIF5B [150]. Loss of KIF5B in the
testes led to sterility due to the defect in desmosome formation. Also, HCT116 derived KIF5B
knockdown cells have decreased cell-cell adhesion and disrupted desmosome formation [150].
Therefore, desmosome assembly is dependent on both 14-3-3y and KIF5B and their loss affects
cell-cell adhesion both in vitro and in vivo [150]. We hypothesized that desmosomal proteins are
transported from cytoplasm to the cell border in the following steps: 14-3-3y and desmosomal
protein forms a complex, 14-3-3y then loads desmosomal protein cargo on to KIF5B motor
proteins to transport desmosmal proteins from cytoplasm to the border [150]. However, due to
the fact that loss of 14-3-3y in the testis resulted in sterility, the role of 14-3-3y in regulating

desmosome formation in other tissues was still un-resolved.
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2. Aims and objectives



2. Aims and objectives

1. Generate inducible and epidermis specific knockdown mice for 14-3-3y.
2. Determine the mechanisms by which 14-3-3y loss leads to defect in the desmosome

formation.
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3. Materials and methods



3. Materials and methods

3.1 Plasmids and constructs

All the primers used in generating following vector constructs are given in Table 3.1. All the
DNA constructs, described in this section, were sequenced before using for expression and other

studies. All the vector maps were created using SnapGene Viewer software.

Name of the oligonucleotide Sequence of the oligonucleotides

14-3-3y shRNA Forward CCGGACTATTACCGTTACCTGGCCTCGAGGCCAGGTAA
CGGTAATAGTTTTT

14-3-3y shRNA Reverse AATTAAAAAACTATTACCGTTACCTGGCCTCGAGGCCA
GGTAACGGTAATAGT

14-3-3yshRNAmir Forward AACTCGAGAAGGTATATTGCTGTTGACAGTGAGCGG

ACTATTACCGTTACCTGGCTAGTGAAGCCACAGATG

TA

14-3-3yshRNAmir Reverse CCGAATTCCGAGGCAGTAGGCAGACTATTACCGTTA

CCTGGCTACATCTGTGGCTTCACTAGCCAGGTAACG

G
Turbo RFP Agel Forward GGACCGGTCGCCACCATGAGC
shRNAmir Sall Reverse GGGTCGACTGGCCGGCCGCATTAGTCT
14-3-3ygRNA Forward CACCGGCGCTACGACGATATGGCCG
14-3-3ygRNA Reverse AAACCGGCCATATCGTCGTAGCGCC

K14 promoter Xhol Forward GGCTCGAGGGGCTCCGGAGCTTCTATT

K14 promoter BamHI Reverse | GGGGATCCTCTCGGGTAAATTGCAAAGG
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PKCp shRNA Forward

CCGGCCATTGATCTTATCAATAACTCGAGTTATTGAT

AAGATCAATGGTTTTTG

PKCp shRNA Reverse AATTCAAAAACCATTGATCTTATCAATAACTCGAGTT
ATTGATAAGATCAATGG

PG S236A Forward GTCCGCATGCTCGCTAGCCCTGTGGAGTCG

PG S235A Reverse CGACTCCACAGGGCTAGCGAGCATGCGGAC

PG Q591R Forward

CCCCTGTTTGTGCAATTGCTGTACTCGTCG

PG Q591R Reverse

CGACGAGTACAGCAATTGCACAAACAGGGG

PG 300 Bam HI Forward AAGGATCCATGGAGGTGATGAACCTGATGGAG
(PG N term forward)

PG 300 Xhol Reverse AACTCGAGCTGGTTGCCGTAGGCCAG

PG Nhel Forward GGCGCTAGCATGGAGGTGATGAA

PG Agel Reverse GCACCGGTCGGGCCAGCATGTGGT

shRNAG6 Res PG Forward TGCTCTGGACCACCTCGCGAGTGCTCAAGGTGCT
shRNAG6 Res PG Reverse AGCACCTTGAGCACTCGCGAGGTGGTCCAGAGCA

PG Arm 1 Forward

AAGGATCCATGAACTACCAGGACGATGCCGAGC

PG Arm 12 Reverse

CTCGAGCTAGTCCTCGGAGATGCGGAAC

PG N term Reverse

CTCGAGCTAATGAGATGCACAATGGCCGA

PG Arm 9 Reverse

CTCGAGCTACAGGGCCAGATTCCTGATCAA

PG Arm 10 Forward

AAGGATCCATGCCAGCCAACCATGCCCC

PG C term Forward

AAGGATCCATGAAGAACCCAGACTACCGGAAGCG

PG C term Reverse

CTCGAGCTAGGCCAGCATGTGGTCTGCA

PG gRNA exon 1 Forward

CACCGGCAGACATACACCTACGACTCGG
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PG gRNA exonl Reverse AAACCCGAGTCGTAGGTGTATGTCTGC

PG gRNA exon2 Forward CACCGAACGGGTGCGGGAGGCCATG

PG gRNA exon2 Reverse AAACCATGGCCTCCCGCACCCGTT

Table 3.1: List of oligonucleotides used for cloning sShRNA, cDNA cloning and site directed

mutagenesis (SDM).

3.1.1 Cloning of 14-3-3y shRNA downstream of inducible promoter

To achieve inducible expression of 14-3-3y shRNA, pLKO Tet Puro vector (Addgene) was used
to clone 14-3-3y shRNA. This vector has modified Hl promoter, containing tetracycline
responsive elements (TRE), which in the absence of doxycycline is bound by Tetracycline
repressor protein, TetR, preventing transcription of shRNA, as shown in Figure. 3.1. In the

presence of doxycycline, TetR does not bind to TRE allowing transcription of shRNA [195].
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Figure 3.1: Design of pLKO Tet Puro vector [195].
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pLKO Tet Puro vector was digested with restriction enzymes Agel and EcoRI (NEB) at 37°C for
4 hours to remove the stuffer sequence present downstream of H1 Tet promoter. After restriction
digestion, vector was resolved on 1% agarose gel. The vector backbone was eluted from the gel

using Qiagen Kkit.

The shRNA sequence was designed using pLKO manual and was previously validated [196]. 20
pmols of shRNA forward and reverse oligonucleotides were mixed with NEB buffer 2 and
incubated at 95°C for 4 minutes followed by incubation at 70°C for 10 minutes and the reaction
gradually cooled to room temperature. 2ul of annealed oligonucleotides were phosphorylated by
T4 Polynucleotide Kinase (T4 PNK) enzyme at 37°C. After phosphorylation, T4 PNK enzyme
was inactivated by incubating the reaction mixture at 70°C for 10 minutes. After heat
inactivation, shRNA was ligated to the Agel and EcoRI digested vector using T4 DNA ligase
(NEB) at 16°C for 16 hours. The ligation mixture was incubated at 65°C for 10 minutes to heat
inactivate T4 DNA ligase and then used for transforming DHS5a competent cells. All the
lentiviral vector tansformants were grown at 30°C to avoid recombination. The pLKO Tet Puro
shRNA clones obtained were screened using Agel and EcoRI restriction enzymes. The vector

map for pLKO Tet Puro and pLKO Tet Puro 14-3-3y shRNA is given in Figure 3.2.
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Figure 3.2: Vector map of pLKO Tet Puro vector and pLKO Tet Puro 14-3-3y shRNA

vector. The unique restriction sites are same in both the vectors except for Age I, EcoRI, BstBI

and Swal. These sites are lost when shRNA is cloned.
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3.1.2 Cloning Turbo RFP and Turbo RFP with 14-3-3yshRNAmir into pCCLK14 GFP

vector for epidermis specific expression of 14-3-3yshRNAmir.

To generate mice that express the transgene only in the epidermis, we selected the Keratin 14
(K14) promoter because K14 and Keratin 5 (K5) are expressed in the basal layers of epidermis
[197], are specific markers of the basal epithelium and the K14 promoter has been widely used to
generate epidermis specific transgenic animals [198-200]. The K14 promoter is a RNA pol II
based promoter and cannot be used for driving expression of ShRNA therefore, 14-3-3y shRNA

had to be cloned in the form of microRNA as 14-3-3yshRNAmir.

14-3-3y shRNA sequence was utilized for generating 14-3-3y shRNAmir. Overlapping
oligonucleotides (Table 3.1) were ordered and full length shRNAmir was obtained by annealing
and extension of oligonucleotides by using Tag polymerase (NEB). Following PCR program was
used to generate full length shRNAmir using a mixture containing shRNAmir forward and

reverse oligonucleotides, standard 7aq bufter, 10mM dNTPs, DMSO and Taq polymerase.

1) Initial denaturation at 94°C for 3minutes.

2) Denaturation at 94°C for 1 minute.

3) Annealing at 55°C for 2 minutes.

4) Extension at72°C for 1 minute.

5) Repeat from step 2 for 29 cycles.

6) Final extension at 72°C for 10 minutes.
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7) Hold at 4°C forever.

The PCR product was resolved on 2% agarose gel followed by elution from the gel using Qiagen
kit. pTRIPz vector (Open Biosystems) which has Tet CMV promoter to control the expression of
Turbo RFP and downstream micro RNA was used for cloning 14-3-3y shRNAmir. pTRIPz
vector and 14-3-3y shRNAmir were digested with EcoRI and Xhol (NEB), gel purified and were
then ligated using T4 DNA polymerase (NEB). The clones obtained were screened using BamHI
digest as pTRIPz vector has 3 BamHI sites and one of the BamHI sites is lost when shARNAmir is
cloned between EcoRI and Xhol sites. The vector map of pTRIPz and pTRIPz 14-3-3y

shRNAmir is given in Figure 3.3.
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Figure 3.3: Vector map of pTRIPz vector and pTRIPz 14-3-3yshRNAmir vector. The

unique restriction sites are same in both the vectors.
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Turbo RFP and Turbo RFP-14-3-3y shRNAmir segment was PCR amplified from pTRIPz and
pTRIPz 14-3-3y shRNAmir vector respectively using Tag polymerase. Following PCR program

was used:

1) Initial denaturation at 94°C for 3minutes.

2) Denaturation at 94°C for 1 minute.

3) Annealing at 65°C for 1 minute.

4) Extension at72°C for 1 minute.

5) Repeat from step 2 for 29 cycles.

6) Final extension at 72°C for 10 minutes.

7) Hold at 4°C forever.

The PCR products amplified using Tag polymerase have an A overhang at 3’ region, because
Taq polymerase lacks 3” to 5° proofreading activity, therefore, such PCR products can be easily
ligated to TA vector i.e. pTZ57RT/T (InsTA Kit, Thermo Fisher Scientific) which has T
overhangs. Turbo RFP or Turbo RFP-14-3-3y shRNAmir were ligated to TA vector using T4
DNA ligase. TA Turbo RFP clones and TA Turbo RFP-14-3-3y shRNAmir clones were screened

using Agel and Sall sites to identify positive clones.

pCCLK14 GFP vector, a kind gift from Dr. F. Miselli (University of Modena and Reggio Emilia,
Italy), was used for cloning Turbo RFP and Turbo RFP-14-3-3y shRNAmir. Briefly, pPCCLK 14
GFP, TA Turbo RFP clone and TA Turbo RFP-14-3-3y shRNAmir were digested with Agel and

Sall at 37°C for 4 hours, the digested vectors were then resolved on 1% agarose gel followed by
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elution of pCCLK14 vector backbone, Turbo RFP and Turbo RFP-14-3-3y shRNAmir fragment
from the gel. Turbo RFP or Turbo RFP-14-3-3y shRNAmir were ligated to pCCLK14 vector
backbone using T4 DNA ligase. pCCLK14 Turbo RFP and pCCLK14 Turbo RFP-14-3-3y
shRNAmir were screened using Agel and Sall restriction enzymes. The vector map for

pCCLK14 Turbo RFP and pCCLK14 Turbo RFP-14-3-3y shRNAmir is given in Figure 3.4.
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Figure 3.4: Vector map of pCCLK14 Turbo RFP vector and pCCLK14 Turbo RFP 14-3-

3yshRNAmir vector. The unique restriction sites are same in both the vectors.
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3.1.3 Cloning 14-3-3ygRNA into pLentiCRISPR Cas V1 vector

gRNAs targeting 14-3-3y were designed using software developed by crispr.mit.edu. gRNA
targeting exonl was selected for cloning into pLentiCRISPR Cas V1 vector. gRNA forward and
reverse oligonucleotides were incubated with T4 PNK enzyme for 1 hour at 37°C using T4 DNA
ligase buffer. The phosphorylated oligonucleotides were then annealed using following PCR

program:

1) 95°C for Sminutes.

2) 90°C for 1 minute.

3) 85°C for 1 minute.

4) 80°C for 1 minute.

5) 75°C for 1 minute.

6) 70°C for 1 minute.

7) 65°C for 1 minute.

8) 60°C for 1 minute.

9) 55°C for 1 minute.

10) 50°C for 1 minute.

11) 45°C for 1 minute.

12) 40°C for 1 minute.
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13) 35°C for 1 minute.
14) 30°C for 1 minute.
15) 25°C for 1 minute.
16) Hold at 25°C forever.

Annealed gRNA oligonucleotides were then diluted (1:200) for ligation. pLentiCRISPR vector,
which was digested with restriction enzyme BsmBI (NEB) at 55°C for 4 hours to remove the
stuffer sequence present downstream of U6 promoter. Diluted gRNA and BsmBI digested
pLentiCRISPR vector was incubated with T4 DNA ligase buffer and T4DNA ligase enzyme for

16 hours at 16°C. The clones obtained were screened using BsmBI digestion.
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Figure 3.5: Vector map of pLentiCRISPR Cas V1 vector and pLentiCRISPR Cas V1 14-3-

3y gRNA vector. The unique restriction sites are same in both the vectors.
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3.1.4 Cloning K14 promoter into pLentiCRISPR Cas V1 vector

To achieve epidermis specific Cas9 expression EFla promoter, present in pLentiCRISPR Cas
V1 vector upstream of Cas9, was replaced with K14 promoter. K14 promoter was PCR amplified
from pCCLK14 vector using Pfu polymerase (Thermo Fisher Scientific). Following PCR

program was used:

1) Initial denaturation at 94°C for 3minutes.

2) Denaturation at 94°C for 1 minute.

3) Annealing at 53°C for 1 minute.

4) Extension at72°C for 5 minutes. (500bp/minute)

5) Repeat from step 2 for 29 cycles.

6) Final extension at 72°C for 10 minutes.

7) Hold at 4°C forever.

PCR product amplified using Pfu polymerases are blunt end PCR products and therefore are
ligated to pJET vector (Thermo Fisher Scientific), a blunt end linearized vector. The pJET K14
promoter clones were screened using Xhol and BamHI digest as the primer used for amplifying
K14 promoter contained these sites. pLentiCRISPR Cas V1 vector and pJET K14 promoter were
digested with Xhol and BamHI and K14 promoter was cloned into pLentiCRISPR Cas V1 vector
thus replacing EFla promoter. Similarly, EFla promoter of pLentiCRISPR Cas V1 14-3-3y

gRNA vector was replaced with K14 promoter.
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Figure 3.6: Vector map of pLentiCRISPR K14 Cas9 vector and pLentiCRISPR K14 Cas9

14-3-3ygRNA vector. The unique restriction sites are same in both the vectors.
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3.1.5 Cloning PKCp shRNA into pLKO EGFP-f vector

shRNA targeting PKCp mRNA were designed using pLKO manual. shRNA oligonucleotides
were annealed and phosphorylated before ligating to the Agel and EcoRI digested pLKO EGFP-f
vector [53] using T4 DNA ligase. The clones obtained were screened using EcoRV and Kpnl

digest as Kpnl site is lost in shRNA cloning.

3.1.6 Generation of PG S236A mutant

Scansite software predicted that PG binds to 14-3-3y by virtue of phosphorylated S236 residue.
To validate this prediction, it was necessary to mutate S236 residue of PG and study binding of
PG S236A mutant and 14-3-3y. To mutate S236 residue to alanine, Myc PG plasmid (Addgene)
was used as template. SDM PCR primers were designed in such a way that the S236A mutation

will lead to generation of Nhel site. PCR mix was prepared as follows:

PCR components Forward Mix | Reverse Mix
HF Buffer 5X 5.0 ul 50ul
Forward Primer (25 pmol) 1.0 ul 0.0 ul
Reverse Primer (25 pmol) 0.0 ul 1.0 ul
dNTPs 10mM 0.5 ul 0.5 ul
DMSO 100% 0.75 ul 0.75 ul
Template (100 ng/ul) 0.5 ul 0.5 ul
Phusion polymerase (2U/ul) (Thermo Fisher Scientific) 0.25 ul 0.25 ul
MilliQ 17.0 ul 17.0 pl

Table 3.2: List of components used in making sited directed mutagenesis (SDM) PCR mix.
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SDM PCR program:

1) Initial denaturation at 95°C for 5 minutes.

2) Denaturation at 95°C for 1 minute.

3) Annealing at 50°C for 1 minute.

4) Extension at 72°C for 7 minutes. (2kb/min)

5) Repeat from step 2 for 9 cycles.

6) Hold at 4°C forever.

After the PCR was done, forward and reverse PCR mixtures were mixed and the above PCR
program was repeated again. The final PCR product was then digested with Dpnl (NEB) to
degrade template DNA (methylated DNA). After digestion with Dpnl, PCR product was used for
transforming competent DHS5a cells. The transformants were grown at 37°C. The clones

obtained were screened using Sall and Nhel.

The sequence of the S236A PG mutant revealed that Myc PG (Addgene) plasmid had a mutation
at 1773 position from A to G which resulted into R to Q mutation, as shown in Figure 3.7. This
mutation was reversed using SDM PCR. The SDM primers contained Mfel site and therefore,

Sall and Mfel were used for screening R591 PG clones.
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Figure 3.7: Sequence analysis of PG ¢cDNA (NCBI), Myc PG WT and Myc PG S236A. The
sequencing result showed presence of G at 1773 position in PG WT (middle sequence) and PG

S236A (bottom sequence) instead of A (top sequence).

3.1.7 Generation of empty vector carrying Myc tag

In Myc PG plasmid, PG ¢cDNA was cloned downstream of  Actin promoter and therefore we
had to generate an empty vector which contains 3 Actin promoter controlling expression of Myc
tag. Myc PG plasmid was digested with Sall and HindIII to remove PG ¢cDNA and the linearized

plasmid was then ligated to generate an empty vector.

3.1.8 Cloning GST PG 1-300 WT and GST PG 1-300 S236A

To perform in vitro kinase assay GST PG WT was required and as a control GST PG S236A was
required which will not be phosphorylated by PKCp. Full length GST PG was unstable and
therefore GST PG 1-300 was generated by amplifying PG using primers containing BamHI and
Xhol sites respectively. To generate GST PG S236A 1-300 overlap PCR was done using PG 1-
241 and PG 241-300. Briefly, PG 1-241 was PCR amplified using forward primer containing

BamHI site and reverse primer containing Nhel site and S236A, PG 241-300 was amplified
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using forward primer containing Nhel site and S236A and reverse primer containing Xhol site,
and these two PCR products were then used as template for overlap PCR using forward primer
containing BamHI site and reverse primer containing Xhol site to generate PG 1-300 S236A.
The PCR product was sub-cloned into pJET vector (blunt end cloning) before cloning it into

pGEXA4T1 vector using BamHI and Xhol sites.

3.1.9Generation of PG-EGFP-f and PG-EGFP vector.

To artificially localize PG at the cell border, PG cDNA was cloned upstream of farnesylated GFP
i.e. EGFP-f. Briefly, PG ¢cDNA was PCR amplified using Myc PG WT plasmid as template, and
cloned into EGFP-f vector using Nhel and Agel sites. To generate a non farnesylated PG-EGFP
vector, EGFP-f was replaced with EGFP from EGFP Clvector in PG-EGFP-f vector using Agel

and EcoRlI sites.

3.1.10 Cloning PG-EGFP-f fragment into pCDNA3.1 puro vector

PG-EGFP-f vector contains neomycin as selection marker. Neomycin selection is not efficient in
HCT116 cells therefore, PG-EGFP-f fragment was cloned into pCDNA3.1 Puro vector using

Nhel and EcoRI sites.
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3.1.11 Generation of PG6 shRNA resistant PG-EGFP and PG-EGFP-f cDNA

To generate PG6 shRNA resistant PG-EGFP-f and PG-EGFP constructs, the region of the PG
cDNA sequence complementary to shRNA was modified by introducing silent mutations to
disrupt interaction with the shRNA using SDM PCR. Identification of the shRNA resistant

mutants was facilitated by introducing a site for Nrul in the primers.

3.1.12 Generation of HA tagged PG deletion mutants

As described previously, structure of PG is made up of three types of domains namely, N
terminal domain, Arm domains and C terminal domain. There are total 12 arm domains in PG.
To study the interaction of PG with different proteins, HA tagged deletion mutants of PG were
generated by PCR amplifying specific domains of PG and cloning the PCR products into pJET
vector. The PG deletion mutants from pJET vector were further cloned into pCDNA3.1 HA
vector and the transformants were screened using BamHI and Xhol. The primers used for
amplifying PG deletion mutants are given in Table 3.1 and the description of the mutants is

given in Figure 3.8.
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Figure 3.8: A cartoon representing the structure of the PG deletion mutants.

3.1.3 Cloning PG gRNA into pLentiCRISPR Cas V1

PG gRNA targeting exon 1 or exon 2 of PG were phosphorylated and annealed to clone into
pLentiCRISPR Cas V1 vector using BsmB1 sites. The sequence of the gRNA is given in Table

3.1. The colonies obtained were screened using BsmBI digestion.
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3.2 Cell Lines, transfection and transduction

HCT116 (ATCC) is an epithelial cell line isolated from human colorectal carcinoma. HCT116
derived 14-3-3y knockdown, KIF5B knockdown, PG knockdown, PKP3 knockdown cell lines
and their respective vector control cell lines were cultured using DMEM (GIBCO) + 10% FBS
(GIBCO) medium containing gentamycin, streptomycin and amphotericin B, as described

previously [89, 150, 201, 202].

To generate a stable PKCp knockdown cell line, HCT116 cells were transfected with pLKO.1
EGFP-f Puro or pLKO.1 EGFP-f Puro PKCu shRNA using Lipofectamine LTX (Invitrogen)
according to the manufacturer’s protocol. Transfected cells were selected using puromycin (0.5

pg/ml) and puromycin resistant population was used for further experiments.

The different methods of DNA transfection used in this study are described below:

1. Calcium Phosphate transfection method:

Diameter of the | Vector DNA (1 | pPBSK (1 | Sterile 0.5M 2xBBS
tissue culture dish pg/ul) pg/ul) MilliQ CaCl,

35 mm 2.5l 2.5l 45 ul 50 ul 100 pl
60 mm 5.0ul 5.0ul 90 ul 100 ul 200 ul
100 mm 15.0ul 10.0ul 225 ul 250 pl 500 pl

Table 3.3: A table describing different components used for making calcium phosphate

DNA transfection mix.
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This mixture was incubated at room temperature for 20 minutes before adding dropwise to the
cells. Confluency of the cells should be around 40-50% for transfection and cells should be fed
with DMEM + 10% FBS medium 1-4 hours before adding transfection mix. After adding
transfection mix cells were incubated at 37°C with 5% CO,. 16 hours post transfection, cells
were washed with 1x PBS to calcium phosphate precipitate and DMEM + 10% FBS with
antibiotics was added. To induce the shRNA expression in pLKO Tet Puro 14-3-3y shRNA
transfected HCT116 cells, doxycycline (Sigma) was given at the concentration of 2ug/ml after
16 hours of transfection. Doxycycline treated cells were harvested for western blotting after 72
hours of doxycycline addition. For detecting expression of un-inducible ShRNA or shRNAmir
cells were harvested at 72 hours post transfection and for detecting cDNA expression cells were

harvested at 48 hours post transfection.

2. Lipofectamine LTX (Invitrogen) transfection method:

Diameter of the | OptiMEM/DMEM Plasmid DNA + Reagent Lipofectamine
tissue culture dish | (-FBS, -Antibiotics) | (1 pg/ul) LTX

35 mm 190 wl 2.0l 2.0l Sul

60 mm 480 nl 5.0pul 5.0ul 125 ul

100 mm 930 wl 15.0ul 15.0 ul 40 ul

Table 3.4: A table describing the different components used in making DNA:Lipofectamine

LTX transfection mix.

After adding + reagent incubate at room temperature for 5 minutes then add lipofectamine LTX.

Incubate the transfection mix at room temperature for 30 minutes before adding dropwise to the
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cells. Confluency of the cells should be around 40-50% for transfection and cells should be fed
with DMEM + 10% FBS medium 1-4 hours before adding transfection mix. After adding
transfection mix cells were incubated at 37°C with 5% CO,. 16 hours post transfection, cells

were washed with 1x PBS and DMEM + 10% FBS with antibiotics was added.

3. PEI (Polysciences, Inc.) transfection method:

Diameter of the tissue | OptiMEM/DMEM Plasmid DNA PEI
Reagent

culture dish (-FBS, -Antibiotics) (1 pg/ul)

35 mm 190 i 2.5 ul 7.5 u

60 mm 480 ul 5.0u 15.0 ul

100 mm 955 ul 15.0 ul 30.0 ul

Table 3.5: A table describing different components used for making DNA:PEI transfection

mix.

Incubate the transfection mix at room temperature for 30 minutes before adding dropwise to the
cells. Confluency of the cells should be around 40-50% for transfection and cells should be fed
with DMEM + 10% FBS medium 1-4 hours before adding transfection mix. After adding
transfection mix cells were incubated at 37°C with 5% CO,. 16 hours post transfection, cells
were washed with 1x PBS and DMEM + 10% FBS with antibiotics was added. All the PG-

EGFP-f and PG-EGFP transfections were done using PEI.
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3.2.1 Lentivirus Packaging

HEK?293T cells (ATCC), are human embryonic kidney cell line containing SV40 T antigen, were
cultured according to the ViraPower manual (Invitrogen). For viral packaging, ViraPower was
used and transfection was done using Lipofectamine LTX (Invitrogen) as per manufacturer’s
instruction. Composition of a transfection mix for transfecting 80% confluent HEK293 cells in a

100 mm tissue culture dish is given in Table 3.6.

Opti MEM Lentiviral vector | ViraPower mix | + Reagent Lipofectamine
DNA (1 pg/ul) (1 pg/ul) LTX
946 ul 3ul 9ul 12 ul 30 ul

Table 3.6: Transfection mix for lentiviral packaging using ViraPower.

After adding + reagent incubate at room temperature for 5 minutes then add lipofectamine LTX.
After 30 minutes of incubation at room temperature for 30 minutes before adding dropwise to the
cells. 16 hours post transfection, media was changed to DMEM + 10% FBS and viral soup was
collected at 42 hours and 62 hours post transfection. The viral soup was concentrated by

ultracentrifugation at 26,500 rpm at 4°C for 90 minutes.

3.2.2 Lentiviral Transduction

HaCaT (ATCC), an immortalized human keratinocyte cell line, and NIH3T3, an immortalized
mouse fibroblast cell line (ATCC) cells were used to determine viral titer. These cell lines were

cultured in DMEM + 10% FBS as per the ViraPower manual (Invitrogen). Briefly, 1:100 and
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1:1000 diluted viral particles were added to 1x10° HaCaT cells (for pCCLK14 Turbo RFP and
pCCLK14 Turbo RFP + 14-3-3y shRNAmir) or NIH3T3 cells (for pLKO Tet Puro viruses and
LentiCRISPR viruses) and incubated at 37°C with 5% CO, for 16 hours. 48 hours post
transduction, HaCaT cells were examined for Turbo RFP expression by light microscopy and
flow cytometry. Viral titre was determined as product of percentage of Turbo RFP positive cells
and dilution factor. Viral titre was found to be7.2 x 108TU/ml for pCCLK 14 Turbo RFP viruses
and 1.08 x 10° TU/ml for pCCLK 14 Turbo RFP + 14-3-3y shRNAmir viruses. Since, pLKO and
pLentiCRISPR vector systems lack ¢cDNA for fluorescent proteins, 1 x 10°NIH3T3 cells
transduced with pLKO and pLentiCRISPR viruses were selected in puromycin (2mg/ml) for 10
to 15 days to identify the number of puromycin resistant colonies. To count the colonies, the
colonies were washed with 1X PBS and fixed with 4% paraformaldehyde in 1X PBS for 20
minutes at room temperature. After fixation, colonies were incubated with1% crystal violet in
methanol for 1 hour at room temperature to stain the colonies, followed by washing the colonies
under running tap water, colonies were air dried and the number of colonies was determined.
Each colony represents a single transduced cell. Viral titre was determined as product of number
of puromycin resistant colonies and dilution factor. Viral titre was found to be9.15 x 10°TU/ml
for pLKO Tet Puro viruses, 4.5 x 10°TU/ml for pLKO Tet Purol4-3-3y shRNA viruses, 2 x
10TU/ml for LentiCRISPR K14 Cas V1 viruses, 9 x 10’TU/ml and for LentiCRISPR K14 Cas

V1 14-3-3y shRNA viruses.
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3.3 Animal experiments

Swiss mice Crl:CFW(SW), BALB/c mice and FVB mice were bred and maintained in the
laboratory animal facility of ACTREC as described previously [196]. 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 hours each (7:00 to 19:00 light; 19:00 to 7:00 dark). The animals 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 numbers are 11/2012 and 1/2014.

3.3.1 Injection of viral particles and generation of transgenic mice

To inject viral particles in testis, protocol developed in the lab was followed [53, 203]. Briefly,
28 day old Crl:CFW(SW) or BALB/c 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) or by isoflurane vapors. 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

105



sac with a curved sterile forceps through the incision by gently pulling the dorsal fat pad
associated with the testis. A solution of lentiviruses (1-5>10° TU/ml) was injected slowly into the
inter-tubular space of both the testes using a 30 gauge needle. The pre-founder male mice were
co-habitated with wild-type females 35 days post-transduction and the pups obtained were

analyzed for the presence of the transgene.

The pre-founder male mice were mated with wild-type females. Pups born were analyzed by
PCR using genomic DNA obtained from their tail tip and those positive 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 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, i.e. either Turbo RFP or puromycin resistance cDNA, as described below.

3.3.2 Electroporation of DNA into the testicles of mice

pCCLK14Turbo RFP and pCCLK14 Turbo RFP + 14-3-3y shRNAmir were digested with Pvul
and Ndel to get the plasmid fragment containing K14 promoter-Turbo TFP-WPRE and K14
promoter-Turbo RFP + 14-3-3y shRNAmir-WPRE respectively. Briefly, 100pg of pCCLK14
Turbo RFP and pCCLK14 Turbo RFP + 14-3-3y shRNAmir plasmids were digested with 100
units of Pvul and 100 units of Ndel at 37°C for 16 hours. The digested plasmid were resolved on
1% agarose gel and the fragment containing K14 promoter-Turbo TFP-WPRE and K14
promoter-Turbo RFP + 14-3-3y shRNAmir-WPRE were eluted from the gel using the Macherey-
Nagel gel elution kit. Eluted fragment was pooled and sent to Dr. Subeer Majumdar’s Laboratory

at NII for electroporation experiments as described in [48]. The electroporated pro-founder mice
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were imported from NII for mating experiments. The electroporated pro-founder mice were of

FVB strain.

3.3.3 Isolation of Genomic DNA (gDNA) from tail sections

Tail biopsies (~3mm) from 3 weeks old pups sired by pre-founder males were taken and lysed
for 16hours at 55°C in high salt digestion buffer containing S0mM Tris HCI pH 8.0, 1mM
EDTA, 1% Tween-20 and 400pg of Proteinase K (Jackson Laboratories). The protein extract
was processed for isolation of DNA using phenol-chloroform extraction followed by isopropanol
precipitation as described previously [196]. Same protocol was used to isolate DNA from testis,

epidermis and cell line.

3.3.4 Genotyping of Animals

The genomic DNA was subjected for PCR analysis using transgene-specific primers whose
sequences are listed in Table 3.2. The amplification of the endogenous patched (Ptch) gene from
the samples was used as a loading control. Genomic DNA isolated from the human origin cell
line, HCT116, was used as a negative control for the Ptch PCR. PCR was done using Tag

polymerase and PCR program for Ptch PCR was as follows:

1) Initial denaturation at 94°C for 5 minutes.

2) Denaturation at 94°C for 45 seconds.

3) Annealing at 63°C for 30 seconds.
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4) Extension at 72°C for 30 seconds.

5) Repeat from step 2 for 29 cycles.

6) Final extension at 72°C for 10 minutes.

7) Hold at 4°C forever.

Every PCR reaction set had three controls. The pCCLK14 Turbo RFP plasmid was used as a
template for a positive control, genomic DNA obtained from WT mice was used as a negative
control. To validate the Turbo RFP PCR results, two sets of primers were used. First set of PCR
primer recognizes a part of Turbo RFP sequence whereas second set of primer recognizes the

entire Turbo RFP sequence taken from pTRIPz vector.

PCR components Ix

Standard Tag buffer 10X 1.0 ul
Forward Primer (20 pmol) 0.4 pl
Reverse Primer (20 pmol) 0.4 pul
dNTPs 10mM 0.4 ul
MgCl, (25mM) 0.9ul
Template (100 ng/ul) 1.0ul
Taq polymerase (5U/ul) (NEB) 0.3ul
MilliQ 5.6ul

Table 3.7: List of components used in genotyping PCR mix.
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PCR program:

1) Initial denaturation at 95°C for 3 minutes.

2) Denaturation at 95°C for 1 minute.

3) Annealing at 70°C for 1 minute.

4) Extension at 72°C for 1 minute.

5) Repeat from step 2 for 9 cycles.

6) Final extension at 72°C for 10 minutes.

7) Hold at 4°C forever.

The PCR components and PCR program for both the primer sets were same. To ensure that the
PCR product is indeed Turbo RFP sequence, PCR product was cloned into the pTZ57RT/T

vector (Thermo Fisher Scientific) and was sequenced using Sanger sequencing.

Similarly, for puromycin resistance cDNA PCR, pLKO Tet Puro or pLentiCRISPR plasmid was
used as a template for a positive control and genomic DNA obtained from WT mice was used as

a negative control.

1) Initial denaturation at 95°C for 3 minutes.

2) Denaturation at 95°C for 1 minute.

3) Annealing at 66°C for 1 minute.

4) Extension at 72°C for 1 minute.

109



5) Repeat from step 2 for 29 cycles.

6) Final extension at 72°C for 10 minutes.

7) Hold at 4°C forever.

To ensure that the PCR product is indeed puromycin resistance cDNA sequence, PCR product

was cloned into the pJET vector (Thermo Fisher Scientific) and was sequenced using Sanger

sequencing.

Name of the oligonucleotide

Sequence of the oligonucleotides

Ptch Forward CTGCGGCAAGTTTTTGGTTG
Ptch Reverse AGGGCTTCTCGTTGGCTACAAG
Turbo RFP Forward ATGAGCGAGCTGATCAAGG
Turbo RFP Reverse TTATCTGTGCCCCAGTTTGC

Turbo RFP + shRNAmir Reg Forward

GGACCGGTCGCCACCATGAGC

Turbo RFP + shRNAmir Reg Reverse

GGGTCGACTGGCCGGCCGCATTAGTCT

Puromycin Forward

GCAAGAACTCTTCCTCACGC

Puromycin Reverse

GCCTTCCATCTGTTGCTGCG

14-3-3y Exon 1 Forward

CTCTGGACATTCAGGGTCACA

14-3-3y Exon 1 Reverse

TCCTCGTCTCAGTAGCTTGC

Table 3.8: List of oligonucleotides used for genotyping.
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3.3.5 Histology of epidermis

For histological analysis of epidermis, frozen tissues were used. Using cryotome thin sections of
tissues were taken on a glass slide and given for haematoxylin/eosin staining. Images were taken
using Zeiss Axiolmager Z1 upright microscope.

To detect the Turbo RFP fluorescence in the hair follicle of Turbo RFP positive mice, epidermis
was isolated from the tail. Briefly, tail snips were taken and a cut was made longitudinally to
remove the cartilage and the skin was incubated with SmM EDTA solution at room temperature
for 16 hours and using forceps epidermis was separated from the dermis as described in [204].
The epidermis was mounted on a glass slide using vectashield (Vector), as per manufacturer’s
instruction. The epidermis was imaged using LSM 510 confocal microscope. As a control

epidermis section from WT mouse was used.

3.3.6 T7 endonuclease assay

14-3-3y exon 1 region was PCR amplified from the tail genomic DNA using the primer sequence

given in Table 3.8. The PCR components were as follows:

PCR components 1x

Standard Tag buffer 10X 1.0 ul
Forward Primer (20 pmol) 0.5 ul
Reverse Primer (20 pmol) 0.5 ul
dNTPs 10mM 0.4 ul
MgCl, (25mM) 0.6 ul
Template (100 ng/ul) 2.0ul
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Taq polymerase (5U/ul) (NEB) 0.3ul

MilliQ 4.7ul

Table 3.9: List of components used in 14-3-3y exon 1 PCR mix.

PCR Program:

1) Initial denaturation at 94°C for 5 minutes.

2) Denaturation at 94°C for 45 seconds.

3) Annealing at 65°C for 40 seconds.

4) Extension at 72°C for 35 seconds.

5) Repeat from step 2 for 29 cycles.

6) Final extension at 72°C for 10 minutes.

7) Hold at 4°C forever.

The PCR product thus obtained was used performing T7 endonuclease assay. The principle of
the T7 endonuclease assay is given in Figure 3.9. Briefly, the PCR product from the wild type
mice or the vector control mice was mixed with that of the test mouse in the ratio of 1:1. This
mixture of PCR product was then denatured at 95°C for 10 minutes and was allowed to re-anneal
by gradually cooling it. T7 endonuclease enzyme was then added to cleave the heteroduplex
DNA and incubated at 37°C for four hours. After digestion, the mixture was resolved on 2%

agarose gel to detect the number and size of the PCR fragments.
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Figure 3.9: The schematic representation of the principle of T7 endonuclease assay [205].

3.3.7 Doxycycline administration

To induce the expression of shRNA in pLKO Tet Puro 14-3-3y shRNA transgene positive mice,
pLKO Tet Puro 14-3-3y shRNA pre-founder mice and wild type mice mated with pLKO Tet
Puro 14-3-3y shRNA pre-founder mice were given doxycycline in water. Doxycycline (100mg
Biodoxi, Biochem Pharmaceutical Industries Ltd.) was mixed with 100 ml of sterile water as
described in [206]. To mask the taste of doxycycline, sucrose was added in the water at a final

concentration of 5%.

3.3.8 Sertoli cell isolation and culture

Sertoli cell proliferation is observed in new born animals and the rate of Sertoli cell proliferation

decreases once the SSC’s start proliferating. The protocol used for isolating and culturing Sertoli
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cells from rat was described previously [207]. 1-2 week old mice were sacrificed; their testicles
were collected in 1X Hank’s buffered salt solution (HBSS) (Gibco) and decapsulated using
forceps under the dissecting microscope. Decapsulated testes were washed with 1X Hank’s
buffer and 10% collagenase was added followed by an incubation at room temperature on a
rocker for 5 minutes or until tubules are separated. The samples were kept on a test-tube stand
and the tubules were allowed to settle and the supernatant was removed. Tubules were washed
thrice with 1X HBSS to remove residual collagenase. 1X Trypsin was added to the tubules
followed by a 2 minute incubation. The tubules were washed twice with 1X HBSS and 2.5% of
trypsin inhibitor was added in the third wash. After the third wash, 1X HBSS containing
collagenase (10%), hyaluronidase (20%), DNase (7%) and trypsin inhibitor (2.5%) was added to
the tubules and incubated on a rocking platform at RT for 5 minutes. The protease treated tubules
were centrifuged at 500 rpm for 4 minutes and the cell pellet was treated with 1:10 diluted 1X
HBSS to kill all the SSCs present in the pellet by hypotonic shock..The remaining Sertoli cells
were centrifuged at 500 rpm for 4 minutes and plated in F12 DMEM (Gibco) and incubated at
37°C and 5% CO,. Sertoli cells cannot be passaged and hence once cultured should be used

immediately for Western blotting or RT-PCR or immunofluorescence experiments.

3.4 Antibodies and Western blotting

Cell extracts were prepared using 1X sample buffer (Table 3.10) and protein concentration was
determined using Folin-Lowry’s method of protein estimation. 50 to 100ug of protein was
resolved on 6% and 12% step gradient resolving polyacrylamide gel or 7.5% and 10% step

gradient resolving polyacrylamide gel. The gel was transferred on nitrocellulose membrane of
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0.45 pm pore size (Mdi, Membrane Technologies).For Western blotting, the details of the

different antibodies used are given in Table 3.11.

Components Stock Concentration Volume

Tris pH 6.8 1.0M 500 pl

Glycerol 100% 1000 pl

Sodium Dodecyl Sulfate 10% 2000 pl

Distilled Water 6.5 ml

Table 3.10: Composition of 1X Sample buffer.

Antibody Company Clone Raised in | Dilution
Desmoplakinl/IT | Abexome DP 200 1B8 | Mouse 1:100
Desmoglein2 Invitrogen 6D8 Mouse 1:250
Desmocollin2/3 | Invitrogen 7G6 Mouse 1:250
Plakoglobin Abcam 15F11 Mouse 1:250
Plakoglobin Abexome Monoclonal | Mouse 1:250
Plakophilin3 Thermo Fisher Scientific 23E/4 Mouse 1:2000
KIF5B Abcam Polyclonal Rabbit 1:500
PKCpn Abcam Monoclonal | Rabbit 1:500
E-cadherin BD Biosciences C-36 Mouse 1:500
a-E-catenin Santa Cruz Biotechnology C-19 Goat 1:500
-catenin BD Biosciences C-14 Mouse 1:500
B Actin Sigma AC-74 Mouse 1:3000
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GFP Clontech Monoclonal | Mouse 1:50000
Cytokeratin 8 Sigma 5301 Mouse 1:1000
14-3-3y Abcam CG31 Mouse 1:500
14-3-3y Enzo Life Sciences CG31 Mouse 1:2000
14-3-3¢ Santa Cruz Biotechnology T-16 Mouse 1:500
14-3-3c - CS-112 Mouse 1:50
HA - 12CAS Mouse 1:50

Table 3.11: List of the primary antibodies used for Western blotting experiments.

These antibodies were diluted in 1%BSA solution in TBST containing 0.2% sodium azide.

Blocking was performed using 5% milk in TBST. The composition of TBST is given in Table

3.12.

Components Stock Concentration Volume
Sodium Chloride 25M 60 ml
Tris pH 8.0 1.0M 10 ml
Tween20 100% 1 ml
Distilled Water - 929 ml

Table 3.12: Composition of TBST.
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The secondary antibodies were anti-goat antibody (Thermo Fisher Scientific, 1:500), anti-mouse
antibody (Thermo Fisher Scientific, 1:2500) and anti-rabbit antibody (Thermo Fisher Scientific,
1:2500) conjugated with horse radish perioxidase. The secondary antibodies were diluted in
2.5% milk in TBST containing 1% goat serum. Western blots were developed using either super
signal west pico or super signal west femto (Thermo Fisher Scientific) or Clarity ECL (Bio-Rad)

as per the instructions of the manufacturer.

3.4.1 Preparation of tissue extracts.

Tissue extracts of testis, tails and epidermis were prepared using total lysis buffer in mortar and
pestle. Briefly, total lysis buffer was added to the tissue followed by liquid nitrogen, to solidify
the tissue, and the tissue was crushed in mortar and pestle to obtain a homogeneous suspension.
This suspension was then centrifuged at 13,000 rpm for 15 minutes at 4°C and supernatant was

collected as the tissue extract. The composition of total lysis buffer is given in Table 3.13.

Component Stock Concentration | Volume
Tris pH 7.5 1.0M 500 wl
Sodium Chloride 2.5M 600ul
EGTA 0.5M 20 pl
EDTA 0.5M 20 pl
NP-40 100% 50 ul
Triton-X 100% 100 pl
Aprotinin 2.0 mg/ml 50 ul
Leupeptin 1.0 mg/ml 50 ul
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Phenylmethane sulfonyl fluoride (PMSF) 50 mM 200 pl
Sodium orthovandate 0.2M 1000 pl
Sodium fluoride 1.0M 200 pl
B-glycerophosphate 1.0M 10 ul
Distilled Water 7.2 ml

Table 3.13: Composition of Total lysis buffer.

3.4.2 Soluble and insoluble protein fractionation

Fractionation was done using the protocol given in [208-210]. Briefly, HCT116 monolayer was
washed twice with ice-cold 1X PBS, cells were scraped and collected in 1X PBS, centrifuged at
5000 rpm for 3 minutes at 4°C,supernatant was discarded and cells were mixed with cytoskeletal
buffer (CSK) and incubated on rocker at 4°C for 20 min. After 20 minutes incubation 2.5 M
ammonium sulphate solution (for 200ul of CSK buffer 22 pl of ammonium sulphate solution)
was added and the cells were further incubated on rocker at 4°C for 5 min followed by
centrifugation at 16000 rpm for 16 minutes at 4°C. Supernatant is soluble fraction and pellet is
insoluble fraction. Pellet was dissolved in sample buffer. Insoluble fraction was sonicated to

make it homogeneous. Composition of CSK buffer and sample buffer is given in Table 3.14. and

3.15 respectively. Do not boil the soluble fraction
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Component Stock Concentration | Volume
Sucrose 3M 1000 pl
Sodium Chloride 25M 200 pl
PIPES pH 6.8 02M 1000 pl
MgCl, 25mM 120 wl
Triton-X 100% 50 ul
Phenylmethane sulfonyl fluoride (PMSF) 50 mM 24ul
DNasel 7% 2.8ul
RNase 10 mg/ml 100 pl
Distilled Water 7.5 ml

Table 3.14: Composition of Cytoskeletal buffer.

Component Stock Concentration | Volume
Tris pH 7.5 1M 100 wl
Sodium Dodecyl Sulfate 10% 1000 pl
EDTA 0.5M 100 pl
Distilled Water 8.8 ml

Table 3.15: Composition of sample buffer used for extraction of insoluble fraction.
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3.5 Immunofluorescence and confocal microscopy

Cells were fixed with either 4% paraformaldehyde in 1X PBS for 20 minutes at room
temperature to image desmosomal proteins or with 100% methanol (chilled) for 10 minutes at -
20°Cfor adherens junction proteins. Cell membrane was permeabilized by incubating cells in 1X
PBS containing 0.3% Triton-X for 10 minutes at room temperature. The details of the primary

antibodies used for immunofluorescence assay is given in Table 3.16.

Antibody Company Clone Raised in Dilution
Desmoplakinl/IT | Abexome DP 200 1B8 Mouse 1:7
Desmoglein2 Invitrogen 6D8 Mouse 1:25
Desmocollin2/3 | Invitrogen 7G6 Mouse 1:25
Plakoglobin Abcam 15F11 Mouse 1:25
Plakophilin3 Thermo Fisher Scientific 23E/4 Mouse 1:75
E-cadherin BD Biosciences C-36 Mouse 1:50
a-E-catenin Santa Cruz Biotechnology C-19 Goat 1:50
B-catenin BD Biosciences C-14 Mouse 1:50
Myc Santa Cruz Biotechnology 9E10 Mouse 1:25

Table 3.16: List of the primary antibodies used for immunofluorescence assay in this study.

Primary and secondary antibodies were diluted in 1% BSA solution prepared in 0.1% NP-40 in
1X PBS. The secondary antibodies were used at 1:100 dilutions. The secondary antibodies used
in immunofluorescence assay were conjugated with Alexa Fluor 633 or Alexa Fluor 568, to
avoid spectral overlap with GFP. All images were captured using Zeiss LSM 510 confocal

microscope or Zeiss LSM 780 confocal microscope or Leica TCS SP8 Confocal Microscope.
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3.6 Calcium Switch Assay

The HCT116 derived 14-3-3y knockdown cell line was transfected with EGFP-f or PG-EGFP-f
cDNA using PEI, 24 hours post transfection cells were incubated in low calcium medium. After
24 hours, the cells were fed with medium containing normal calcium levels and the cells fixed at

0 and 15 minutes post addition were processed for DSG2 staining and confocal microscopy as

described previously [150, 211, 212].

3.7 Hanging drop assay

Cells were transfected with either pPCDNA3.1 Puromycin EGFP-f or pCDNA3.1 Puromycin PG-
EGFP-f PEIL. 24 hours post-transfection, the cells were transferred to medium containing
0.5pg/ml of puromycin for four days to kill the un-transfected cells. The remaining cells were
processed for hanging drop assay as previously described [213]. Images of cell aggregates were

obtained with a Zeiss Axiovert 200M inverted microscope with a 5X or 10X objective.

3.8 GST protein preparation

GST protein preparation was done as described in [214]. Briefly, a single colony of BL21 cells
transformed with pGEX4T1 (GST) vector pGEX4T1 with PG 300 WT was inoculated in 10 ml
of LB broth containing ampicillin(1mg/ml) and incubated at 37°C for 16-18hours at 200 rpm
(rotations per minute). This culture broth was used to inoculate 100 ml LB broth containing
ampicillin in a 1.0 L flask followed by incubation at 37°C for 1 hour at 200 rpm. After 1 hour of
incubation, 10-20 pl of 1M IPTG was added to and the flasks were further incubated at 37°C for
3-4 hours at 200 rpm. After 3 hours the cells were pelleted by centrifugation at 4000 rpm for 10

minutes at 4°C. The supernatant was discarded and cells were suspended gently in ice cold 0.1%
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triton X-100 in PBS, using a 10ml pipette while ensuring that there is minimum frothing. To lyse
the bacterial cells suspension was sonicated using sonicator (Branson) at 50 duty cycles for 10
seconds and then placed on ice for 10 seconds. The sonication was repeated 4 times. The
suspension was centrifuged at 10,000 rpm for 10 minutes at 4°C. The supernatant was
transferred to 15mlscrew cap conical tubes and 150ul of 50%slurry of glutathione sepharose
beads (Amersham) was added and incubated on a rocker at 4°C for 1 hour. After 1 hour, the
beads were pelleted by centrifugation at 3000 rpm for 1 minute at4°C. The supernatant was
discarded, Iml of NET-N buffer (composition given in Table 3.17) was added and beads were
transferred to 1.5ml Eppendorf. The beads were pelleted by centrifugation at 3000 rpm for 1
minute at 4°C. Beads were washed twice with NET-N. After the wash, beads were re-suspended
in 150ul of NET-N. To elute the GST tagged fusion protein from the beads500ul of elution
buffer (composition given in Table 3.18) was added and incubated at 4°C for 16 hours. Further,
beads were centrifuged at 1500 rpm at 4°C for 5 minutes, supernatant was collected and purified
by dialysis in 1X PBS. Briefly, dialysis tubing was incubated in a beaker containing hot water
(80°C)for 3 minutes to remove the impurities, then the dialysis tubing was cleaned and again
incubated in another beaker containing hot water followed by incubation in 1X PBS. After the
1X PBS wash, the dialysis tubing was clamped at one end and the supernatant obtained after
elution was poured from the other end, the other end was clamped, the dialysis tubing containing
supernatant was dipped in a beaker containing 1X PBS and incubated on a magnetic stirrer at
4°C for 4 hours. After 4 hours, 1X PBS was changed and dialysis was continued for 16 hours.
After dialysis, sample was centrifuged at 13000 rpm for 10 minutes at 4°C. The supernatant was
concentrated by loading on centricon tube (50 ml conical screw cap tube with a membrane filter

of 3kDa) and centrifuging it at 4000 rpm for 30 minutes at 4°C. 1.5 ml of concentrate was
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collected and 10% glycerol was added and stored in -80°C.For determining the protein
concentration, Spl of the concentrate along with standard BSA solutions were resolved on a 10%
SDS-PAGE gel and stained with coomassie blue. For performing protein kinase assay GST and
GST PG 300 proteins were sent to Felipe Samaniego’s laboratory, University of Texas, MD

Anderson Cancer Centre, Houston, Texas, U.S.A.

Component Stock Concentration | Volume
Tris pH 8.0 1M 2000 pl
Sodium Chloride 25M 4000 pl
EDTA pH 8.0 0.5M 200 pl
MgCl, 25 mM 120 wl
NP-40 100% 500 pl
Distilled Water 93.3 ml

Table 3.17: Composition of NET-N buffer.

Component Stock Concentration | Volume
Tris pH 7.5 1M 500 pl
Sodium Chloride 25 M 600 pl
Reduced Glutathione 100 mM 1000 pl
Distilled Water 7.9 ml

Table 3.18: Composition of elution buffer.
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3.9 RNA isolation and reverse transcriptase PCR

HCT116 cells were transfected with pCDNA3.1 and pCDNA3.1 PG C term using PEI and 48
hours post transfection, 1X PBS wash was given and TRIzol (Thermo Fisher Scientific) was
added to the cells (1ml for 35 mm tissue culture plate) and incubated at room temperature for 5
minutes for dissociation of nucleoprotein complex. Samples were collected in an eppendorf
200ul of chloroform was added, vortexed and incubated at room temperature for 2-3 minutes.
Samples were centrifuged at 13000 rpm for 15 minutes at 4°C. The aqueous phase was collected
in another Eppendorf and 500ul of isopropanol was added and incubated at room temperature for
10 minutes to precipitate the RNA. Samples were centrifuged at 13000 rpm for 15 minutes at
4°C followed by 75% ethanol wash (75ml 100% Ethanol and 25 ml nuclease free water) at
10000 rpm for 5 minutes at 4°C. The RNA pellet was dried for 10 minutes at room temperature
and 25pl of commercial water was added. To dissolve the RNA samples were incubated at 55°C
for 10 minutes. RNA was stored at -70°C. For mRNA to cDNA conversion High capacity cDNA

reverse transcription kit (Applied Biosystems) was used.

PCR components 1x

RT buffer 10X 2.0 ul
RT Random Primers 10X 0.8 ul
dNTPs 10mM 0.4 ul
Template (100 ng/ul) 10.0 pl
Reverse Transcriptase 1.0 ul
Nuclease free water 6.0 ul

Table 3.19: PCR components for mRNA to cDNA conversion.
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PCR program:

1) 25°C for 10 minutes.

2) 37°C for 2 hours.

3) 85°C for 5 minutes.

4) Hold at 4°C forever.

Iul of the ¢cDNA was used for the PCR amplification of PG C term mRNA using Tagq
polymerase. Annealing temperature was 60°C. PCR for GAPDH served as a loading control. The
sequence of the GAPDH primers is given in Table 3.20. The sequence of the primers used for

PCR amplification of PG C term mRNA is given in Table 3.1.

Name of the oligonucleotide Sequence of the oligonucleotide
GAPDH Forward TGCACCACCAACTGCTTAGC
GAPDH Reverse GGCATGGACTGTGGTCATGAG
GAPDH Forward (Mouse) GGCTGCCCAGAACATCAT
GAPDH Reverse (Mouse) CGGACACATTGGGGGTAG
14-3-3y Forward (Mouse) GGTCATCAGCAGCATCGAGC
14-3-3y Reverse (Mouse) GTTGTTGCCTTCACCGCCGT

Table 3.20: List of oligonucleotides used for GAPDH reverse transcriptase PCR.
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4. Results and Discussion:
Generate inducible and
epidermis specific knockdown

mice for 14-3-3y.



4. Results

To generate transgenic mice our laboratory developed a novel method in which lentiviruses were
injected into the testis of the pre-founder mice and these pre-founder mice sired transgenic mice
[53]. To study the role of 14-3-3y in the growth and development of mice, lentiviruses
expressing 14-3-3y shRNA were injected into the testes of the mice but these pre-founder mice
became sterile. The sterility observed in these pre-founder mice was due to loss of 14-3-3y in the
testis, which led to the disruption of desmosome formation and hence cell-cell adhesion between
developing spermatocytes and Sertoli cells thereby affecting spermatogenesis [150]. This result
also suggested 14-3-3y regulates desmosome formation and hence might be important for the
development of other epithelial tissues. Hence, we decided to generate inducible or tissue

specific 14-3-3-y knockdown mice.

4.1 Generation of tetracycline inducible 14-3-3y knockdown mice

To study the role of 14-3-3y in the mammalian development and to prevent the 14-3-3y shRNA
expression in testis of the pre-founder mice we decided to generate inducible 14-3-3y
knockdown mice. To generate inducible 14-3-3y knockdown mice, we used a tetracycline
inducible 14-3-3y shRNA system [195]. This system is regulated by doxycycline i.e. 14-3-3y
shRNA will be expressed only in the presence of doxycycline and therefore this system will not
induce sterility in pre-founder mice in the absence of doxycycline, thus permitting the generation
of 14-3-3y shRNA transgene positive pups. The tetracycline inducible 14-3-3y shRNA permits

temporal regulation of expression of the 14-3-3y shRNA at different stages of development.
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4.1.1 Validation of pLKO Tet Puro 14-3-3y shRNA vector

Oligonucleotides encoding the 14-3-3y shRNA were cloned into the pLKO Tet Puro vector using
Agel and EcoRI sites. To ensure that the 14-3-3y shRNA was expressed only in the presence of
doxycycline, HCT116 cells were co-transfected with HA-14-3-3y and pLKO Tet Puro vector or
pLKO Tet Puro 14-3-3y shRNA. 24 hours post transfection, doxycycline was added to one set of
dishes. 90 hours post transfection, cells were harvested and Western blots performed with
antibodies to HA and  Actin. Un-transfected HCT116 cells served as a negative control for HA-
14-3-3y expression. It was observed that the 14-3-3y levels were decreased only in the

doxycycline treated HCT116 cells transfected with pLKO Tet Puro 14-3-3y shRNA (Figure 4.1).
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Figure 4.1: Validation of pLKO Tet Puro 14-3-3y shRNA construct. Protein extracts of
HCT116 cells co-transfected with HA-14-3-3y and pLKO Tet Puro vector control or pLKO Tet
Puro 14-3-3y shRNA, treated (+ Dox) or untreated (- Dox) with doxycycline were resolved on
10% SDS-PAGE gel followed by Western blotting with the indicated antibodies. Western blots
for B Actin served as a loading control. Un-transfected HCT116 cells served as a negative control

for HA-14-3-3y expression.
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4.1.2 Generation of pLKO Tet Puro 14-3-3y shRNA positive transgenic mice

pLKO Tet Puro vector and pLKO Tet Puro 14-3-3y shRNA were packaged using the ViraPower
packaging system (Invitrogen). After determining the virus titre as described in materials and
methods, the viruses were surgically injected into the testicles of 4 week old BALB/c mice as
described previously [53]. Five weeks post-surgery, these pre-founder mice were mated with
wild type female mice to obtain transgenic pups. The pups were screened for the presence of
puromycin resistance cDNA transgene using genomic DNA isolated from the tail snips of the
pups as a template in PCR reactions for the puromycin resistance cDNA (Puro). Genomic DNA
from a wild type mouse served as a negative control. All the pups were found to be positive for
the puromycin resistance cDNA transgene. A PCR reaction for the mouse Patched (Ptch) gene
was performed as a loading control and genomic DNA purified from the human cell line,
HCT116, was used as a negative control for the Ptch PCR. The pedigree analysis for the pups
obtained from one of the pLKO Tet Puro vector pre-founder mice and pLKO Tet Puro 14-3-3y
shRNA pre-founder mice along with the Ptch PCR and puromycin resistance cDNA PCR results
are shown in Figure 4.2 A and B. Table 4.1 and 4.2 show the gender, number and genotype of
the pups obtained from pLKO Tet Puro vector pre-founder mice and pLKO Tet Puro 14-3-3y

shRNA pre-founder mice respectively.
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Figure 4.2: Pedigree analysis of the pLKO Tet Puro vector pre-founder mice and pLKO

Tet Puro 14-3-3y shRNA pre-founder mice [Strain: BALB/c]. A-B. A pedigree analysis for
the pre-founder mice (indicated with an arrow) 2472 infected with viruses expressing the pLKO
Tet Puro vector control (A) and 2453 (B) infected with viruses expressing the pLKO Tet Puro14-
3-3y shRNA. Individual mice were assigned numbers for further experiments. Genomic DNA
amplification using primers for puromycin resistance DNA (Puro) or Patched (Ptch) as a loading
control are shown for each animal. The filled squares and circles indicate transgene positive
animals. NTC is the no template control , + is a positive control where the template is the pLKO
Tet plasmid and — represents the negative control, which is genomic DNA isolated from WT
mice for the puromycin PCR reactions and genomic DNA from HCT116 cells for the Ptch PCR

reactions.
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Sr. | Mother No. | Father ~ No. | Mice No. Gender | Ptch Puro Litter
No. Pre-founder PCR PCR No.
1 48/1733 47/2472 49/1364 F + + I

2 49/1365 M + + I

3 49/1366 M + + I

4 48/1732 47/2471 49/2543 F + + I

5 49/2544 M + + I

6 48/1731 47/2470 49/2536 F + + I

7 49/2537 F + + I

8 49/2538 M + + I

9 49/2539 M + + I

10 49/2540 M + + I

11 49/2541 M + + I

12 49/2542 M + + I

Table 4.1: Pups obtained from pLKO Tet Puro pre-founder mice (F1 generation) [Strain:

BALB/c]. (+ is positive and — is negative)
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Sr. | Mother No. | Father ~ No. | Mice No. Gender | Ptch Puro Litter
No. Pre-founder PCR PCR No.
1 48/1734 47/2453 49/1361 F + + I

2 49/1362 F + + I

3 49/1363 M + + I

4 48/1735 47/2454 49/1359 M + + I

5 49/1360 M + + I

6 48/1736 47/2455 49/2526 F + + I

7 49/2527 F + + I

8 49/2528 M + + I

9 48/2938 47/2455 49/2533 F + + I
10 49/2534 M + + I

11 49/2535 M + + I

Table 4.2: Pups obtained from pLKO Tet Purol4-3-3y shRNA pre-founder mice (F1

generation) [Strain: BALB/c]. (+ is positive and — is negative)

Since all the pups were positive puromycin resistance cDNA it was necessary to confirm that the
PCR product is indeed puromycin resistance cDNA and not some non-specific PCR product. The
PCR product from one of the transgene positive mice was cloned into pJET vector, pJET Puro
clones were screened using BgllI digest (Figure 4.3 A) and one of the clones was sequenced. The

sequence of the PCR product matched with the puromycin resistance cDNA (Figure 4.3 B).
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Figure 4.3: Cloning and sequencing of the puromycin resistance cDNA PCR product. A.
PCR product of puromycin resistance cDNA obtained from genomic DNA of mouse 49/1366
was cloned into pJET vector and the clones were screened using BglIl digest. The clones were
resolved using 1% agarose gel. Two bands were seen in all the clones; a 3 kb band corresponding
to the size of pJET vector and a 250 bp band corresponding to the size of the PCR product. Clone
3 (highlighted in red) was given for sequencing. B. The sequence of the clone B was matched to
the puromycin resistance cDNA sequence using MegAlign software. Note that the two sequences

showed an exact match.

4.1.3 Stable inheritance of pLKO Tet Puro 14-3-3y shRNA from one generation to next

generation

To observe if the transgene is stably integrated into the germ line and is being inherited by the
next generation the pLKO Tet Puro 14-3-3y shRNA transgene positive pups (F1 generation)
were weaned and inbred to obtain F2 generation and pups from F2 generation were inbred to
generate F3 generation. All the pups from F2 and F3 generations were found to be positive for
the puromycin resistant cDNA transgene as shown in Figure 4.4. The gender, number and

133



genotype of the pups from F2 and F3 generation are shown in Table 4.3 and 4.4 respectively.
PCR product of puromycin resistance cDNA obtained from genomic DNA of mouse D/2993

matched with puromycin resistance cDNA sequence.
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Figure 4.4: Pedigree analysis of F2 and F3 generation obtained from inbreeding of pLKO
Tet Puro 14-3-3y shRNA positive F1 generation mice [Strain: BALB/c]. A. A pedigree
analysis for F2 generation mice obtained from inbreeding of pLKO Tet Puro14-3-3y shRNA
positive F1 generation mice. B. A pedigree analysis for F3 generation mice obtained from
inbreeding of pLKO Tet Puro14-3-3y shRNA positive F2 generation mice. Individual mice were

assigned numbers for further experiments. Genomic DNA amplification using primers for
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puromycin resistance cDNA (Puro) or Patched (Ptch) as a loading control are shown for each
animal. The filled squares and circles indicate transgene positive animals. NTC is the no
template control , + is a positive control where the template is the pLKO Tet plasmid and —
represents the negative control, which is genomic DNA isolated from WT mice for the

puromycin PCR reactions and genomic DNA from HCT116 cells for the Ptch PCR reactions.

Sr. | Mother No. | Father No. Mice No. Gender | Ptch Puro Litter
No. PCR PCR No.

1 49/2533 49/2535 D/2993 F + + I

2 D/2994 M + + I

3 D/2995 M + + I

4 D/2996 M + + I

5 D/2997 M + + I

6 D/2998 M + + I

Table 4.3: Pups obtained from inbreeding of pLKO Tet Puro14-3-3y shRNA positive mice

(Inbreeding of F1 generation) [Strain: BALB/c]. (+ is positive and — is negative)
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Sr. | Mother No. | Father No. Mice No. Gender | Ptch Puro Litter
No. PCR PCR No.

1 D/2993 D/2994 E/610 M + + I

2 E/611 M + + I

3 D/2993 D/2994 G/1221 F + + I

4 G/122 F + + I

Table 4.4: Pups obtained from inbreeding of pLKO Tet Puro14-3-3y shRNA positive mice

(Inbreeding of F2 generation) [Strain: BALB/c]. (+ is positive and — is negative)

4.1.4 Doxycycline treatment for pLKO Tet Puro 14-3-3y shRNA pre-founder mice and

transgenic pups

To induce the shRNA expression pLKO Tet Puro positive mice and pLKO Tet Puro 14-3-3y
shRNA positive mice of F1 generation were given doxycycline in drinking water and the tail
snips were collected on day 6 and day 9 of doxycycline treatment for performing reverse
transcriptase PCR for 14-3-3y and tail snips collected just before initiating doxycycline treatment
(day 0) were used as a control. Reverse transcriptase PCR for GAPDH served as a loading
control. Since there was no change in the mRNA levels of 14-3-3y in tail samples, doxycycline
was given for 6 weeks and after that one of the testicles from each animal was surgically
removed to isolate RNA to determine the mRNA levels of 14-3-3y. As shown in Figure 4.5, no

change was observed in the mRNA levels of 14-3-3y in any of the testes. Therefore, even after 6
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weeks of doxycycline treatment there was no knockdown of 14-3-3y in pLKO Tet Puro 14-3-3y

shRNA positive mice.
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Figure 4.5: Effect of doxycycline treatment on 14-3-3y levels in pLKO Tet Puro 14-3-3y
shRNA positive mice. A. Reverse transcriptase PCR using RNA extracted from tail snips of
BALB/c mice pLKO Tet Puro vector positive mice 2538 and 2541 and pLKO Tet Puro 14-3-3y
shRNA positive mice 2528 and 2535 post 0,6 and 9 days of doxycycline treatment (1mg/ml).No
change was observed in the 14-3-3y mRNA levels. B. RNA was extracted from the doxycycline
treated testis of 2528 and 2535. PCR was carried out using primers for 14-3-3y and GAPDH (as

a loading control).
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4.1.5 Effect of 14-3-3y knockdown on spermatogenesis in pLKO Tet Puro 14-3-3y shRNA

pre-founder mice

To study the effect of 14-3-3y loss on the process of spermatogenesis, 4 week old Crl:CFW(SW)
mice were injected with either pLKO Tet Puro viruses or pLKO Tet Puro 14-3-3y shRNA
viruses. These pre-founder mice were divided into two groups, three mice in each group, one
group was kept on doxycycline and the other group was kept as control. Two mice died after
three weeks of surgery one mouse (G/1216) was from the doxycycline treated pLKO Tet Puro
pre founder group and the other mouse (G/1213) was from the control pLKO Tet Puro pre-
founder because of which only two mice were left in these groups. Five weeks post-surgery
doxycycline treated and untreated pre-founder mice were mated to wild type female mice to
determine if the doxycycline treated pLKO Tet Puro 14-3-3y shRNA pre-founder mice had
become sterile. But the doxycycline treated pLKO Tet Puro 14-3-3y shRNA pre-founder mice
were fertile as they sired pups. We hypothesized that the un-infected SSCs from doxycycline
treated pLKO Tet Puro 14-3-3y shRNA pre-founder mice must be contributing to the sperm
production, therefore, we genotyped the pups obtained from these pre-founder mice. It was
observed that all the pups were positive for the puromycin resistance cDNA transgene suggesting
that these pups were sired from the transgene positive spermatozoa (Figure 4.6 and table 4.5 and

4.6).
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Figure 4.6: Pedigree analysis of the pLKO Tet Puro pre-founder mice and pLKO Tet Puro
14-3-3y shRNA pre-founder mice [Strain: Crl: CFW(SW)]. A-B. A pedigree analysis for the
pre-founder mice (indicated with an arrow) 1214 infected with viruses expressing the pLKO Tet
Puro vector control (A) and 1227 (B) infected with viruses expressing the pLKO Tet Puro14-3-
3y shRNA. Individual mice were assigned numbers for further experiments. Genomic DNA
amplification using primers for puromycin resistance ¢cDNA (Puro) or Patched (Ptch) as a
loading control are shown for each animal. The filled squares and circles indicate transgene
positive animals. NTC is the no template control , + is a positive control where the template is

the pLKO Tet plasmid and — represents the negative control, which is genomic DNA isolated
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from WT mice for the puromycin PCR reactions and genomic DNA from HCT116 cells for the

Ptch PCR reactions.

Sr. | Mother Father No. | Mice No. | Gender Ptch PCR | Puro PCR | Litter No.
No. | No. Pre-founder

1 G/2426 G/1214 H/1100 | F + + I
2 (-Dox) H/1101 F + + I
3 H/1102 | F + + I
4 H/1103 F + + I
5 H/1104 | F + + I
6 H/1105 M + + I
7 H/1106 | M + + I
8 H/1107 | M + + I
9 | G/2426 G/1214 1/1008 F + + I
10 (-Dox) 1/1009 F + + I
11 /1010 F + + I
12 /1011 F + + I
13 /1012 F + + I
14 1/1013 F + + I
15 /1014 M + + II
16 /1015 M + + II
17 /1016 M + + II
18 | G/2427 G/1215 H/1415 F + + I
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19 (-Dox) H/1416 | F I
20 H/1417 |F I
21 H/1418 | F I
22 H/1419 |M I
23 H/1420 |M I
24 H/1421 |M I
25 H/1422 |M I
26 H/1423 |M I
27 H/1424 |M I
28 | G427 | G/1215 1/682 F 11
29 (-Dox) 1/683 F 11
30 1/684 F 11
31 1/685 F 11
32 1/686 F 11
33 1/687 F 11
34 1/688 F 11
35 1/689 M 11
36 1/690 M 11
37 /691 M 11
38 1/692 M 11
39 1693 M 11
40 1/694 M 11
41 [ G432 | G/1220 V1025 | F I
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42 (+Dox) /1026 | F + + i
43 /1027 F + + I
44 1/1028 F + + I
45 /1029 F + + I
46 1/1030 M + + I
47 1/1031 M + + I
48 1/1032 M + + I
49 1/1033 M + + I
50 | G/2432 G/1220 J/510 F + + I
51 (+Dox) J/511 F + + II
52 J/512 F + + I
53 J/513 F + + I
54 J/514 F + + I1
55 J/515 F + + II
56 J/516 M + + I1
57 J/517 M + + II
58 | G/2431 G/1218 /871 M + + I
59 (+Dox) 1/872 M + + I

Table 4.5: Pups obtained from pLKO Tet Puro pre-founder mice (F1 generation) [Strain:

Crl:CFW (SW)]. (+ is positive and — is negative)
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Sr. | Mother Father No. | Mice No. | Gender Ptch PCR | Puro PCR | Litter No.
No. | No. Pre-founder

1 G/2430 G/1227 H/1108 | F + + I
2 (- Dox) H/1109 | F + + I
3 H/1110 |M + + I
4 H/1111 M + + I
5 H/1112  |M + + I
6 H/1113 M + + I
7 H/1114 |M + + I
8 H/1115 M + + I
9 H/1116 |M + + I
10 | G/2430 G/1227 1/652 F + + I
11 (- Dox) 1/653 F + + I
12 /654 M + + II
13 1/655 M + + II
14 1/656 M + + II
15 1/657 M + + I
16 1/658 M + + I
17 1/659 M + + I
18 | G/2428 G/1217 H/1425 F + + I
19 (- Dox) H/1426 | F + + I
20 H/1427 | F + + I
21 H/1428 | F + + I
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22 H/1429 F I
23 H/1430 M I
24 H/1431 M I
25 H/1432 M I
26 H/1433 M I
27 H/1434 M I
28 | G/2428 G/1217 /672 F II
29 (- Dox) /673 F II
30 1/674 F II
31 /675 M II
32 1/676 M II
33 1/677 M II
34 /678 M II
35 1/679 M II
36 1/680 M II
37 1/681 M II
38 | G/2429 G/1219 H/1435 F I
39 (- Dox) H/1436 F I
40 H/1437 F I
41 H/1438 F I
42 H/1439 M I
43 H/1440 M I
44 H/1441 M I
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45 H/1442 M I
46 H/1443 M I
47 H/1444 M I
48 H/1445 M I
49 | G/2429 G/1219 1/660 F II
50 (- Dox) 1/661 F II
51 1/662 F II
52 1/663 F II
53 1/664 F II
54 1/665 F II
55 1/666 M II
56 1/667 M II
57 1/668 M II
58 1/669 M II
59 1/670 M II
60 /671 M II
61 | G/2435 G/1226 /1018 F I
62 (+ Dox) /1019 F I
63 /1020 F I
64 /1021 M I
65 /1022 M I
66 /1023 M I
67 1/1024 M I
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68 | G/2433 G/1224 172469 M + + I

69 (+ Dox) 1/2470 M + + I

Table 4.6: Pups obtained from pLKO Tet Puro 14-3-3y shRNA pre-founder mice (F1

generation) [Strain: Crl:CFW (SW)]. (+ is positive and — is negative)

Doxycycline treated pLKO Tet Puro 14-3-3y shRNA pre-founder mouse G/1225 sired pups but

its pups were cannibalized before weaning.

After three months of the lentiviral injections and doxycycline treatment, right testicles of the
doxycycline treated and untreated pLKO Tet Puro pre-founder mice and pLKO Tet Puro 14-3-3y
shRNA pre-founder mice were surgically removed and mRNA levels of 14-3-3y were
determined using reverse transcriptase PCR. Reverse transcriptase PCR for GAPDH served as a
loading control. As shown in Figure 4.7, there was no reduction in 14-3-3y mRNA levels in the
doxycycline treated and control pLKO Tet Puro 14-3-3y shRNA pre-founder mice. The absence
of sterility in the doxycycline treated pLKO Tet Puro 14-3-3y pre-founder mice could be

attributed to the fact that there was no loss of 14-3-3y in the testes of these mice.
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Figure 4.7: The effect of doxycycline treatment on 14-3-3y levels in the doxycycline treated
and untreated pLKO Tet Puro pre-founder mice and pLKO Tet Puro 14-3-3y shRNA pre-
founder mice. Reverse transcriptase PCR was done using RNA extracted from the right testicle
of Crl:CFW(SW) mice 1215, 1218, 1217 and 1226 post 3 months of doxycycline treatment
(1mg/ml). PCR was carried out using primers for 14-3-3y and GAPDH (as a loading control). V

- pLKO Tet puro Vector, sh - pLKO Tet Puro14-3-3y shRNA, +D - Doxycycline administered,

-D - Plain water.

4.1.6 Effect of 14-3-3y knockdown on the physiology of pLKO Tet Puro 14-3-3y shRNA

positive mice

The pups obtained from the doxycycline treated pLKO Tet Puro pre-founder mice and pLKO Tet
Puro 14-3-3y shRNA pre-founder mice were on doxycycline right from the time of fertilization
and were kept on doxycycline life long, therefore we wanted to study if the loss of 14-3-3y
affected the physiology of these animals. The appearance of these animals were same as that of

the pups obtained from the control pLKO Tet Puro pre-founder mice and pLKO Tet Puro 14-3-
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3y shRNA pre-founder mice. The control pLKO Tet Puro positive mice, doxycycline treated
pLKO Tet Puro positive mice, control pLKO Tet Puro 14-3-3y shRNA positive mice and
doxycycline treated pLKO Tet Puro 14-3-3y shRNA positive mice were inbred to see if their
fertility is compromised. The result of the control pLKO Tet Puro positive mice and control
pLKO Tet Puro 14-3-3y shRNA positive mice inbreeding experiment is given in Table 4.7 and
that of doxycycline untreated pLKO Tet Puro positive mice and doxycycline treated pLKO Tet

Puro 14-3-3y shRNA positive mice is given in Table 4.8.

Genotype pLKO Tet Puro (- DOX) pLKO Tet Puro 14-3-3 y shRNA (- DOX)

(Swiss)

Female x | H/1101 x | H/1415 x | H/1435 x| H/1425 x | H/1109  x

Male H/1106 H/1423 H/1445 H/1434 H/1110

I Litter 1 1 - 5 -
(cannibalized) (cannibalized)

IT Litter 2 - - 1 -

Table 4.7: Pups obtained from the inbreeding of the control pLKQO Tet Puro positive mice
and control pLKO Tet Puro 14-3-3y shRNA positive mice [Strain: Crl:CFW (SW)]. (+ is

positive and — is negative)
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Genotype | pLKO Tet Puro(+ DOX) pLKO Tet Purol4-3-3 y shRNA (+
(Swiss) DOX)

Female x [ J/512 x| J/1025 x | J/510xJ/5 | 1/1019 /1020 x| /1029  x
Male J/516 J/1030 17 /1021 1/1024 1/1033

I Litter 4 Pups - - - - -

Table 4.8: Pups obtained from the inbreeding of the doxycycline untreated pLKO Tet Puro
positive mice and doxycycline treated pLKO Tet Puro 14-3-3y shRNA positive mice

[Strain: Crl:CFW (SW)]. (+ is positive and — is negative)

All the mice of the control pLKO Tet Puro group were fertile whereas out of the three mating
pairs of the doxycycline treated pLKO Tet Puro group only one mating pair was found to be
fertile. Similarly, out of the three mating pairs of the control pLKO Tet Puro 14-3-3y shRNA
group only one pair was found to be fertile and all the mice of the doxycycline treated pLKO Tet
Puro 14-3-3y shRNA group were sterile. It was not clear why some of the animals of the
doxycycline treated pLKO Tet Puro group and the control pLKO Tet Puro 14-3-3y shRNA were
sterile. The levels of 14-3-3y in all these animals will be determined to find out if the sterility
observed in the control and the doxycycline treated pLKO Tet Puro 14-3-3y shRNA was due to

the loss of 14-3-3y.
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4.2 Generation of epidermis specific 14-3-3y knockdown mice

Cell-cell adhesion is important for maintenance of tissue structure and function. Loss of 14-3-3y
disrupted cell-cell adhesion and spermatogenesis in testis by inhibiting desmosome formation
[150]. Autoimmune disorders like, pemphigus vulgaris (autoantibodies target DSG3), pemphigus
foliaceus (autoantibodies target DSG1) [215] and mutations in DP and PKP1 affect desmosome
function and cell-cell adhesion leading to skin fragility and blistering. [216]. Moreover loss of
DSC1 in mice led to fragile skin and barrier defects [185] and loss of DSG3 in mouse showed
oral lesions and loss of cell-cell adhesion in skin [186] supporting the fact that the rigidity and
barrier function of skin is dependent on desmosomes. Since desmosomes regulate epidermal
organization and function and 14-3-3y regulates desmosome formation, we wanted to observe if
loss of 14-3-3y in the epidermis would lead to defects in epidermal development.

Skin is divided into two layers dermis and epidermis. Dermis is made up of connective tissues
and epidermis is a stratified squamous epithelium mostly made up of keratinocytes. Epidermis is
made up of different layers namely basal layer (stratum basale), spinous layer (stratum
spinosum), granular layer (stratum granulosum) and stratum corneum [216, 217]. Keratinocytes
from the basal layer undergo mitosis and migrate to the spinous layer to undergo differentiation,
the keratinocytes in the granular layer starts forming keratohyalin granules (made up of loricrin
and profilagrin) and lamellar bodies (to store lipids) and at the stratum corneum keratinocytes

lose nucleus, become flattened, cornified and dead (Figure 4.8) [217].
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Figure 4.8: Structure of Epidermis [217]. This is a schematic representation of epidermis.
Different layers of the epidermis and differentiation of keratinocytes to corneocytes is also

shown. Note that these differentiating keratinocytes are attached to each other by desmosomes.

Keratinocytes from different layers express different types of keratins for e.g. cytokeratin 5 (K5)
and cytokeratin 14 (K14) are expressed by the basal layer [218] and K1 and K10 in the spinous
layer and granular layer and involucrin and loricrin in the cornified layer of the epidermis [219].
Therefore to drive the expression of 14-3-3y shRNAmir in the keratinocytes of the basal layer of

the epidermis K14 promoter was chosen.
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4.2.1 Validation of pCCLK14 Turbo RFP 14-3-3yshRNAmir vector

Turbo RFP and Turbo RFP 14-3-3y shRNAmir were cloned in pCCLK14 vector using Agel and
Sall sites by replacing GFP. To validate the expression of 14-3-3y shRNAmir, HaCaT cells were
co-transfected with HA 14-3-3y and pCCLK 14 Turbo RFP vector or pCCLK14 Turbo RFP 14-3-
3y shRNAmir. 72 hours post transfection cells were harvested and Western blotting for HA and 3
Actin was done. Un-transfected HaCaT cells served as a negative control for HA-14-3-3y
expression. It was observed that the HA-14-3-3y levels were decreased only in the HaCaT cells

transfected with pCCLK 14 Turbo RFP 14-3-3y shRNAmir, as shown in Figure 4.9.
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Figure 4.9: Validation of pCCLK14 Turbo RFP 14-3-3y shRNAmir construct. Protein
extracts of HaCaT cells co-transfected with HA-14-3-3y and pCCLK14 Turbo RFP vector
control or pCCLK14 Turbo RFP 14-3-3yshRNAmir were resolved on 10% SDS-PAGE gel
followed by Western blotting with the indicated antibodies. Western blots for B Actin served as a
loading control. Un-transfected HaCaT cells served as a negative control for HA-14-3-3y

expression.
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4.2.2 Generation of pCCLK14 Turbo RFP 14-3-3yshRNAmir positive transgenic mice

pCCLK14 Turbo RFP vector and pCCLK14 Turbo RFP 14-3-3yshRNAmir were packaged using
ViraPower. After determining the virus titre as described in materials and methods, the viruses
were surgically injected into the testicles of 4 week old Swiss mice as described previously [53].
Five weeks post-surgery, these pre-founder mice were mated to the wild type female mice to
obtain transgenic pups. The pups were screened for the presence of Turbo RFP transgene using
genomic DNA isolated from the tail snips of the pups as a template for the PCR amplification of
Turbo RFP (RFP). Genomic DNA from the wild type mouse served as a negative control. All the
pups were found to be positive for the Turbo RFP transgene. Another PCR reaction was
performed using genomic DNA isolated from the tail snips as template to amplify Turbo RFP
14-3-3y shRNAmir fragment from the Turbo RFP positive mice to detect the presence of 14-3-3y
shRNAmir but all the pups only showed presence of a band corresponding to the molecular
weight of Turbo RFP (~ 980 bp) instead of a band corresponding to the molecular weight of
Turbo RFP 14-3-3y shRNAmir fragment (~ 1060 bp). The absence of 14-3-3y shRNAmir was
confirmed by cloning the PCR product into TA vector and sequencing the positive TA clone. A
PCR reaction for the mouse Patched (Ptch) gene was performed as a loading control and
genomic DNA purified from the human cell line, HCT116, was used as a negative control for the
Ptch gene. The pedigree analysis for the pups obtained from one of the pCCLK14 Turbo RFP
vector and pCCLK 14 Turbo RFP 14-3-3y shRNAmir pre-founder mice along with the Ptch PCR
and Turbo RFP PCR results are shown in Figure 4.10 A and B. Table 4.9 and 4.10 show the
gender, number and genotype of the pups obtained from pCCLK14 Turbo RFP vector control or

pCCLK14 Turbo RFP 14-3-3y shRNAmir pre-founder mice respectively.
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Figure 4.10: Pedigree analysis of the pCCLK14 Turbo RFP vector pre-founder mice and
pCCLK14 Turbo RFP 14-3-3y shRNAmir pre-founder mice [Strain: Crl: CFW(SW)]. A-B.
A pedigree analysis for the pre-founder mice (indicated with an arrow) 2888 infected with
viruses expressing the pCCLK14 Turbo RFP vector control (A) and 2889 (B) infected with
viruses expressing the pCCLK14 Turbo RFP14-3-3y shRNAmir. Individual mice were assigned
numbers for further experiments. Genomic DNA amplification using primers for Turbo RFP
(RFP) or Turbo RFP + 14-3-3y shRNAmir or Patched (Ptch) as a loading control are shown for
each animal. The filled squares and circles indicate transgene positive animals. NTC is the no
template control , + is a positive control where the template is the pCCLK14 Turbo RFP or

pCCLK14 Turbo RFP 14-3-3y shRNAmir and — represents the negative control, which is
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genomic DNA isolated from WT mice for the RFP PCR reactions and genomic DNA from

HCT116 cells for the Ptch PCR reactions.

Sr. | Mother Father Mice Gender | Ptch RFP RFP + | Litter
No. | No. No. (Pre- | No. PCR PCR shRNAmir | No.
founder) PCR

1 45/2254 44/2887 | 46/1190 |F + + - I

2 46/1191 | F + + - I

3 46/1192 | F + + - I

4 46/1193 | F + + - [

5 46/1194 | F + + - I

6 46/1195 | F + + - I

7 46/1196 | M + + - I

8 46/1197 | M + + - I

9 46/1198 | M + + - I

10 | 45/2253 44/2887 | 46/1199 | F + + - I
11 46/1200 | F + + - I

12 46/1201 | F + + - I
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13 46/1202
14 46/1203
15 46/1204
16 46/1205
17 | 45/2256 44/2888 | 46/1731
18 46/1732
19 46/1733
20 46/1734
21 46/1735 | M
22 46/1736 | M
23 46/1737 | M
24 46/1738 | M
25 46/1739 | M
26 | 46/1711 44/2888 | 47/930
27 47/931
28 47/932
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29 47/933 | M + + - I
30 47/934 | M + + - I
31 47/935 | M + + - I
32 | 46/1712 44/2888 | 47/2376 | F + + - [
33 472377 | M + + - I
34 47/2378 | M + + - I

Table 4.9: Pups obtained from pCCLK14 Turbo RFP vector pre-founder mice (F1

generation) [Strain: Crl:CFW(SW)]. (+ is positive and — is negative)

Sr. | Mother Father Mice No. | Gender | Ptch RFP | RFP + | Litter
No. | No. No.(Pre- PCR PCR | shRNAmir | No.
founder) PCR

1 45/2258 | 44/2889 46/1206 | F + + - I

2 46/1207 | F + + - I

3 46/1208 | F + + - I

4 46/1209 | M + + - I

5 46/1210 | M + + - I
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6 46/1211 | M
7 46/1212 | M
8 46/1213 | M
9 46/1214 | M
10 46/1215 | M
11 | 45/2259 | 44/2890 46/1216
12 46/1217
13 46/1218
14 46/1219
15 46/1220 | M
16 46/1221 | M
17 46/1222 | M
18 46/1223 | M
19 | 45/2260 | 44/2890 46/1224
20 46/1225
21 46/1226
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22 46/1227 I
23 46/1228 I
24 46/1229 | M I
25 46/1230 | M I
26 46/1231 |M I
27 46/1232 | M I
28 46/1233 | M I
29 46/1234 | M I
30 | 46/1715 | 44/2890 47/927 I
31 47/928 I
32 47/929 M I
33 | 46/1715 | 44/2890 48/29 II
34 48/30 II
35 48/31 II
36 48/32 M II
37 48/33 M II
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38 48/34 M II
39 | 48/2937 | 44/2889 49/2529 I
40 49/2530 I
41 49/2531 |M I
42 49/2532 | M I

Table 4.10: Pups obtained from pCCLK14 Turbo RFP 14-3-3y shRNAmir pre-founder

mice (F1 generation) [Strain: Crl: CFW(SW)]. (+ is positive and — is negative)

4.2.3 PCR amplification of the 14-3-3y shRNAmir from the genomic DNA of the testis of

pCCLK14 Turbo RFP 14-3-3y shRNAmir pre-founder mice

As mentioned above all the mice were positive for the Turbo RFP PCR, to confirm that the PCR
product is indeed Turbo RFP, the Turbo RFP PCR product from the 46/1196 (pCCLK14 Turbo
RFP) and 46/1221 (pCCLK14 Turbo RFP + 14-3-3y shRNAmir) was cloned into TA vector, the
clones obtained were screened using BamHI and Kpnl digest, positive clones were given for

sequencing and the sequence of the clones matched completely with the Turbo RFP sequence

(Figure 4.11 A and B).
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Figure 4.11: PCR amplification of Turbo RFP from transgenic mice and its sequencing. A-
B. PCR product of Turbo RFP obtained from the genomic DNA of mice 46/1196 (upper panel)
and 46/1221 (lower panel) were cloned into TA vector and the clones were screened using
BamHI-Kpnl digest. The clones were resolved using 1% agarose gel. Two bands were seen in all
the clones; a 2.8 kb band corresponding to the size of TA vector and a 700 bp band
corresponding to the size of the PCR product. Clone 4 for 46/1196 (pCCLK14 Turbo RFP) and
clone 5 for 46/1221 (pCCLK14 Turbo RFP + 14-3-3y shRNAmir) were given for sequencing
(highlighted in red). The sequence of the clones matched to the Turbo RFP sequence using

MegAlign software. Note that the two sequences showed an exact match to the Turbo RFP.
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For the Turbo RFP + 14-3-3y shRNAmir PCR all the mice gave the PCR product of smaller size
when compared to the positive control (pCCLK14 Turbo RFP 14-3-3y shRNAmir vector)
(Figure 4.10 A and B). To understand this discrepancy PCR product from 46/1221 (pCCLK14
Turbo RFP + 14-3-3y shRNAmir) was cloned into TA vector and as a negative control PCR
product from the 46/1736 (pCCLK14 Turbo RFP) was used. The TA clones containing PCR
products were screened using BamHI and Kpnl digest, positive clones were given for sequencing
and the sequence of the TA clones of 46/1221 and 46/1736 was aligned with the 14-3-3y
shRNAmir sequence but the sequence of the clones did not match with the 14-3-3y shRNAmir
sequence (Figure 4.12 A and B) suggesting that either the 14-3-3y shRNAmir is absent in the
pre-founder mice itself or 14-3-3y shRNAmir is not inherited by the pups from the pre-founder

mice.
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Figure 4.12: PCR amplification of Turbo RFP 14-3-3y shRNAmir from transgenic mice
and its sequencing. A-B.PCR product of Turbo RFP 14-3-3y shRNAmir obtained from the
genomic DNA of mice 46/1221 (upper panel) and 46/1736 (lower panel) were cloned into TA
vector and the clones were screened using BamHI-Kpnl digest. The clones were resolved using
1% agarose gel. Two bands were seen in all the clones; a 2.8 kb band corresponding to the size
of TA vector and a 900 bp band corresponding to the size of the PCR product. Clone 5 for
46/1221(pCCLK 14 Turbo RFP + 14-3-3y shRNAmir) and clone 5 for 46/1736 (pCCLK 14 Turbo

RFP) were given for sequencing (highlighted in red). The sequence of the clones was aligned to
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the 14-3-3y shRNAmir sequence using MegAlign software. Note that the sequences of both the

clones did not match with the 14-3-3y shRNAmir sequence.

To identify whether the pCCLK14 Turbo RFP 14-3-3y shRNAmir viruses injected pre-founder
mice contain the 14-3-3y shRNAmir, pre-founder mice was sacrificed (after 2 years of surgery)
to collect the testes. The genomic DNA was isolated from the testis was used as a template to
PCR amplify Turbo RFP 14-3-3y shRNAmir. The size of the PCR product amplified from the
genomic DNA of the testis of pCCLK14 Turbo RFP 14-3-3y shRNAmir virus injected pre-
founder mice (44/2890) was same as that of the positive control, pPCCLK 14 Turbo RFP 14-3-3y
shRNAmir plasmid (Figure 4.13 A). The PCR products were cloned into the TA vector and the
TA clones were screened using BamHI-Kpnl digest (Figure 4.13 B). A positive clone was
sequenced and the sequence matched the Turbo RFP and 14-3-3y shRNAmir sequence (Figure
4.13 C and D). These results suggested that the 14-3-3y shRNAmir was present in the pre-

founder mice but 14-3-3y shRNAmir was not inherited by the pups of the pre-founder mice.
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Figure 4.13: PCR amplification of Turbo RFP 14-3-3y shRNAmir from the testis of pre-

founder mice and its sequencing. A. Turbo RFP 14-3-3y shRNAmir PCR amplified from the
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genomic DNA obtained from the testis of mice 44/2888 (pCCLK14 Turbo RFP) and 44/2890
(pCCLK14Turbo RFP 14-3-3y shRNAmir). As a positive control pCCLK14 Turbo RFP plasmid
and pCCLK14 Turbo RFP 14-3-3y shRNAmir plasmid was used, NTC was no template control
and — is negative control which was genomic DNA from wild type mouse. Note the difference
between the size of the PCR product obtained from pCCLK14 Turbo RFP and pCCLK14 Turbo
RFP 14-3-3y shRNAmir plasmids and between 44/2888 and 44/2890. The PCR product shown
here for 44/2888 and 44/2890 is a re-amplified PCR product because the intensity of the original
PCR product was less. B. The PCR products were cloned into TA vector and the clones were
screened using BamHI-Kpnl digest. The clones were resolved using 1% agarose gel. Two bands
were seen in all the clones; a 2.8 kb band corresponding to the size of TA vector and a 900 bp
band corresponding to the size of the PCR product. Clone 5 for 46/1221(pCCLK14 Turbo RFP +
14-3-3y shRNAmir) and clone 5 for 46/1736 (pCCLK14 Turbo RFP) were given for sequencing
(highlighted in red). C. The sequence of the TA clone obtained from 44/2888 was aligned to the
Turbo RFP sequence (upper panel) and 14-3-3y shRNAmir sequence (lower panel) using
MegAlign software. Note that the sequence matched with the Turbo RFP sequence but did not
match with the 14-3-3y shRNAmir sequence. D. The sequence of the TA clone obtained from
44/2890 was aligned to the Turbo RFP sequence (upper panel) and 14-3-3y shRNAmir sequence
(lower panel) using MegAlign software. Note that the sequence matched with both Turbo RFP

sequence and the 14-3-3y shRNAmir sequence.

The pCCLK14 Turbo RFP viruses and pCCLK14 Turbo RFP 14-3-3y shRNAmir viruses were
again injected in the testes of 4 week old mice to obtain epidermis specific 14-3-3y knockdown
mice but all the mice pups obtained from these pre-founder mice were negative for the Turbo

RFP transgene (Table 4.11 and 4.12).
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Sr. | Mother Father Mice Gender | Ptch RFP RFP + | Litter
No. | No. No. (Pre- | No. PCR PCR shRNAmir | No.
founder) PCR

1 /2912 /589 J/1549 | F + - - I

2 J/1550 | F + - - I

3 J/1551 | F + - - I

4 J/1552 | F + - - [

5 J/1553 | M + - - I

6 J/1554 | M + - - I

7 J/1555 M + - - I

8 J/1556 | M + - - I

9 /1557 | M + - - I
10 | 12914 /591 J/1564 | F + - - I

11 J/1565 | M + - - I
12 J/1566 | M + - - I

13 /1567 | M + - - I
14 J/1568 | M + - - I
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15 J/1569 I
16 | 1/2913 1/590 J/1890 I
17 J/1891 I
18 J/1892 I
19 J/1893 I
20 J/1894 I
21 J/1895 |
22 J/1896 |
23 J/1897 I
24 | 1/2914 /591 K/643 II
25 K/644 II
26 K/645 I
27 K/646 I
28 K/647 II
29 K/648 M II
30 K/649 M I
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31 K/650 M + - - II
32 K/651 M + - - I
33 | /2913 /590 K/1829 | F + - - I
34 K/1830 |F + - - I
35 K/1831 | F + - - I
36 K/1832 | F + - - I
37 K/1833 | F + - - I
38 K/1834 | M + - - I
39 K/1835 | M + - - I
40 K/1836 | M + - - I
41 K/1837 | M + - - I
42 K/1838 | M + - - I
43 K/1839 | M + - - I

Table 4.11: Pups obtained from pCCLK14 Turbo RFP pre-founder mice (F1 generation)

[Strain: Crl:CFW(SW)]. (+ is positive and — is negative)
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Sr. | Mother Father Mice No. | Gender | Ptch RFP | RFP + | Litter
No. | No. No.(Pre- PCR PCR | shRNAmir | No.
founder) PCR

1 E/742 D/1537 E/2261 F + - - I

2 E2262 | F + - - I

3 E2263 | F + - - I

4 E/2264 | F + - - [

5 E/2265 |F + - - I

6 E2266 | F + - - I

7 E/2267 F + - - 1

8 ER2268 | M + - - I

9 E2269 | M + - - I

10 E2270 | M + - - I

11 ER2271 |M + - - I

12 | E/744 D/1535 E2253 | F + - - I
13 E/2254 | F + - - I

14 E/2255 | F + - - I
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15 E/2256 I
16 E2257 |M I
17 E/2258 M I
18 E2259 |M I
19 E2260 |M I
20 | E/744 D/1535 G/2114 II
21 G/2115 II
22 G/2116 II
23 G/2117 II
24 G/2118 | M II
25 G/2119 | M II
26 G/2120 | M I
27 | D/2740 D/1531 G/2160 I
28 G/2161 I
29 G/2162 | M I
30 G/2163 | M I
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31 G/2164 | M + - - I
32 G/2165 | M + - - I
33 G/2166 | M + - - I
34 G/2167 M + - - 1
35 G/2168 | M + - - I
36 G/2169 | M + - - I
37 | D/2742 D/1536 G/2585 | F + - - I
38 G/2586 | F + - - I
39 G/2587 | F + - - I
40 G/2588 | F + - - I
41 G/2589 | F + - - I
42 G/2590 | M + - - I
43 G/2591 | M + - - I

Table 4.12: Pups obtained from pCCLK14 Turbo RFP 14-3-3y shRNAmir pre-founder

mice (F1 generation) [Strain: Crl:CFW(SW)]. (+ is positive and — is negative)

To understand why these Turbo RFP 14-3-3y shRNAmir pre-founder mice sired only transgene
negative pups some of these pre-founder mice such as D/1535 and D/1537 were sacrificed (8

months post-surgery) and testes were collected to isolate the genomic DNA. Turbo RFP 14-3-3y
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shRNAmir fragment was amplified from the genomic DNA, PCR product was cloned into TA
vector and the positive clone was sequenced. The sequence of the TA clone matched with the
Turbo RFP and 14-3-3y shRNAmir sequence (Figure 4.14). This suggests that even though the
pre-founder mice sired transgene negative pups the transgene was stably integrated in the cells of

the testis of the pre-founder mice.

A) B)
NIC + 1535 1537

&)
@ consensus SAMGMI:;M%AGGCC:&ACM}.GAGA":C‘IACGTCGA?CAGQ
37 rev.seq GAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGTAGTS
REP.seg GAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGTS
D)
A e o |
@ Consensus ;&C&’;AC:AIT?CCGTTACC:?GGAGTGM:I}CCACAGAIS?AG
2 Sequences 70 380 3s0 400 410
37 rev.s=eg GCGGACTATTACCGT TACCTGGCTAGTGAAGCCACAGATETAG
shRNAmir.seg GCGGACTATTACCETTACCTGGCTAGTGAAGCCACAGATGTAG

Figure 4.14: PCR amplification of Turbo RFP 14-3-3y shRNAmir from the testis of D/1537
and its sequencing. A. Turbo RFP 14-3-3y shRNAmir PCR amplified from the genomic DNA
obtained from the testis of mice D/1535 and D/1537 (pCCLK14Turbo RFP 14-3-3y shRNAmir).
As a positive control pCCLK14 Turbo RFP 14-3-3y shRNAmir plasmid was used, NTC was no
template control. The PCR product shown here for D/1535 and D/1537 is a re-amplified PCR
product because the intensity of the original PCR product was less. B. The PCR product of
D/1537 was cloned into TA vector and the clones were screened using BamHI-Kpnl digest. The
clones were resolved using 1% agarose gel. Two bands were seen in the positive clones (5 and

6); a 2.8 kb band corresponding to the size of TA vector and a 900 bp band corresponding to the
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size of the PCR product. Clone 5 was given for sequencing (highlighted in red). C-D. The
sequence of the TA clone obtained from D/1535 was aligned to the Turbo RFP sequence (upper
panel) and 14-3-3y shRNAmir sequence (lower panel) using MegAlign software. Note that the

sequence matched with the Turbo RFP sequence as well as the 14-3-3y shARNAmir sequence.

4.2 .4 Stable inheritance of pCCLK14 Turbo RFP from one generation to next generation

To observe if the transgene is stably integrated into the germ line and is being inherited by the
next generation, the pCCLK 14 Turbo RFP transgene positive pups (F1 generation) were weaned
and inbred to obtain F2 generation. All the pups from F2 generations were found to be positive
for the Turbo RFP transgene as shown in Figure 4.15. The gender, number and genotype of the
pups from F2 generation is shown in Table 4.13.
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Figure 4.15: Pedigree analysis of F2 generation obtained from inbreeding of Turbo RFP
positive F1 generation mice [Strain: Crl:CFW(SW)]. A pedigree analysis for F2 generation
mice obtained from inbreeding of Turbo RFP positive F1 generation mice. Individual mice were
assigned numbers for further experiments. Genomic DNA amplification using primers for Turbo
RFP (RFP) or Patched (Ptch) as a loading control are shown for each animal. The filled squares

and circles indicate transgene positive animals. NTC is the no template control , + is a positive
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control where the template is the pCCLK14 Turbo RFP plasmid and — represents the negative

control, which is genomic DNA isolated from WT mice for the RFP PCR reactions and genomic

DNA from HCT116 cells for the Ptch PCR reactions.

Sr. | Mother Father No. | Mice Gender | Ptch RFP | RFP + | Litter

No. | No. No. PCR PCR | shRNAmir | No.
PCR

1 46/1216 46/1220 D/82 F + + - |

2 D/83 F + + - |

3 D/84 M + + - |

Table 4.13: Pups obtained from inbreeding of Turbo RFP positive mice (Inbreeding of F1

generation) [Strain: Crl: CFW(SW)]. (+ is positive and — is negative)

4.2.5 Stable expression of Turbo RFP in the epidermis of the Turbo RFP positive mice

To determine whether Turbo RFP was expressed in the Turbo RFP positive animals of F1 and F2

generation, tail snips were prepared by separating the epidermis from the muscle and cartilage

and the epidermis was examined by confocal microscopy. As shown in Figure 4.16, mice

containing the Turbo RFP transgene showed red fluorescence in the bulb region of hair follicle,

the root sheath of the hair follicle and the sebaceous glands. The arrangement of hair follicles

correlated with that given in literature [220]. The pattern of Turbo RFP expression was similar to

that reported for keratinl4 [204, 221] suggesting tissue specific transgene expression was
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achieved. Further, expression of Turbo RFP was observed in first generation mice (46/1230) as
well as second generation mice (D/83), suggesting that the inheritance of the transgene was
stable and that expression was maintained over both the generations. The intensity of the Turbo
RFP fluorescence is more in second generation when compared to the first generation. Some
auto fluorescence was observed in the hair shaft of WT mice, however, this does not overlap
with the regions in which keratin 14 is expressed [204, 221]. These results suggest that the

transgenic mice expressed Turbo RFP specifically in the epidermis.

RFP DIC Merge

12300

Figure 4.16: Turbo RFP expression in the epidermis of Turbo RFP positive mice. Turbo

RFP was expressed in tissues that normally express keratin 14. Epidermis whole mounts from
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wild type (WT) or transgenic animals (1230 and 83) were examined by fluorescence microscopy
(left panel). A DIC image (middle panel) and a merged image (right panel) are also shown. Note
that the turbo RFP fluorescence is more intense in the second generation. Note that the
fluorescence in the transgenic animals is observed in the hair follicle and sebaceous glands as

previously reported for keratin 14. * indicates Hair Shaft, A indicates Sebaceous glands [222].

4.2.6 Generation of epidermis specific 14-3-3y knockdown mice using electroporation

pCCLK14 Turbo RFP and pCCLK14 Turbo RFP 14-3-3y shRNAmir was digested with Pvul and
Ndel to obtain the fragment containing K14 promoter-Turbo RFP-WPRE and K14 promoter-
Turbo RFP 14-3-3y shRNAmir —WPRE respectively. These fragments were electroporated into
the testes of FVB mice to obtain the pro-founder mice as described in [48]. The electroporation
was done in Dr. Subeer Majumdar’s Laboratory NII. The electroporated mice were imported to
ACTREC animal house and then used for further experiments. The K14 Turbo RFP 14-3-3y
shRNAmir pro-founder mice were mated with wild type FVB mice to obtain pups. One of the
pro-founder mice (H/1935) was found to be sterile as it did not sire pups even after mating with
multiple fertile female mice. The pups obtained from the remaining pro-founder mouse (H/1936)
were genotyped for Turbo RFP and it was found that all the pups were negative for the transgene
(Figure 4.17). The gender, number and genotype of the pups obtained from the K14 Turbo RFP

14-3-3y shRNAmir is shown in Table 4.14.
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Figure 4.17: Pedigree analysis of pups obtained from the K14 Turbo RFP 14-3-3y

shRNAmir pro-founder mouse [Strain: FVB]. A pedigree analysis of pups obtained from the

K14 Turbo RFP 14-3-3y shRNAmir pro-founder mouse. Individual mice were assigned numbers

for further experiments. Genomic DNA amplification using primers for Turbo RFP (RFP) or

Patched (Ptch) as a loading control are shown for each animal. The empty squares and circles

indicate transgene negative animals. NTC is the no template control , + is a positive control

where the template is the pCCLK14 Turbo RFP plasmid and — represents the negative control,

which is genomic DNA isolated from WT mice for the RFP PCR reactions and genomic DNA

from HCT116 cells for the Ptch PCR reactions.

Sr. Mother Father No. | Mice Gender | Ptch RFP | RFP Litter
No. | No. (pro- No. PCR PCR | shRNAmir No.
founder)
PCR
1 H/2020 H/1936 J/1031 F + - - I
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2 J/1032 I
3 J/1033 M I
4 J/1034 | M I
5 J/1035 M I
6 H/2019 H/1936 J/1570 I
7 H/2019 H/1936 K/638 II
8 K/639 I
9 K/640 I
10 K/641 II
11 K/642 M II
12 J/1570 H/1936 K/660 I
13 K/661 I
14 K/662 M I
15 K/663 M I
16 K/664 M I
17 K/665 M |
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18 H/2019 H/1936 K/666 F + - - 1

19 K/667 M + - - II
20 K/668 M + - - III
21 K/669 M + - - III

Table 4.14: Pups obtained from the K14 Turbo RFP14-3-3y shRNAmir pro-founder mouse

[Strain: FVB]. (+ is positive and — is negative)

4.2.7 Generation of epidermis specific 14-3-3y knockout mice

To generate an epidermis specific knockout of 14-3-3y, we attempted to generate a knockout
using a tissue specific CRISPR/Cas system [223]. A gRNA targeting 14-3-3y was cloned into
pLentiCRISPR Cas V1 using BsmBI sites. To test the efficiency of 14-3-3y gRNA
pLentiCRISPR Cas V1 and pLentiCRISPR Cas V1 14-3-3y gRNA were packaged using
ViraPower; NIH3T3 cells were transduced by pLentiCRISPR Cas V1 and pLentiCRISPR Cas
V1 14-3-3y gRNA viruses and selected in puromycin. Puromycin resistant cells were harvested
and Western blots for 14-3-3y and B Actin was done. pLentiCRISPR Cas V1 14-3-3y gRNA
transduced cells expressed reduced levels of 14-3-3y (Figure 4.18A). The exon 1 region of 14-3-
3y was PCR amplified from the pLentiCRISPR Cas V1 14-3-3y gRNA transduced cells (Figure
4.18 B) and cloned into TA vector. The TA clones were given for sequencing and it was found

that the exonl region of the pLentiCRISPR Cas V1 14-3-3y gRNA transduced cells had a
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transversion and a frame shift mutation which resulted into a nonsense mutation thereby
expressing a truncated 14-3-3y protein (1-26 amino acid) which may not be stable (Figure 4.18 D

and E).

The EFla promoter of pLentiCRISPR Cas V1 and pLentiCRISPR Cas V1 14-3-3y gRNA which
drives the Cas9 expression was replaced by the K14 promoter to drive the expression of Cas9
specifically in the basal layer of epidermis such that the knockout of 14-3-3y is achieved only in
the epidermis. The pLentiCRISPR K14 Cas9 and pLentiCRISPR K14 Cas9 14-3-3y gRNA were
packaged using ViraPower. Viruses were used to transduce NIH3T3 cells as previously
published data suggests that the K14 promoter is active in NIH3T3 cells grown in culture, as
previously published data suggests that the K14 promoter cloned from the pCCLK14 promoter is a
minimal promoter and can be used for expressing cDNA in different cell lines [224], selected in
puromycin for 15 days and after puromycin selection cell extracts were prepared. Cell extracts
were resolved on 10% acrylamide gel and Western blot was done for 14-3-3y and B Actin. As
shown in Figure 4.18 F, here was loss of 14-3-3y in the NIH3T3 cells transduced with

pLentiCRISPR K14 Cas9 14-3-3y gRNA viruses.
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Figure 4.18: Validation of 14-3-3y gRNA. A. Protein extracts of NIH3T3 cells transduced with
pLentiCRISPR Cas V1 viruses or pLentiCRISPR Cas V1 14-3-3y gRNA viruses were resolved
on 10% SDS-PAGE gel followed by Western blotting with the indicated antibodies. Protein
extracts of un-transduced NIH3T3 served as a control. Western blots for B Actin served as a
loading control. B. The 14-3-3y exonl region flanked by 5° UTR and the intron 1 was PCR
amplified from the genomic DNA of un-transduced NIH3T3 cells, pLentiCRISPR Cas V1 and

pLentiCRISPR Cas V1 14-3-3y gRNA transduced NIH3T3 cells. The genomic DNA from the
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HCT116 served as a negative control and NTC was no template control. C. Thel4-3-3y exonl
region amplified from the genomic DNA of pLentiCRISPR Cas V1 and pLentiCRISPR Cas V1
14-3-3y gRNA transduced NIH3T3 cells was cloned into TA vector and sequenced. The 14-3-3y
exon 1 sequence obtained from pLentiCRISPR Cas V1 transduced NIH3T3 cells (top sequence)
and the sequence of 14-3-3y exon 1 from NCBI (bottom sequence) was aligned using MegAlign
software. Note there is a complete match between the two sequences. D. The 14-3-3y exon 1
sequence obtained from pLentiCRISPR Cas V1 14-3-3y gRNA transduced NIH3T3 cells (top
sequence) and the sequence of 14-3-3y exon 1 from NCBI (bottom sequence) was aligned using
MegAlign software. Note that there is a frame shift mutation in top strand as C at 314 position is
deleted and a transversion mutation at the 313 position C is converted to A. E. The sequence of
the exon 1 was translated using SeqBuilder software to identify the effect of transversion and
frame shift mutation on the amino acid sequence. Top strand is the amino acid sequence for the
WT 14-3-3y obtained from NCBI and the bottom strand is the amino acid sequence translated
from the 14-3-3y exon 1 sequence of pLentiCRISPR Cas V1 14-3-3y gRNA transduced NIH3T3
cells. F. Protein extracts of NIH3T3 cells transduced with pLentiCRISPR K14 Cas9 viruses or
pLentiCRISPR K14 Cas9 14-3-3y gRNA viruses were resolved on 10% SDS-PAGE gel
followed by Western blotting with the indicated antibodies. Western blots for § Actin served as a

loading control.

pLentiCRISPR K14 Cas9 viruses or pLentiCRISPR K14 Cas9 14-3-3y gRNA viruses were
surgically injected into the testes of the 4 week old Swiss [Crl:CFW (SW)] mice and five weeks
post-surgery these mice were mated with the wild type female mice to obtain transgene positive
pups. The pups were screened for the presence of puromycin resistance cDNA using genomic

DNA obtained from the tail snips of the pups. PCR for patched (Ptch) served as a loading
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control. The pedigree analysis for the pups obtained from one of the pLentiCRISPR K14 Cas9
and pLentiCRISPR K14 Cas9 14-3-3y gRNA pre-founder mice along with the Ptch PCR and
Turbo RFP PCR results are shown in Figure 4.19 A and B. The gender, number and genotype of

the pups obtained from the K14 Turbo RFP 14-3-3y shRNAmir is shown in Table 4.15.
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Figure 4.19: Pedigree analysis of the pLentiCRISPR K14 Cas9 and pLentiCRISPR K14
Cas9 14-3-3y gRNA pre-founder mice [Strain: Crl:CFW(SW)]. A-B. A pedigree analysis for
the pre-founder mice (indicated with an arrow) 643 infected with viruses expressing the
pLentiCRISPR K14 Cas9 (A) and 646 (B) infected with viruses expressing and pLentiCRISPR
K14 Cas9 14-3-3y gRNA. Individual mice were assigned numbers for further experiments.
Genomic DNA amplification using primers for puromycin resistance cDNA (Puro) or Patched

(Ptch) as a loading control are shown for each animal. The filled squares and circles indicate
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transgene positive animals. NTC is the no template control , + is a positive control where the
template is the genomic DNA of the pLKO Tet Puro positive mice and — represents the negative
control, which is genomic DNA isolated from WT mice for the puromycin resistance cDNA

PCR reactions and genomic DNA from HCT116 cells for the Ptch PCR reactions.

Sr. | Mother Father No. Mice No. | Gender | Ptch Puro Litter No.
No. | No. (Pre-founder) PCR PCR

1 0/93 N/643 0/1499 F + + I
2 0/1500 F + + I
3 0/1501 F + + I
4 0/1502 M + - I
5 0/1503 M + - I
6 0/1504 M + + I
7 0/1505 M + + I
8 0/94 N/644 0/1506 F + + I
9 0/1507 F + + I
10 0/1508 F + + I
11 0/1509 F + - I
12 0/1510 F + + I
13 O/1511 M + + I
14 0/1512 M + - I
15 0/1513 M + - I
16 0/1514 M + - I
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17 | O/95 N/645 0O/1515 F + - I

18 | O/95 N/645 0/2112 F + + II
19 0/2113 F + + II
20 0/2114 F + - II
21 0/2115 F + + II
22 0/2116 F + + II
23 0/2117 F + + II
24 0/2118 M + + II
25 0/2119 M + + II

Table 4.15: Pups obtained from the pLentiCRISPR K14 Cas9 pre-founder mice [Strain:

Crl:CFW(SW)]. (+ is positive and — is negative)

Sr. | Mother Father  No. | Mice No. | Gender | Ptch Puro Litter No.
No. | No. (Pre-founder) PCR PCR

1 0/96 N/646 O/1516 F + + I

2 O/1517 F + - I

3 O/1518 F + + I

4 0/1519 F + + I

5 0/1520 F + + I

6 0/1521 M + + I

7 0/1522 M + + I

8 0/1523 M + + I
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9 0/97 N/647 0/1524 F + - I
10 0/1525 F + + I
11 0/1526 F + + I
12 0/1527 F + + I
13 0/1528 F + - I
14 0/1529 M + + I
15 0/1530 M + + I
16 0/1531 M + + I
17 | O/98 N/648 0/1532 F + + I
18 0/1533 F + + I
19 0/1534 F + - I
20 0/1535 M + + I
21 0/1536 M + + I
22 0/1537 M + + I
23 0/1538 M + - I
24 0/1539 M + + I

Table 4.16: Pups obtained from the pLentiCRISPR K14 Cas914-3-3y gRNA pre-founder

mice [Strain: Crl: CFW(SW)]. (+ is positive and — is negative)

To identify the mice which expressed reduced levels of 14-3-3y in the epidermis, epidermis was
isolated from the tail skin of the pLentiCRISPR K14 Cas9 14-3-3y gRNA positive pups and used

for making protein extracts. To ensure that epidermis was properly separated from the dermis
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cryosections of the epidermis were stained with hematoxylin and eosin and observed using the
upright microscope (Figure 4.20A). Protein extracts of the epidermis were prepared in lysis
buffer and were resolved on a 12% gel and the levels of 14-3-3y determined by Western blot
analysis. Western blots for B Actin served as a loading control. The levels of the 14-3-3y were
reduced in some of the pLentiCRISPR K14 Cas9 14-3-3y gRNA positive mice when compared

to that of pLentiCRISPR K14 Cas9 mice.
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Figure 4.20: Levels of 14-3-3y in the epidermis of pLentiCRISPR K14 Cas9 14-3-3y gRNA
positive mice. A. The hematoxylin and eosin stained cryosection of epidermis was imaged using
Zeiss Axioimager Z1 upright microscope. The different layers of the epidermis can be observed
in the image. B. Epidermis was separated from the tail snips of the transgene positive mice using
EDTA. Epidermal extracts was made using total lysis buffer. Epidermal extracts were resolved

188



on to 12% acrylamide gel Western blots for 14-3-3y and B Actin were done. 1500 and 1504 are
epidermal extracts of pLentiCRISPR K14 Cas9 positive mice and 1518, 1519, 1521, 1522, 1523,

1526, 1531 and 1535 are epidermal extracts of pLentiCRISPR K14 Cas9 14-3-3y gRNA mice.

To identify the pups with the mutation in 14-3-3y gene sequence, exonl region was amplified
from the genomic DNA isolated from the epidermis of the pLentiCRISPR K14 Cas9 positive
mice (Control) and pLentiCRISPR K14 Cas9 14-3-3y gRNA positive mice (Test) which
expressed reduced levels of 14-3-3y in the epidermis. The PCR product obtained from the
control mice and the test mice was mixed in the 1:1 ratio followed by denaturation and
renaturation, the renatured product was treated with T7 endonuclease enzyme to cleave the
heteroduplex DNA. After the T7 endonuclease digestion, PCR products were resolved on 2%
agarose gel to identify the pups with mutation in the exon 1 region of 14-3-3y. The result of the
T7 endonuclease assay for some of the samples is shown in Figure 4.21. It was found that there
was no change in the 14-3-3y exonl sequence in any of the pLentiCRISPR K14 Cas9 14-3-3y
gRNA positive mice. To confirm the results of T7 endonuclease assayl4-3-3y exon 1 PCR
product was gel purified and sequenced. All the transgene positive animals were found to have
wild type exon 1 sequence. Figure 4.21 C shows the sequence of the 14-3-3y exon lobtained
from one of the pLentiCRISPR K14 Cas9 14-3-3y gRNA positive mice (O/1535) completely

aligned with the wild type 14-3-3y exon 1 sequence.
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GCGAGCAACTGETGCAGAAAGCCCGECTGECCCGAGCAGEGOGCAGCGCTACGACGATATGGCCGCGGCCATGAAGH

@Consensus T oA - oL o i) ; - oo \l:\? oA \J\l? TOAT. O 3 ) = \I:\: UL oo 3 = .

2 Sequences 100 110 120 130 140 150 1€0

rev comp 14-3-3 GCGAGCAACTGETGCAGAAAGCCCGECTGGCCCAGCAGECGGAGCGCTACGACGATATGGCCGCGGCCATGAACH

1535 rev GCGAGCAACT GETGCAGAAAGCCCGECT GG CGAGCAGECGCAGCCCTACGACGATATGGECCGCGGCCATGAACH

Figure 4.21: PCR amplification of 14-3-3y exon 1 sequence from the pLentiCRISPR K14
Cas9 14-3-3y gRNA positive pups. A. The 14-3-3y exonl region flanked by 5° UTR and the
intron 1 was PCR amplified from the genomic DNA isolated from the epidermis of
pLentiCRISPR K14 Cas9 (C) and pLentiCRISPR K14 Cas9 14-3-3y gRNA positive transgenic
mice. NTC was no template control. B. T7 endonuclease assay was done on thel4-3-3y exonl
region amplified from the genomic DNA isolated from the epidermis of pLentiCRISPR K14
Cas9 and pLentiCRISPR K14 Cas9 14-3-3y gRNA positive pups. Note that the size and the
number of bands in all the test lanes were same as that of in the control + control lane. C. The
14-3-3y exon 1 PCR product amplified from the genomic DNA isolated from the epidermis of
0O/1535was given for sequencing. The sequence obtained from O/1535 (bottom sequence) and
the sequence of 14-3-3y exon 1 from NCBI (top sequence) was aligned using MegAlign

software. Note that there is a complete match between the two sequences.
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4.3. Discussion

14-3-3y plays an important role in different pathways like cell cycle regulation, centrosome
duplication, apoptosis, ion channel transport, neuronal migration, desmosome formation,
translation and splicing. To understand the function of 14-3-3y in the growth and development of
mammals we tried to generate an inducible 14-3-3y knockdown mice using pLKO Tet Puro
system. This is the first report in which pLKO Tet Puro system was used to generate transgenic

mice and therefore nothing is known about how the pLKO Tet Puro system functions in vivo.

pLKO Tet Puro lentiviral system was utilized for virus mediated transgenesis and it was
observed that the efficiency of obtaining transgenic animal using this system was 100% in both
the BALB/c strain and in the Crl:CFW(SW) strain of mice. However, the puromycin resistance
cDNA positive pups obtained from the pLKO Tet Puro pre-founder mice and pLKO Tet Puro
14-3-3y shRNA pre-founder mice (strain: BALB/c) did not show any difference in the mRNA
levels of 14-3-3y even after 6 weeks of doxycycline treatment suggesting that the pLKO Tet
Puro system was silenced or inactivated by the host cells in the pre-founder mice. The pLKO Tet
Puro system even though silenced or inactivated was stably integrated into the spermatocytes of
the pre-founder mice because the transgene was stably inherited by the next two generations of

the mice.

The unaltered levels of 14-3-3y mRNA in the pLKO Tet Puro positive mice and pLKO Tet Puro
14-3-3y shRNA positive mice could be the reason for the absence of phenotype in these animals.
Moreover, these mice were administered doxycycline after they had become sexually mature
suggesting inaccessibility of RNA polymerase to the H1 Tet promoter might have resulted into

the silencing of the lentiviral fragment. An alternative explanation is 14-3-3y is required only for
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the first few cycles of spermatogenesis after which the levels of 14-3-3y does not affect process

of spermatogenesis.

To test the hypothesis that 14-3-3y is required for the first few cycles of spermatogenesis, pLKO
Tet 14-3-3y shRNA viruses were injected in the pre-pubescent Swiss mice and one set of pre-
founder mice were administered doxycycline. We observed that both the doxycycline treated and
untreated pre-founder mice were fertile and the testes from these pre founder mice did not show
loss of 14-3-3y. But the fertility of the pups, obtained from the doxycycline treated and untreated
pLKO Tet 14-3-3y shRNA pre-founder mice, was affected. Levels of 14-3-3y will be determined
in these mice to ascertain that the loss of fertility is associated with the loss of 14-3-3y. Also, the
sterility observed in the doxycycline treated pLKO Tet Puro positive mice raises the question

about the safety of pLKO Tet Puro system and doxycycline treatment in mice.

To study the role of 14-3-3y in regulating desmosome assembly, cell-cell adhesion and in
epidermis function in vivo, we tried to generate epidermis specific 14-3-3y knockdown mice
using pCCLK14 vector system. pCCLK14 vector system was previously used to correct
mutations in human epidermal stem cells, these modified stem cells were used in the xenograft
models and it was observed that the expression of transgene was restricted to the basal layer of

epidermis [225].

In this study, we showed this vector system can be used in SMGT technique for generating
transgenic animals with epidermis specific transgene expression. The transgenic animals showed
the Turbo RFP expression specifically in the epidermal regions which K14. The Turbo RFP was

stably integrated in the pre-founder mice and was stably inherited by the F1 and F2 generation.
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Moreover the Turbo RFP expression was more prominent in F2 generation as compared to the

F1 region.

We were unable to generate K14 specific 14-3-3yknockdown mice because of the absence of 14-
3-3y shRNAmir sequence in the Turbo RFP positive pups obtained from the pCCLK14 Turbo
RFP 14-3-3y shRNAmir pre-founder mice. The genomic DNA isolated from the testis of these
pre-founder mice (2 years post-surgery) showed the presence of 14-3-3y shRNAmir suggesting
that the 14-3-3y shRNAmir was stably integrated into the spermatocytes of the pre-founder mice.
The absence of shRNAmir in the transgene positive pups could have happened during the
embryonic development. There are no reports available in literature where shRNAmir or
microRNA sequences were deleted during embryogenesis. This deletion could be the result of
lentiviral recombination. Alternatively, it is possible that in the pre-founder mice the 14-3-3y
shRNAmir positive SSCs and developing spermatocytes with diploid DNA content might have
lost the 14-3-3y shRNAmir while differentiating into spermatozoa because it is reported that
palindromic AT rich regions, which might form hairpin or cruciform structure, are prone to
undergo double strand breaks in the spermatocytes undergoing meiosis [226]. 14-3-3y

shRNAmir used in this study has a palindromic sequence and is also rich in A and T nucleotides.

Electroporation of the K14 Turbo RFP 14-3-3y shRNAmir fragment into the testes of mice [48]
was done in collaboration with Dr. Subeer Majumdar, but the electroporated mouse did not sire
any transgene positive pup. The similar results were obtained with eight out of ten pre-founder
mice which were injected with the pCCLK 14 Turbo RFP 14-3-3y shRNAmir viruses. These pre-
founder mice also had stable integration of Turbo RFP 14-3-3y shRNAmir fragment into the
spermatocytes as shown by PCR amplification of Turbo RFP 14-3-3y shRNAmir but why the

transgene was not inherited by any of the pups was not clear.
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We also attempted to generate epidermis specific 14-3-3y knockout using CRISPR Cas system
by driving Cas9 expression from K14 promoter. The 14-3-3y gRNA cloned into pLentiCRISPR
Cas V1 vector and the pLentiCRISPR K14 Cas 9 14-3-3y gRNA construct were validated using
NIH3T3 cells. The K14 promoter cloned into the pLentiCRISPR from pCCLK14 vector is a
minimal promoter and is capable of driving cDNA expression in cell lines which do not express

K14 [224] but the transgene expression driven by this promoter in vivo is specific [227].

pLentiCRISPR K14 Cas 9 and pLentiCRISPR K14 Cas 9 14-3-3y gRNA pre-founder mice sired
pups which contained puromycin resistance ¢cDNA. The epidermis of the pLentiCRISPR K14
Cas 9 14-3-3y gRNA positive pups was isolated and it was observed that some of the transgene
positive mice expressed reduced levels of 14-3-3y. The genomic DNA was isolated from the
epidermis of these mice to identify mutations in the 14-3-3y gene sequence using T7
endonuclease assay and Sanger sequencing but none of the mice had any mutation in 14-3-3y
gene sequence. The only explanation for this result is that the double stranded break caused by
Cas9 nuclease in keratinocytes was efficiently repaired by the DNA repair pathways. Therefore,
we were unable to generate epidermis specific 14-3-3y knockout mice using CRISPR Cas
system. This is disappointing as results from our laboratory demonstrate that loss of 14-3-3y in
the human skin keratinocyte cell line HaCaT leads to defects in desmosome formation [228].
Hence, it is possible that if we had been successful in generating a tissue specitfic knockout of 14-
3-3y, we would have observed defects in epidermal differentiation in mice. As mice with floxed
alleles of 14-3-3y are not available, we might generate such animals in the future to determine

the role played by 14-3-3y in desmosome formation in the epidermis.
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5. Results and Discussion: Determine
the mechanisms by which 14-3-3y
loss leads to defect in the desmosome

formation.
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5.1 Results:

It was observed that the loss of 14-3-3y affects cell-cell adhesion in vitro and in vivo. The loss of
cell-cell adhesion was because of a disruption in desmosome assembly due to a defect in the
transport of PG to the cell border [150]. In addition to PG, 14-3-3y binds to DP and PKP3 in
GST pulldown assays [150]. The experiments in this section are designed to identify the
mechanisms by which 14-3-3y affects desmosome assembly through it’s interaction with

desmosomal proteins.

5.1.1 PKCp phosphorylates PG

14-3-3 proteins bind to their ligands using one of the three consensus binding motifs [80-83]. To
identify the 14-3-3 consensus binding motif in PG, the PG sequence was analyzed using the
Scansite software and a putative mode I motif was identified in PG. PKP3 and DP showed
presence of multiple 14-3-3 binding motifs. Scansite software also predicted that the 14-3-3
binding site present in PG was phosphorylated by PKCp at S236 position (Figure 5.1 A). To
validate this prediction it was necessary to show that PG is the substrate of PKCp. GST tagged
full length PG was expressed and resolved on a 10% SDS PAGE gels. It was observed that the
GST PG with the expected molecular weight of 108 kDa (PG is 82 kDa and GST is 26 kDa) was
getting degraded as the purified GST PG showed a number of bands ranging from 92 kDa to 26
kDa (Figure 5.1 B). As the Scansite software predicted PKCp would phosphorylate S236, the
first 300 amino acids of PG were cloned downstream of GST tag using BamHI and Xhol
sites.GST (26 kDa) and GST PG 300 (~59 kDa = ~33 KDa + 26 kDa) were expressed in bacteria

and purified using glutathione conjugated sepharose beads (Figure 5.1 C). GST and GST PG 300
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were eluted from the glutathione sepharose beads (Figure 5.1 C), dialyzed and concentrated
before determining the concentration using a 10% SDS PAGE gel (Figure 5.1 D).The
concentration of the purified GST protein was ~1 pg/ul whereas the concentration of the purified
GST PG 300 was ~1.5 pg/ul. Concentrated GST and GST PG 300 were sent to Dr. Felipe
Samaniego’s laboratory, University of Texas, MD Anderson Cancer Centre, Houston, Texas,
U.S.A. where an in vitro kinase assay was performed. Briefly, GST and GST PG were used as
substrates to determine the kinase activity of recombinant PKCp (Signal Chem.) using ADP
glow assay kit (Promega) according to manufacturer’s instruction. Recombinant kinase and the
purified substrate were incubated with 1um ATP, after a short incubation all the remaining ATP
was depleted and a substrate was added which will convert ADP generated by the kinase activity
into luminescent ATP and the luminescence was measured which determines the kinase activity.
It was observed that with the increase in the GST PG 300 concentration there was an increase in
the PKCp kinase activity whereas the PKCp kinase activity did not increase significantly when
the concentration of GST protein was increased. This suggested PG is a substrate for PKCp

kinase activity.
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Figure 5.1: PKCp phosphorylates PG. A. Analysis of amino acid sequence of PG to identify

the putative 14-3-3 binding site using Scansite software. Putative kinase which might

198



phosphorylate the 14-3-3 binding site is also shown. B. Purified GST and GST PG (full length)
resolved on 10% SDS PAGE gel and stained with brilliant blue. C. GST and GST PG 300
proteins bound to the glutathione coated sepharose beads and eluted from the sepharose beads
were resolved on the 10% SDS PAGE gel and stained using coomassie brilliant blue. D.GST and
GST PG 300 eluted from the glutathione coated sepharose beads were dialyzed and concentrated
before resolving on a 10% SDS PAGE gel to determine the protein concentration using BSA
solutions of different concentrations as a reference. E. The kinase activity of PKCu was
measured using ADP glow assay kit. The kinase activity of PKCp (Y axis) was plotted against
the substrate concentration (X axis) to determine if the activity increased with the increase in

substrate concentration [150].

5.1.2 Mutation of PG serine 236 to alanine and its effect on PG localization

The results above suggested that S236A was phosphorylated by PKCu. To determine if
phosphorylation of S236 was required for PG transport to the border and complex formation with
14-3-3y, the S236 residue in PG was altered to Alanine (PG S236A). PG S236Afailed to bind to
14-3-3y in a GST pull down assay suggesting that the phosphorylation of PG at S236 residue is
important for its binding to 14-3-3y [150]. To study the effect of S236A mutation on PG
transport the localization of S236A PG mutant was studied. Briefly, Myc tagged PG (WT) and
Myc tagged S236A PG were transfected into HCT116 cells, 48 hours post transfection cells were
fixed and stained with antibodies to Myc. The cells were imaged using LSM 510 confocal
microscope and it was observed that the Myc PG WT mostly localized at the cell border whereas

the cell border localization of S236A PG was highly reduced and PS236A PG localized mostly
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to the cytoplasm (Figure 5.2). This data suggests that the phosphorylation of S236 is important

for the 14-3-3 binding and for the PG transport from cytoplasm to the cell border.

Myc PG Myc PG S236A

Figure 5.2: Cytoplasmic localization of S236A PG. HCT116 cells expressing Myc PG WT and
Myc PG S236A were stained with the Myc antibody and imaged using LSM 510 confocal
microscope using 63X objective. Representative images are shown and scale bars are shown in

each panel [150].

5.1.3 Effect of PKCp loss on desmosome formation

PKCp phosphorylates PG and generates a 14-3-3y binding site in PG. Complex formation
between PG and 14-3-3y is crucial for PG transport from the cytoplasm to the cell border.
Previous results had indicated that an inhibitor that targets both PKCa and PKCp could inhibit

desmosome formation [150]. To determine if loss of just PKCp led to defects in desmosome
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formation, a, HCT116 derived PKCp knockdown cell line was generated and the protein levels
and localization of the desmosomal proteins were studied. A Western blot showing the levels of
PKCp and the desmosomal proteins is shown in figure 5.3 A. The levels of PG and DP upon the
PKCp knockdown were reduced whereas the levels of PKP3 were largely unaltered. It was
observed that upon the loss of PKCp, PG, PKP3 and DP did not localize to the cell border
(Figure 5.3 B). This data suggests that PKCp plays an important role in the transport of

desmosomal proteins and in the desmosome assembly [150].
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Figure 5.3: The loss of PKCp affects desmosome assembly and the levels of desmosomal

proteins. A. The protein extracts of HCT116 derived vector control and PKCp knockdown cells
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were resolved using 7.5 % acrylamide gel and Western blots for PKCp, DP, PG and PKP3 were
done. Western blots for  Actin served as a loading control. B. HCT116 derived vector control
and PKCp knockdown cells were fixed and stained with the antibodies to the indicated proteins.
Cells were imaged using LSM 510 confocal microscope at 63X. Representative images are

shown and scale bars are shown in each panel [150].

5.1.4 Sertoli cell isolation to study desmosomes

Loss of 14-3-3y led to the loss of cell-cell adhesion and disruption of spermatogenesis in testis
[150]. 14-3-3y regulates desmosome formation by regulating PG transport [150]. The Sertoli
cells and developing spermatocytes are connected to each other by different cell-cell adhesion
junctions one of which is the desmosome. Therefore, to study localization of different
desmosomal proteins in the Sertoli cells, Sertoli cells were isolated using a protocol described by
Anway et al., [207] and stained with the antibodies to PG. The cultured Sertoli cells were imaged
using inverted microscope (Figure 5.4 A). The Sertoli cells cannot be passaged and therefore
with the few isolated Sertoli cells were stained with nile red dye which stains the lipid droplets
present in the Sertoli cells as shown in Figure 5.4 B [229]. The lipid droplets are not seen in
SSCs and spermatocytes because of which lipid droplets are considered as a Sertoli cell specific
marker [229]. Vimentin, Sox9, Anti-mullerian hormone, Wilm’s tumor suppressor 1 and
Androgen binding protein are the markers of immature Sertoli cells (at neonatal stage) [230].To
study desmosome formation in Sertoli cells is not feasible as large number of mice will have to
be sacrificed to obtain enough Sertoli cells to perform the Western blotting and staining for

desmosomal proteins.
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A) DIC B) Nile Red staining

Figure 5.4: Sertoli cell isolation and culture. A. Sertoli cells isolated from the neonatal mouse
was cultured in F12 medium. The cells were imaged using Zeiss Axiovert 200 M inverted
microscope at 10X objective. B. Sertoli cells were stained with nile red to identify lipid droplets
and imaged using LSM 510 confocal microscope at 63X objective. Representative images are

shown. Scale bars are shown in each panel.

5.1.5 Generation of HA tagged PG deletion constructs

To identify the functions of the different domains of PG, HA tagged PG deletion constructs were
generated by cloning different domains of PG into pCDNA3.1 HA vector. HCT116 cells were
transfected with the HA pCDNA3.1 vector control or with one of the following HA tagged PG

deletion constructs:
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Name of the PG deletion mutant Expected molecular weight in kDa
HA PG Wild type 83
HA PG S236A 83
HA PG N term 15
HA PG Arm 58
HA PG C term 11
HA PG N term to 9" Arm 57
HA PG 10"Arm to C term 26
HA PG AN term 73
HA PG A C term 69

Table 5.1: A table showing different types of HA tagged PG deletion constructs with the

expected molecular weight.

48 hours post transfection cell extracts were prepared, the cell extracts were resolved on a SDS
PAGE gel and Western blots were done using antibodies for HA. As shown in Figure 5.5 A, the
expression of all the PG deletion mutants except the HA tagged PG C term mutant was detected
using Western blotting. The HA tagged PG C term mutant has the molecular weight of 10 kDa
and this protein may not be stable in vitro. To detect the expression of the PG C term mutant,
mRNA was isolated from the HCT116 cells transfected with pCDNA3.1 HA construct or the HA
tagged PG C term construct and the reverse transcriptase PCR was done to amplify the HA
tagged PG C term mRNA. As shown in Figure 5.5 B HCT116 cells transfected with the HA

tagged PG C term mutant expressed the HA tagged PG C term mRNA.

204




A)

s &}
5 8
= g
& g
‘g -A:: g
5 £ & 3
& g 5 L = =
o~ = 8 = = & g 5
F o § 2 F F x & .=
2 5 2
¥ &) o o~ = = -
s £ & ¥ 7 32 9 =2 5 ¥ 3
vt 1 o <
o o X X 3 X
£ F £ & ¥ T F T T oz
“<——83kDa

a-—
<—15kDa

GAPDH PG C Term
Figure 5.5: Expression of HA tagged PG deletion constructs. A. HCT116 cells were

transfected with the HA tagged PG deletion constructs using PEI, 48 hours post-transfection cell
extracts were prepared and resolved using a 12% (left) and a 10% SDS PAGE gel (right).

Western blotting was done using HA antibody. Note that the expression of HA-PG C term was

not detected on the blot. B. HCT116 cells were transfected with the pPCDNA3.1 HA vector or
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HA tagged PG C term constructs, 48 hours post-transfection mRNA was extracted and reverse

transcriptase PCR was done to amplify PG C term mRNA.

5.1.6 Validation of pLentiCRISPR PG gRNA constructs

To generate a PG knockout cell lines in which different PG deletion mutants can be expressed to
identify the functions of the each domain of PG, PG gRNA 1 (targeting exon 1) and PG gRNA
(targeting exon 2) were cloned into pLentiCRISPR Cas V1 vector using BsmBI sites. The
pLentiCRISPR Cas V1 clones containing gRNA targeting exon 1 of PG was termed as PG
gRNA 1 and the pLentiCRISPR Cas V1 clones containing gRNA targeting exon 2 of PG were
termed as PG gRNA 2.1, PG gRNA 2.2, PG gRNA 2.3 and PG gRNA 2.4. The PG gRNA clones
were transfected into HCT116 using PEI, 72 hours post-transfection cell extracts were prepared,
resolved on a 10% SDS PAGE gel and Western blots were done using antibodies for PG and 3

Actin. As shown in Figure 5.6, reduction in PG levels were seen with the both the PG gRNA

clones.
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Figure 5.6: The validation of PG gRNA clones in HCT116 cells. HCT116 cells were
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transfected with PG 1 gRNA and PG 2 gRNA clones (2.1-2.4) using PEI, 72 hours post

206



transfection cell extracts were prepared and resolved on a 10% SDS PAGE gel. Western blot was

done using PG antibody. Western blot for B Actin served as a loading control.

5.1.7 Validation of PG-EGFP and PG-EGFP-f constructs

It was previously shown in the lab that in HCT116 derived PKP3 knockdown cells none of the
desmosomal proteins were present at the cell border except PG, suggesting PG is recruited to the
cell border to initiate desmosome formation [211].Loss of 14-3-3y in HCT116 cells led to the
reduction in the cell border localization of all the desmosomal proteins thereby disrupting
desmosome formation. 14-3-3y binds to DP, PG and PKP3 and regulates transport of PG from
cytoplasm to the cell border [150]. It was not clear that the disruption of desmosome assembly in
14-3-3y knockdown cells was caused by the disrupted PG transport or 14-3-3y plays an
important role in the desmosome formation irrespective of PG transport to the cell border. To test
this hypothesis, a farnesylated GFP tagged PG (PG-EGFP-f) construct was expressed in 14-3-3y
knockdown cells and desmosome formation was studied. As a control, non-farnesylated GFP
tagged PG (PG-EGFP) was expressed in 14-3-3y knockdown cells to study the effect of PG over-

expression on desmosome formation.

PG cDNA was cloned into pEGFP-f N1 vector to generate PG-EGFP-f. To generate PG-EGFP
vector EGFP-f fragment from PG-EGFP-f was replaced by EGFP fragment from EGFP C1. To
validate the expression of PG-EGFP-f and PG-EGFP, HCT116 cells were transfected with PG-
EGFP-f /EGFP-f or PG-EGFP/EGFP using PEI. 48 hours post transfection cell extracts were
prepared and resolved on a 10% SDS PAGE gel. Western blotting was performed using

antibodies to PG, B Actin and GFP. As shown in Figure 5.7 HCT116 cells transfected with PG-
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EGFP-f and PG-EGFP showed the presence of two bands, one band is endogenous PG and the

second band is PG-EGFP-f and PG-EGFP respectively.

PG
overexpressed
PG endogenous

EGFP-f/
EGFP

PActun

Figure 5.7: Expression of PG-EGFP-f and PG-EGFP in HCT116 cells. HCT116 cells were
transfected with EGFP or PG-EGFP or EGFP-f or PG-EGFP-f using PEIL 48 hours post
transfection cell extracts were prepared, cell extracts were resolved on a 10% SDS PAGE gel and

Western blotting was done using PG, B Actin and GFP antibodies.

5.1.8 PG-EGFP-f recruits desmosomal proteins to the cell border in the absence of 14-3-3y

To study the effect of 14-3-3y loss on desmosome assembly, HCT116 derived vector control and
14-3-3y knockdown cells were stained with the antibodies to PG. A Western blot showing the
levels of 14-3-3y in the HCT116 derived vector control cells and 14-3-3y knockdown cells is
shown in Figure 5.8 A. As shown in Figure 5.8 B, PG localized to the cell border in the vector

control cells whereas in the 14-3-3y knockdown cells PG mostly localized to the cytoplasm.
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Figure 5.8: Cell border localization of PG is altered upon loss of 14-3-3y. A. Protein extracts
ofHCT116 derived vector control and 14-3-3y knockdown cells were resolved on a 10% SDS
PAGE gel and Western blotting was done with the indicated antibodies. B. HCT116 derived
vector control and 14-3-3y knockdown cells were stained with the PG antibody and imaged using
Zeiss LSM 780 confocal microscope at 40X objective. Representative images are shown and

scale bars are shown in each panel [228].

To rescue the defect in PG transport in the absence of 14-3-3y, HCT116 derived 14-3-3y
knockdown cells were transfected with the PG-EGFP-f or PG-EGFP and the localization of
different desmosomal proteins were studied. As shown in Figure 5.9, PG-EGFP-f completely
restored DPI/II and DSG2 to the cell border; partially restored PKP3 to the cell border and did

not restore DSC2/3 to the cell border.
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Figure 5.9: PG-EGFP-f rescues cell border localization of DSG2, DP and PKP3 upon 14-3-
3y loss. HCT116 derived 14-3-3y knockdown cells were transtected with EGFP-f or PG-EGFP-f

using PEI. 48 hours post transfection cells were fixed with paraformaldehyde and stained with
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the indicated antibodies. The images were acquired using Zeiss LSM 780 confocal microscope at
63X objective and 2X zoom. Representative images are shown and scale bars are shown in each

panel [228].

To observe if there was a significant increase in the cell border staining of the desmosomal
protein in the cells expressing PG-EGFP-f the intensity of the staining for each of the
desmosomal protein at the cell border was measured and plotted (Figure 5.10). There was a
significant increase in the cell border staining of DPI/II and DSG?2 in the 14-3-3y knockdown

cells expressing PG-EGFP-f when compared to the 14-3-3y knockdown cells expressing EGFP-f.

- EGFP-f

807 =0 0007 p=0038 B rG-EGrp-

Mean Cell Border Intensity

Desmosomal Proteins

Figure 5.10: PG-EGFP-f expression in 14-3-3y knockdown cells led to the increase in the
cell border localization of DP and DSG2. The intensity of border staining for different
desmosomal proteins was measured using ImageJ software for 33 transfected cells from each
experiment. The mean cell border intensity and standard error from three different experiments is

plotted. p value was calculated using student’s t-test [228].

212



To determine if the cell border localization of the desmosomal proteins observed upon PG-
EGFP-f expression was because of the PG over-expression, PG-EGFP was expressed in the 14-
3-3y knockdown cells and stained with the antibodies to DPI/II. As shown in Figure 5.11 A and
B, expression of PG-EGFP did not restore DPI/II to the cell border suggesting that the PG over-

expression cannot restore the cell border localization of desmosomal proteins.

EGFP DPI/11 DIC

PG-EGFP DPI/II DIC  Merge
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Figure 5.11: PG-EGFP does not restore DP to the cell border upon 14-3-3y loss. A. HCT116
derived 14-3-3y knockdown cells were transfected with EGFP or PG-EGFP using PEI. 48 hours

post transfection cells were fixed with paraformaldehyde and stained with the antibody. The
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images were acquired using Zeiss LSM 780 confocal microscope at 63X objective and 2X zoom.
Representative images are shown and scale bars are shown in each panel. B. The intensity of
border staining for DPI/Il was measured using ImageJ software for 33 transfected cells from
each experiment. The mean cell border intensity and standard error from three different
experiments is plotted. Note there is no difference in the mean cell border intensity of DPI/II in

cells expressing EGFP and cells expressing PG-EGFP [228].

5.1.9 PG-EGFP-f increased DPI/II protein levels in 14-3-3y knockdown cells

As reported previously, loss of 14-3-3y in HCT116 does not affect the desmosomal protein levels
and the desmosomal proteins in the HCT116 derived vector control and 14-3-3y knockdown
cells were mostly present in the insoluble fraction [150]. To determine if the increase in the
border localization of DP and DSG2 observed upon PG-EGFP-f expression in 14-3-3y
knockdown cells led to the increase in the protein levels of DP and DSG2, cell extracts of 14-3-
3y knockdown cells transfected with EGFP-{/PG-EGFP-f or EGFP/PG-EGFP were resolved on a
7.5% and 10% step gradient resolving gel and Western blotting was done with the antibodies to
desmosomal proteins. Western blots for B Actin served as a loading control. As shown in Figure
5.12 A, the PG-EGFP-f expression led to the increase in the levels of DPI/II whereas PG-EGFP
expression did not lead to the change in the expression of DPI/II. The increase in the DPI/II
protein levels upon PG-EGFP-f expression was also observed in the insoluble fraction (Figure
5.12 B).The increase in the DPI/II levels in the insoluble fraction could be attributed to the fact

that the cell border localization of desmosomal proteins at an intact desmosome increases the
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stability of the desmosomal proteins as compared to the desmosomal proteins present in the

cytoplasmic pool [209, 212, 231].
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Figure 5.12: The expression of PG-EGFP-f in 14-3-3y knockdown cells led to the increase in
the DPI/II protein levels. A. Protein extracts prepared from HCT116 derived vector control and
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14-3-3y knockdown cell lines expressing EGFP-{/PG-EGFP-f or EGFP /PG-EGFP were resolved
on SDS-PAGE gels followed by Western blotting with the indicated antibodies. Western blots
for B Actin served as a loading control. Lane 1 and 2 are vector control cells expressing EGFP-f
or PG-EGFP-f respectively. Lane 3 and 4 are vector control cells expressing EGFP or PG-EGFP
respectively. Lane 5 and 6 are 14-3-3y knockdown cells expressing EGFP-f or PG-EGFP-f
respectively. Lane 7 and 8 are 14-3-3y knockdown cells expressing EGFP or PG-EGFP
respectively. B. Cytoskeletal buffer soluble [S] and insoluble [I] fractions were prepared from
HCT116 derived 14-3-3y knockdown cell line expressing EGFP-f or PG-EGFP-f or EGFP or
PG-EGFP were resolved on SDS-PAGE gels followed by Western blotting with the indicated
antibodies. Western blots for § Actin served as a loading control and Western blot for Keratin 8

(K8) served as control for insoluble fraction. Whole cell extracts [W] served as a control [228].

5.1.10 PG-EGFP-f stabilizes DSG2 at the cell border in the absence of 14-3-3y

Desmosomes are calcium dependent cell-cell adhesion junctions. The desmosomal cadherins
require calcium for their interaction with the desmosomal cadherins present on the neighboring
cells and in the absence of the calcium desmosomal cadherins are unstable at the border [232].
The stable interaction of desmosomal cadherins also requires PG and PG targets desmosomal
cadherins to the cell-cell junctions [233]. It was shown previously that in the 14-3-3y knockdown
cells in the absence of calcium, PG and desmosomal cadherins were not localized to the cell
border and upon calcium addition some of the desmosomal cadherins localized to the border but
at a slower rate compared to the vector control cells [150]. To determine if the PG-EGFP-f

expression stabilized desmosomal cadherins at the cell border in the absence of calcium, calcium
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switch assays were done on the HCT116 derived 14-3-3y knockdown cells transfected with
EGFP-f or PG-EGFP-f as described in the materials and methods. As shown in Figure 5.13, upon
PG-EGFP-f expression in 14-3-3y knockdown cells some of the DSG2 was seen at the cell
border even at the O minutes of calcium addition whereas EGFP-f expressing 14-3-3y
knockdown cells DSG2 was seen only in the cytoplasm. After 15 minutes of calcium addition,
DSG?2 localization at the cell border increased in the PG-EGFP-f expressing 14-3-3y knockdown
cells and in the EGFP-f expressing 14-3-3y knockdown cells DSG2 localization at the cell border
was barely visible. The results of the calcium switch assay suggests that the PG-EGFP-f
stabilized the DSG2 at the cell border to some extent even in the absence of calcium and in the
presence of calcium PG-EGFP-f stimulated the cell border localization of DSG2 and provided
stability to DSG2 preventing cycling of DSG2 to the cytoplasm. In the14-3-3y knockdown cells
even in the presence of the calcium DSG2 is not seen at the cell border because DSG2 is not

stabilized at the border due to the absence of plakin family of proteins at the cell border.
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Figure 5.13: PG-EGFP-f stabilizes the DSG2 at the cell border and stimulates DSG2
transport. A-B. Calcium switch assays were performed on 14-3-3y knockdown cells transfected

with pEGFP-f (A) or PG-EGFP-f (B) (green) as described. Cells were fixed at 0 and 15 minutes
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post calcium addition and stained for DSG2 (red). Images were obtained on a Zeiss LSM 780
confocal microscope using a 63X objective and 4X optical zoom. Scale bars are indicated in the

image panels [228].

5.1.11 PG-EGFP-f restores desmosome formation in the 14-3-3y knockdown cells

It is reported that a desmosomal cadherin and a plaque protein along with the DP can form
functional desmosomes [234]. HCT116 derived 14-3-3y knockdown cells did not form the
desmosomes because of the reduced cell border localization of desmosomal proteins which
resulted into reduced cell-cell adhesion [150]. PG-EGFP-f expression in the 14-3-3y knockdown
cells restored DPI/II and DSG2 to the cell border and to determine if the PG-EGFP-f expressing
14-3-3y knockdown cells formed functional desmosomes and had increased cell-cell adhesion,
hanging drop assay was done. Briefly, HCT116 derived 14-3-3y knockdown cells were
transfected with pCDNA3.1 EGFP-f Puro and pCDNA3.1 PG-EGFP-f Puro and 24 hours post
transfection puromycin was added. After 3 days in puromycin selection, cells were used for
performing hanging drop assay as described in [201]. As shown in Figure 5.14, it was observed
that the PG-EGFP-f expressing cells formed fewer but larger cell aggregates when compared to
the cells expressing EGFP-f. The formation of cell aggregates is dependent on cell-cell adhesion
and therefore PG-EGFP-f expressing cells formed desmosomes which led to the increase in cell-

cell adhesion.
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Figure 5.14: HCT116 derived 14-3-3y knockdown cells expressing PG-EGFP-f have
increased cell-cell adhesion. A-B. Hanging drop assays were performed to determine cell-cell
adhesion in HCT116 derived 14-3-3y knockdown cells expressing EGFP-f or PG-EGFP-f.
Images of cell aggregates were obtained with a Zeiss Axiovert 200M inverted microscope with a
10X objective. Representative images are shown and scale bars are shown in each panel. The

size and number of clusters is indicated in the table [228].
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5.1.12 PG-EGFP-f/PG-EGFP restores desmosome formation in PG knockdown cells

Cells with a knockdown of PG cannot form desmosomes and the transport of other desmosomal
proteins is disrupted in the PG knockdown cells [202]. To ascertain that the PG-EGFP-f does not
require the endogenous PG to stimulate transport of desmosomal proteins to the cell border or to
stabilize desmosomal proteins, PG knockdown cells were transfected with the EGFP-for shRNA
resistant PG-EGFP-f or EGFP or shRNA resistant PG-EGFP and stained with the antibodies to
DSG2. As shown in Figure 5.15 A, both PG-EGFP-f and PG-EGFP could restore the cell border
localization of DSG2 in PG knockdown cells. A western blot showing the levels of different
desmosomal proteins is shown in the Figure 5.15 B. PG knockdown cells have reduced levels of
DP, DSG2 and DSC2/3 when compared to the vector control cells and there was a slight increase
in the DPI/II levels in the PG knockdown cells upon PG-EGFP-f or PG-EGFP expression. These
results suggested that the PG-EGFP-f did not require endogenous PG to restore desmosomal
protein transport to the cell border. PG-EGFP did not localize to the cell border in 14-3-3y
knockdown cells but PG-EGFP localized to the cell border in the PG knockdown cells

supporting the fact that in the presence of 14-3-3y PG is transported to the cell border [150].
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Figure 5.15: PG-EGFP-f rescued desmosomal protein localization in the PG knockdown
cells. A. HCT116 derived PG knockdown clone was transfected with either EGFP-f or PG-
EGFP-f or EGFP or PG-EGFP (green) and were stained with antibodies to DSG2 (red) followed
by confocal microscopy. Representative images are shown and scale bars are shown in each
panel. B. Protein extracts of HCT116 derived PG knockdown clones were transfected with either
EGFP-f or PG-EGFP-f or EGFP or PG-EGFP were prepared and resolved on SDS-PAGE gels
followed by Western blotting with the indicated antibodies. Western blots for B Actin served as a
loading control. PG (exogen) is over expressed/exogenous PG and PG (endogen) is endogenous

PG [228].
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5.1.13 PG-EGFP-f requires PKP3 to restore desmosome formation

PG-EGFP-f could restore desmosome formation in the cells lacking endogenous PG to determine
whether PG-EGFP-f requires PKP3 for rescuing desmosome formation, PKP3 knockdown cells,
which does not form desmosomes because in these cells only PG is localized to the cell border
[202], were transfected with EGFP-f or PG-EGFP-f and stained with the antibodies to DP and
DSG2. As shown in Figure 5.16 A-C, PG-EGFP-f could not restore DP and DSG2 to the cell
border suggesting that PG-EGFP-f just like endogenous PG requires PKP3 for desmosome
assembly [202]. A Western blot showing the levels of different desmosomal proteins is shown in
the Figure 5.16 D. The transfection efficiency for the PG-EGFP-f in vector control cell was less

because of which PG-EGFP-f expression was not detected with Western blotting.

224



A)EGFP-f  DPUII DIC Merge

PKP3
kd 1

PG-EGFP-f DPUII  DIC  Meree

PKP3
o kd 1

EGFP-f DPI/II DIC Merge

PKP3
kd 2

PG-EGFP-f  DPI/I DIC Merge

PKP3
kd 2

225



B) EGFP-f  DSG2 DIC Merge

PKP3
- .
PG-EGFP-f  DSG2 DIC M
PKP3
kd |
EGFP-f DSG2 DIC Merge
PKP3
- .
PG-EGFP-f  DSG2 DIC Merge
PKP3
- h

226



C) s

- € PKP3 Kd 1 EGFP-f
8 p=04 p=0.9 @ PKP3 Kd | PG-EGFP-f
Z 40- € PKP3 Kd 2 EGFP-f
% @ PKP3 Kd 2 PG-EGFP-f
=
5
z = T
N NS NS ~ :r "3 >
FELLELESLS
Desmosomal Proteins
D ) Vec PKP3kd1 PKP3kd?2

PG-EGFP-f
PG(endogenous)

DSG2

DSC2/3

B Actin

Figure 5.16: PG-EGFP-f requires PKP3 to restore desmosomal protein to the cell border.
A-B.HCT116 derived PKP3 knockdown clones were transfected with either EGFP-f or PG-
EGFP-f (green) and were stained with antibodies to DPI/II (red) [A] or DSG2 [B] followed by
confocal microscopy. Images were obtained on a Zeiss LSM 780 confocal microscope using a
63X objective and 2X optical zoom. Representative images are shown and scale bars are shown
in each panel. C. The intensity of border staining, for the different desmosomal proteins, was
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measured for 33 transfected cells in three different experiments and the mean cell border
intensity and standard error from three different experiments is plotted. p value was calculated
using student’s t-test D. Protein extracts prepared from HCT116 derived vector control and
PKP3 knockdown clones expressing EGFP-f or PG-EGFP-f were resolved on SDS-PAGE gels
followed by Western blotting with the indicated antibodies. Western blots for B Actin served as a

loading control [228].

5.1.14 PG-EGFP-f requires KIF5B to restore DSG2 to the cell border

It was shown previously that14-3-3y binds to PG and loads PG on to the motor protein KIF5B
and KIF5B transports PG from cytoplasm to the cell border. In the absence of KIF5B
desmosomal proteins are not transported to the cell border and cell-cell adhesion is decreased
[150]. To determine if the role of KIF5B is just to mediate transport of PG to initiate desmosome
assembly, KIF5B knockdown cells were transfected with EGFP-f or PG-EGFP-F and stained
with the antibodies for the desmosomal proteins. As shown in Figure 5.17 A to E, PG restored
DPI/IT to the cell border but failed to restore other desmosomal proteins to the cell border
suggesting that the cell border localization of DSG2, DSC2/3 and PKP3 is dependent on KIF5B.
The Western blot analysis of the KIF5B knockdown cells transfected with EGFP-f or PG-EGFP-
f showed that there was an increase in DPI/II levels in the PG-EGFP-f expressing KIF5B
knockdown cells (Figure 5.17 F). Western blots also showed that as compared to the vector
control cells KIF5B knockdown cells had reduced levels of desmosomal cadherins. All these
results support the fact that the PG localization is required for the DPI/II cell border localization

but to recruit desmosomal cadherins KIF5B and PKP3 are required.
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Figure 5.17: PG-EGFP-f requires KIFSB to restore desmosomal cadherins to the cell
border. A. HCT116 derived KIF5B knockdown clone K3 was transfected with EGFP-f (green)

and was stained with indicated antibodies (red) followed by confocal microscopy. B. HCT116

N

33



derived KIF5Bknockdown clone K3 was transfected with PG-EGFP-f (green) and was stained
with indicated antibodies (red) followed by confocal microscopy. C. HCT116 derived KIF5B
knockdown clone K5 was transfected with EGFP-f (green) and was stained with indicated
antibodies (red) followed by confocal microscopy. D. HCT116 derived KIF5B knockdown clone
K5 was transfected with PG-EGFP-f (green) and was stained with indicated antibodies (red)
followed by confocal microscopy. Images were obtained on a Zeiss LSM 780 confocal
microscope using a 63X objective and 2X optical zoom. Representative images are shown and
scale bars are shown in each panel. E. The intensity of border staining, for the different
desmosomal proteins, was measured for 33 transfected cells in three different experiments and
the mean cell border intensity and standard error from three different experiments is plotted. p
value was calculated using student’s t-test F. Protein extracts prepared from HCT116 derived
vector control and PKP3 knockdown clones expressing EGFP-f or PG-EGFP-f were resolved on
SDS-PAGE gels followed by Western blotting with the indicated antibodies. Western blots for {3

Actin served as a loading control.

5.1.15 PG-EGFP-f expression does not alter the localization or levels of adherens junction

proteins

PG is a component of adherens junction and therefore, change in localization of PG might affect
the adherens junction but it was observed that the loss of 14-3-3y did not affect the levels or
localization of adherens junction proteins [150]. To determine if the PG-EGFP-f expression in
14-3-3y knockdown cells altered the levels or localization of adherens junction proteins, 14-3-3y

knockdown cells were transfected with EGFP-f or PG-EGFP-f and stained with the antibodies to
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adherens junction proteins. As shown in Figure 5.18 A and B, the localization of the adherens
junction proteins did not change upon PG-EGFP-f expression but some PG-EGFP-t expressing
cells showed pan-cellular staining for § catenin. A Western blot showing the levels of different
adherens junction proteins is shown in the Figure 5.18C. A slight increase in 3 catenin levels are
seen in the cells expressing PG-EGFP-f. These results suggested that the PG-EGFP-f expression
in 14-3-3y knockdown cells does not majorly affect adherens junction protein expression or

localization.
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Figure 5.18: PG-EGFP-f does not affect adherens junction protein localization. A. HCT116
derived 14-3-3y knockdown cells were transfected with either EGFP-f or PG-EGFP-f (green) and
were stained with indicated antibodies (red) followed by confocal microscopy. Images were
obtained on a confocal microscope using Leica TCS SP8 Confocal microscope using a 63X
objective and 2x optical zoom. Representative images are shown and scale bars are shown in
each panel. B. The intensity of border staining, for the different adherens junction proteins, was
measured for 33 transfected cells in three different experiments and the mean cell border
intensity and standard error from three different experiments is plotted. p value was calculated
using student’s t-test C. Protein extracts prepared from HCT116 derived 14-3-3y knockdown

clones expressing EGFP-f or PG-EGFP-f were resolved on SDS-PAGE gels followed by
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Western blotting with the indicated antibodies. Western blots for f Actin served as a loading

control.

5.2 Discussion

It was observed that the loss of 14-3-3y disrupted spermatogenesis and cell-cell adhesion in
testis. To identify the mechanism by which 14-3-3y regulates cell-cell adhesion, interacting
partners of 14-3-3y were identified by GST pulldown assay and it was found that 14-3-3y
interacts with PG, DP and PKP3 [150]. Moreover, transport of the desmosomal proteins was
compromised in the HCT116 cells lacking 14-3-3y suggesting 14-3-3y regulates transport of
desmosomal proteins [150]. To understand the mechanism by which 14-3-3y regulated the

transport of desmosomal proteins this study was carried out.

Scansite software predicted that DP and PKP3 had multiple 14-3-3 binding sites making it
difficult to identify the function of each of the 14-3-3 binding site present on these proteins.
Scansite software predicted that the PG had a single 14-3-3y binding site which is S236 and is
phosphorylated by PKCp. To test the predictions of Scansite software GST PG 1-300 was made
and using recombinant PKCp in vitro protein kinase assay was performed. It was observed that
the GST PG 1-300 is a substrate of the recombinant PKCp. In the absence of PKCu PG did not
localize to the cell border and the levels of PG were also affected suggesting PKCp is important
for the PG transport and stability. The S236A mutant which will not be phosphorylated by PKCp
failed to bind 14-3-3y and failed to localize to the cell border supporting the fact that the PG
phosphorylated at S236 residue by PKCp binds to 14-3-3y and is transported to the cell border. It
was shown in the lab that the kinesin motor protein KIF5B is an interacting partner of 14-3-3y

[150]. Loss of KIF5B in testis also led to disrupted spermatogenesis and cell-cell adhesion.
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KIF5B loss in HCT116 cells led to the loss of desmosome formation due to disrupted
desmosomal protein transport[150]. On the basis of these results it was suggested that PG-14-3-

3y complex is loaded on to the KIF5B to transport PG from cytoplasm to the cell border [150].

This was the first report which highlighted the role of 14-3-3y in transport of desmosomal
proteins DP, PG, PKP3, DSG2 and DSC2/3. The effect on DSG2 and DSC2/3 transport observed
upon 14-3-3y loss could be the result of the defect in transport of PKP3, DP and PG as these
proteins are important to stabilize desmosomal cadherins. Shafraz O., et al., recently showed that
when the E-cadherin is stabilized on the cell border after the formation of adherens junctions
between the two cells, E-cadherin interacts laterally with DSG2 on the same cell to stabilize
DSG2 and initiate nascent desmosome formation [235]. Similarly, the localization and initial
stabilization of DSG2 at the cell border could be mediated by the E-cadherin in 14-3-3y
knockdown cells but the absence of armadillo proteins and plaque proteins at the cell border
inhibits desmosome formation and DSG2 is transported back to the cytoplasm, as shown in
Figure 5.19B.To determine if the major function of 14-3-3y was to mediate PG transport in
desmosome assembly, PG-EGFP-f was expressed in the 14-3-3y knockdown cells. The results in
this report indicated that targeting PG to the cell border in 14-3-3y knockdown cells resulted in
an increase in the localization of desmosomal proteins to the cell border, an increase in cell-cell
adhesion and an increase in desmosome formation. These results suggest that the major role of
14-3-3y in regulating desmosome formation is to stimulate the KIF5B mediated transport of PG
to the cell border. The formation of 14-3-3y-PG-KIF5B complex is important for PG transport
and recruitment of PG to the cell border. The disruption of this complex affects desmosome
assembly as seen in 14-3-3y, KIF5B and PG knockdown cells. In 14-3-3y and PG knockdown

cells rescuing PG localization helps in restoring desmosome formation.
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14-3-3y formed a complex with PKP3, PG and DP [150]. Therefore, the defects in desmosome
formation in HCT116 cell line could have resulted from the mis-localization of both PG and
PKP3 to the cell border. PG is required for the recruitment of PKP3 and other desmosomal
proteins to the cell border [202] and the results in this report indicate that localizing PG to the
cell border is sufficient to restore cell-cell adhesion in the 14-3-3y knockdown cells. Importantly,
the over-expression of PG-EGFP, which does not localize to the cell border in 14-3-3y
knockdown and KIF5B knockdown cells, did not restore the localization of DP to the cell border.
However, consistent with previously published data [150, 202, 236] the farnesylated PG could
not stimulate desmosome formation in cells lacking PKP3. These results lend further credence to
the model that 14-3-3y is required for transport of PG to the cell border, which is followed by the

14-3-3y mediated transport and recruitment of PKP3 resulting in the formation of an intact

desmosome.
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Figure 5.19: Model illustrating the role of PG and 14-3-3y in regulating desmosome
assembly. A) In low calcium media, PG is localized to the cell border but the other desmosomal
components remain in the cytoplasm. Upon calcium addition, the other components are
transported to the cell border (either in complex with one another or individually) by KIF5B to
form an intact desmosome. DP could be transported by some other motor protein. B) In the
absence of 14-3-3y, PG is not transported to the border, either in the presence or absence of
calcium, leading to a decrease in desmosome formation. The desmosomal cadherins might be
transported to the border but might not be retained at the border due to the absence of PG and
other plaque proteins. C) When PG is artificially targeted to the cell border (PG-EGFP-f) in
HCT116 cells lacking 14-3-3y, a restoration of desmosome function is observed with the
desmosomal proteins being transported either in complex with one another or individually to the
cell border. Adapted from [228].

The presence of PG at the cell border resulted in the recruitment of DP, DSG2 and PKP3 to the
cell border, but could not recruit DSC2/3 to the cell border. These results are consistent with a
previously published report which suggests that localization of PG at the cell border is required
for DP localization at the cell border [237]. Further, the retention of DP at the cell border in cells
lacking KIF5B suggests that motor proteins other than KIF5B are required for the transport of
DP to the cell border. PG has been demonstrated to form a strong complex in vitro with DSG2,
but its interaction with DSC2 is weak [238] and loss of PG affected localization of DSG2 to the
border [237]. PG might form a complex with DSG2 and transport DSG2 to the cell border as PG
has been shown to bind another DSG family member, DSG3, which results in the localization of
DSG3 to the cell border [238, 239]. Alternatively, DSG2 retention at the cell border may not be

stable in the absence of PG because its cytoplasmic tail is not anchored to an Armadillo family
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protein. DSG2 is not localized to the cell border in cells lacking KIF5B even after expressing
PG-EGFP-f. This is consistent with previous studies which have demonstrated that KIF5B is
required for the transport of DSG?2 to the cell border [240]. Thus increasing PG levels at the cell
border is sufficient to induce desmosome formation in cells lacking 14-3-3y but not in cells

lacking KIF5B.

The recruitment of DSC2/3 to the cell border might be dependent on the presence of PKP3 at the
cell border [202, 241, 242]and since the increase in PKP3 levels at the cell border is partially
attenuated in the PG-EGFP-f expressing cells, this might be the reason why DSC2/3 does not
localize to the border in these cells. These results are consistent with previously published
reports suggesting that the presence of DSC2 with PKP2 or PKP3 is sufficient to induce
desmosome formation in cells [241]. Alternatively, it is possible that the recruitment of PKP3 to
the cell border in cells expressing PG-EGFP-f is normal but its retention at the border is
compromised in the absence of DSC2/3 at the cell border. This is consistent with our
observations suggesting that the retrograde transport of PG and PKP3 occurs via vastly different

mechanisms in HCT116 cells [243].

The loss of KIF5B in HCT116 cells led to the disruption of desmosome formation and
cytoplasmic localization of all the desmosomal proteins (DP, PG, PKP3, DSG2 and DSC2/3) but
it was not clear if KIF5B is required for the transport of all the desmosomal proteins [150].
Previous report suggested that the DSC2 transport is mediated by Kinesin 2 i.e. KIF3A [240] but
the loss of KIF5B affected the DSC2 transport as well. In order to understand the role KIF5B in
transporting all the desmosomal components we expressed PG-EGFP-f in the KIF5B knockdown
cells and observed that PG-EGFP-f could not rescue the cell border localization of PKP3, DSG2

and DSC2/3. This data highlighted the importance of KIF5B in DSG2, PKP3 and DSC2/3
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transport. As mentioned above DSC2/3 transport is mediated by the KIF3A [240] but DSC2/3
transport is also dependent on PKP3 localization at the cell border [211, 241, 242] and therefore,
it will be interesting to study if rescuing PKP3 localization to the cell border could rescue the
transport of DSC2/3 in the KIF5B knockdown cells. The recruitment of DP to the cell border in
PG-EGFP-f expressing KIF5B knockdown cells also suggests that if PG is stabilized at the
border then DP is stabilized at the cell border. DP connects intermediate filaments to the
desmosome and therefore it remains elusive whether DP connects the intermediate filaments to
PG-EGFP-f in the KIF5B knockdown cells. Also, it is not clear whether DP is transported to the
cell border in the absence of KIF5B and recycled back because the armadillo proteins are not

present at the border (Figure 5.20 B).

The loss of KIF5B in HCT116 cells also affected the protein levels of desmosomal cadherins
suggesting that the cytoplasmic localization of the desmosomal cadherins affected the protein
stability of desmosomal cadherins. This supports the finding that stability of desmosomal
proteins increases when localized to the cell border. Similarly, KIF5B knockdown cells
expressing PG-EGFP-f showed increased DP levels which could be due to the increased cell

border localization of DP in these cells [209, 212, 231].
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Figure 5.20: Model illustrating the role of PG and KIF5B in regulating desmosome
assembly. A) Desmosome assembly in the wild type HCT116 cells, where PG and the other
desmosomal components are transported to the cell border (either in complex with one another or
individually) by KIF5B to form an intact desmosome. DP could be transported by some other
motor protein. B) In the absence of KIF5B, none of the desmosomal proteins are transported at
the cell border. C) When PG is artificially targeted to the cell border (PG-EGFP-f) in HCT116

cells lacking KIF5B, DP is transported to the cell border and stabilized by PG-EGFP-f.

Given the data in this thesis and previous results about the role of the Armadillo proteins in
desmosome assembly, we would like to propose the following model (Figure 5.19). 14-3-3y and
KIF5B are required for the transport of PG to the cell border [150]. The forced localization of PG

to the cell border in cells lacking 14-3-3y, results in the localization of DSG2, PKP3 and DP at
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the cell border thus stimulating desmosome formation. Previous reports from multiple
laboratories have suggested a hierarchy in the accumulation of desmosome formation where
PKP3 is required to recruit DP to the desmosome precursors, PKP2 is required to recruit the DP
containing desmosome precursors to the cell border and DP recruitment to cell border is further
stimulated by PKP3 recruitment to the border [244]. Our previous results suggest that PG is
required for the recruitment of PKP3 to the cell border to initiate desmosome formation [202].
The inability of PG-EGFP-f to recruit DSC2/3 to the cell border might be due to the incomplete
recruitment of PKP3 to the cell border as while an increase in PKP3 levels is observed at the cell
border in 14-3-3y knockdown cells expressing PG-EGFP-f, a complete restoration of PKP3
levels at the cell border is not observed in these cells. This might be due to the fact that an
artificial targeting construct has been used to localize PG to the cell border in these cells.
Alternatively, as PKP3 also forms a complex with 14-3-3y [150], the absence of 14-3-3y could
result in a defect in either the transport of or retention of PKP3 at the cell border. This is
consistent with our data suggesting that cells lacking KIF5B do not induce PKP3 transport to the
cell border. Taken together our results suggest that the different components of the desmosome
might be transported independently to the cell border to initiate the process of desmosome
formation following which complexes containing pre-assembled desmosome components can
integrate with the initial structure as previously described [238]. To conclude, our results suggest
that one major role of the 14-3-3y/KIF5B complex is to mediate the transport of PG to the cell
border and the 14-3-3y/KIF5B complex also play a role in the transport of PKP3 to the cell

border.

On the basis of the present study we propose that in physiological conditions, the KIF5B

mediated transport of PG by 14-3-3y is the first step in desmosome assembly. Presence of PG at
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the cell border then signals for the motor protein mediated transport of DP and PKP3 at the
border individually or in complex with other desmosomal cadherins to form desmosomes.
Alternatively, desmosomal cadherins could be transported before the initiation of desmosome
formation [235] and recruitment of PG and PKP3 stabilizes the desmosomal cadherins to initiate

desmosome assembly.
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6. Conclusions
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6. Conclusions

Previous work from the laboratory demonstrated that 14-3-3y is required for spermatogenesis
and cell to cell adhesion. On the basis of these findings, the work presented in this study aimed to
elucidate the function of 14-3-3y in growth and development of mice, the development of

epidermis and the molecular mechanisms by which 14-3-3y regulates these processes.

To study the function of 14-3-3y in growth and development of mice we attempted to generate
doxycycline inducible 14-3-3y knockdown mice. However, we obtained only transgene positive
animals which did not show loss of 14-3-3y even after doxycycline administration for months.
Similarly, to study the function of 14-3-3y in development of epidermis we attempted to generate
epidermis specific 14-3-3y knockdown animals we obtained animals which showed transgene
expression specifically in the epidermis [222]but none of the transgene positive animals inherited
the 14-3-3y shRNAmir. We also attempted to generate epidermis specific 14-3-3y knockout
animals using the CRISPR/Cas system but we did not obtain any animal with a mutation in or a
knockout of the 14-3-3y gene. In the future, we propose to generate mice with floxed alleles for
14-3-3y, which will be crossed with mice expressing either a doxycycline inducible Cre allele or
with transgenic mice expressing Cre under the control of the K14 promoter to study the function

of 14-3-3y in growth and development of mice and in the development of epidermis respectively.

Epidermis is made up of keratinocytes. To study if the 1oss of 14-3-3y aftects cell-cell adhesion
in the keratinocytes, a HaCaT derived 14-3-3y knockout cell line was generated using the
CRISPR/Cas system. Loss of 14-3-3y in HaCaT led to decrease in cell-cell adhesion
characterized by reduction in the desmosome size due to decreased cell border localization of
desmosomal proteins and reduction in levels of desmosomal proteins [245].These observations

suggested that 14-3-3y is crucial for desmosome formation in keratinocytes in vitro and might
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affect epidermis function in vivo. We will try to generate epidermis specific 14-3-3y
knockout/knockdown mice to demonstrate that 14-3-3y is required for epidermis formation and

function.

To understand the mechanisms by which 14-3-3y regulates desmosome formation, we studied
14-3-3y binding to desmosomal proteins. We observed 14-3-3y binds to DP, PG and PKP3 and
regulates the transport of all the desmosomal proteins as loss of 14-3-3y in HCT116 cells led to

the disruption of desmosomal protein transport from cytoplasm to the cell border[150].

To understand the mechanism of 14-3-3y-PG complex formation, we identified that PG is
phosphorylated by PKCp and this phosphorylation generates 14-3-3 binding site. Disruption of
the 14-3-3 binding site in PG inhibited transport of PG from cytoplasm to the cell border. PG-14-
3-3y complex formation is therefore necessary for transporting PG to the cell border [150]. PG-
14-3-3y complex is transported from cytoplasm to the cell border by the motor protein

KIF5B[150].

To understand if the loss of desmosome formation observed upon 14-3-3y loss was because of a
disruption in PG transport, we expressed farnesylated PG in the 14-3-3y knockdown cells and
studied the localization of desmosomal proteins. We observed that farnesylated PG restored
DPI/Il and DSG2 localization to the cell border but did not restore PKP3 and DSC2/3
localization to the cell border. This result suggested that 14-3-3y is required for both PG and
PKP3 transport from cytoplasm to the cell border and recruitment of PKP3 to the cell border is
necessary for transporting DSC2/3 to the cell border [211, 241, 242]. Even though farnesylated

PG could not restore cell border localization of PKP3 and DSC2/3 in 14-3-3y knockdown cells
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but farnesylated PG restored the desmosome formation in 14-3-3y knockdown cells which led to

the increase in cell-cell adhesion in the 14-3-3y knockdown cells.

The results presented in this study unraveled the molecular mechanism by which 14-3-3y
mediates transport of PG from cytoplasm to the cell border. The results also demonstrate the
importance of recruitment of PG at the cell border for initiating desmosome formation by
recruiting DSG2 and DP as the aggregation of DSG2 to the cell-cell adhesion is dependent on
PG [246]. Farnesylated PG was also expressed in the KIFSB knockdown cells but its expression
only rescued DP transport suggesting DP localization at the cell border is dependent on presence
of PG at the cell border. The transport of DSG2 is dependent on KIF5B [240],and therefore
DSG2 was not recruited to the cell border by PG in the absence of KIF5B. These observations
prove that 14-3-3y-PG complex formation and the transport of this complex by KIF5B is one of

the important step in initiating desmosome formation and recruiting DP and DSG2.

The study also highlighted the importance of 14-3-3y in PKP3 transport. Further studies are
required to understand the molecular mechanisms by which PKP3 interacts with 14-3-3y and

regulates DSC2/3 transport.
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ABSTRACT

The regulation of cell—cell adhesion is important for the processes of
tissue formation and morphogenesis. Here, we report that loss of
14-3-3y leads to a decrease in cell-cell adhesion and a defect in
the transport of plakoglobin and other desmosomal proteins to the
cell border in HCT116 cells and cells of the mouse testis. 14-3-3y
binds to plakoglobin in a PKCup-dependent fashion, resulting in
microtubule-dependent transport of plakoglobin to cell borders.
Transport of plakoglobin to the border is dependent on the KIF5B—
KLC1 complex. Knockdown of KIF5B in HCT116 cells, or in the
mouse testis, results in a phenotype similar to that observed upon
14-3-3y knockdown. Our results suggest that loss of 14-3-3y leads
to decreased desmosome formation and a decrease in cell—cell
adhesion in vitro, and in the mouse testis in vivo, leading to defects
in testis organization and spermatogenesis.

KEY WORDS: 14-3-3y, Desmosome, Plakoglobin, KIF5B,
Spermatogenesis

INTRODUCTION
Desmosomes are adherens-like junctions that anchor intermediate
filaments, leading to the generation of a tissue-wide intermediate
filament network. Three different protein families contribute to
desmosome structure and function — the desmosomal cadherins
desmocollins (DSCs) and desmogleins (DSGs), the armadillo
(ARM) proteins and the plakins (Green and Gaudry, 2000).
Desmosome composition varies with respect to tissue type and
differentiation status, as the cadherins and the associated ARM
family members show tissue- and cell-type-specific expression
(Bass-Zubek et al., 2009; Dusek et al., 2007), leading to changes in
the organization and function of desmosomes in different tissues.
The ARM proteins participate in the regulation of desmosome
assembly and cell—cell adhesion (Marcozzi et al., 1998; Palka and
Green, 1997). Plakoglobin (encoded by JUP) localizes to both
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desmosomes and adherens junctions and is required for the
initiation of desmosome formation by adherens junctions (Acehan
et al., 2008; Knudsen and Wheelock, 1992; Lewis et al., 1997).
Decreases in DSG3, the density of the plaque and the levels of
plakophilin 1 (PKP1) at the cell border have been observed in
plakoglobin-null keratinocytes (Acehan et al., 2008; Caldelari
et al, 2001), suggesting that plakoglobin is required for
desmosome formation and function in cultured keratinocytes.
Plakoglobin-knockout mice die during embryogenesis owing to
defects in desmosome formation in cardiac tissue (Ruiz et al.,
1996). Some discrepancies exist in the literature regarding the
effects of plakoglobin loss on desmosome formation in the
epidermis. Ruiz and colleagues have reported that the epidermis
of embryos at 11.5 days post coitum are normal upon loss of
plakoglobin (Ruiz et al., 1996), whereas others have reported that
defects in epidermal organization and desmosome function are
observed in mice lacking plakoglobin at 17.5 days post coitum
(Bierkamp et al., 1996). Plakoglobin has been reported to form a
complex with both P-cadherin and E-cadherin, and the total levels
of the classical cadherins dictate desmosome formation and
organization (Lewis et al.,, 1997; Michels et al., 2009; Tinkle
et al., 2008). These results suggest that plakoglobin and other
ARM proteins might serve as a link between adherens junction
formation and desmosome formation. Consistent with this
hypothesis, plakoglobin and E-cadherin are independently
required for the recruitment of plakophilin 3 (PKP3) to the cell
border in order to initiate desmosome formation in HCT116 cells
(Gosavi et al., 2011), whereas plakoglobin and the plakophilin
family members collaborate with the desmoplakin N-terminus to
regulate the clustering of the desmosomal cadherins at the cell
surface (Chen et al., 2002). These data are indicative of
plakoglobin being required for the initiation of desmosome
formation and maintenance. However, the mechanisms by which
the ARM proteins are transported to the cell border to initiate the
process of desmosome formation remain unclear.
Spermatogenesis occurs in seminiferous tubules in the testis
and is intrinsically dependent upon cell—cell adhesion between
spermatocytes and Sertoli cells, and the formation of the blood—
testis barrier between two Sertoli cells (Russell et al., 1990).
These adhesive interactions are crucial for the progression of
spermatogenesis. The blood—testis barrier comprises tight
junctions, basal ectoplasmic specializations, gap junctions and
desmosome-like junctions (Cheng and Mruk, 2002; Lie et al.,
2011). Disruption of cell—cell adhesion perturbs the normal
progression of spermatogenesis (Wong et al., 2004). Importantly,
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decreasing the expression of PKP2, DSG2 and DSC2 affects cell—
cell adhesion, indicating that the development of spermatozoa is
regulated by the formation of desmosome-like junctions in the
testis (Li et al., 2009; Lie et al., 2010).

The 14-3-3 protein family is a family of small acidic proteins
(Yaffe, 2002) that bind to proteins that contain a phosphorylated
serine residue in a consensus motif (Muslin et al., 1996; Yaffe
et al., 1997). Loss of 14-3-3¢ and 14-3-3y leads to the overriding
of checkpoint function and premature entry into mitosis (Hosing
et al.,, 2008; Telles et al., 2009). Therefore, we wanted to
determine whether loss of 14-3-3v in the mouse led to defects in
checkpoint function. When we attempted to generate 14-3-3v-
knockdown mice by using a novel transgenic protocol that had
been developed in our laboratory (Sehgal et al., 2011), we
observed that loss of 14-3-37 led to sterility in male mice due to a
decrease in cell—cell adhesion and a defect in the transport of
plakoglobin and other desmosomal proteins to the cell border in
the seminiferous tubules of mice. Similar results were obtained in
the human HCT116 colorectal cancer cell line. Furthermore, our
results demonstrate that 14-3-3y might load plakoglobin onto the
KIF5B—KLC1 complex in order to transport plakoglobin to the
cell border to initiate desmosome formation, both in HCT116
cells in culture and in the mouse testis, thus demonstrating that
14-3-3y is required for desmosome formation.

RESULTS

Loss of 14-3-3y leads to sterility in male mice

To determine whether loss of 14-3-3y leads to a loss of
checkpoint regulation in vivo, we attempted to generate
knockdown mice for 14-3-3y by using a sperm-mediated gene
transfer protocol that was developed in our laboratory (Sehgal
et al., 2011). However, when mice that had been injected with
viruses expressing the shRNA construct against 14-3-3y were
mated with female mice, no pups were obtained. The levels of 14-
3-3y were substantially decreased in the testis of mice that had
been injected with viruses expressing the shRNA construct
against 14-3-3y (sh14-3-3y) in comparison with the mice that had
been injected with the vector control (Vec, Fig. 1A). Loss of 14-
3-3v led to an almost complete absence of mature spermatozoa in
the epididymis in comparison with the control mice (Fig. 1B,C).
In addition, the organization of the seminiferous tubule was
severely disrupted upon 14-3-3y knockdown, as evidenced by
individual sections of the seminiferous tubule being dissociated
from one another in comparison with those of control mice
(Fig. 1B). Furthermore, primary germ cells and Sertoli cells were
detached from the basal lamina. This did not lead to a large
increase in transferase dUTP nick end labeling (TUNEL)-positive
cells (supplementary material Fig. S1A). Finally, histological
examination revealed an abrogation of cell-cell adhesion between
Sertoli cells, and between Sertoli cells and germ cells, in the
testis, upon knockdown of 14-3-3y (Fig. 1D), which was
confirmed by electron microscopy (Fig. 1E). Thus, these results
suggest that loss of 14-3-3y leads to a decrease in cell—cell
adhesion in vivo.

14-3-3y loss leads to defects in cell adhesion and desmosome
assembly

To identify the mechanisms that lead to a decrease in cell—cell
adhesion, we used a HCT116 cell line model in which 14-3-3y
had been knocked down (sh14-3-3y) (described previously by
Hosing et al., 2008). 14-3-3y mRNA and protein levels were
lower in the sh14-3-3y cells in comparison with the control cells

(Fig. 2A,B). The protein levels of 14-3-3¢ and 14-3-3c, or the
mRNA levels of 14-3-3g, 14-3-33, 14-3-3t and 14-3-3(
(Fig. 2A,B) were not altered in the sh14-3-3y cells in
comparison with vector control cells (Fig. 2A). In comparison
with the control cells, the sh14-3-3y cells showed a decrease in
cell—cell adhesion in hanging-drop assays (Fig. 2C,D), and cell
adhesion to fibronectin and collagen IV was also diminished in
these cells (supplementary material Fig. S1B), which is consistent
with the detachment of cells in the testis from the basal lamina.

To determine whether the defect in cell-cell adhesion was
induced specifically by the loss of 14-3-3v, cells that had been
subjected to 14-3-3¢ knockdown were generated (sh14-3-3g).
Western blot analysis demonstrated that, although14-3-3¢ protein
levels were decreased in sh14-3-3¢ cells, the levels of 14-3-3y
were unaltered. No substantial difference was observed in cell—
cell adhesion in the sh14-3-3e-knockdown cells in comparison
with the control cells (Fig. 2F,G). These results suggest that the
differences in cell—cell adhesion that are observed upon
knockdown of 14-3-3y are specific to the 14-3-3v isoform.

To determine the causes of the decrease in cell—cell adhesion,
the levels of adhesion proteins in the control and sh14-3-3y cells
were determined by western blot analysis or reverse transcription
PCR (RT-PCR) (Fig. 3A—C). The levels of these proteins or
mRNAs were not decreased upon 14-3-3y knockdown. However,
in the case of DSG2, and DSC2 and DSC3, increased protein
levels were observed in the 14-3-3y knockdown cells (Fig. 3B),
although no substantial increase was observed in mRNA levels
(Fig. 3C). PKP2 mRNA levels were not altered substantially in
the sh14-3-3y cells in comparison with the control cells (Fig. 3C),
and our previous reports have suggested that HCT116 cells do not
express PKP1 (Kundu et al., 2008). Notably, the levels of the
desmosomal proteins plakoglobin, PKP3, desmoplakin, DSC2
and DSC3, DSG2 and PKP2 were significantly lower at the cell
borders in sh14-3-3y cells than in control cells (Fig. 3E,F), even
though the total levels of these proteins were unaltered in the
sh14-3-3v cells. Intensity profiles for the staining are shown in
supplementary material Fig. S2. Importantly, no change in the
detergent solubility of the desmosomal proteins was observed in
the 14-3-3y-knockdown cells when compared with the control
cells (supplementary material Fig. S4D).

By contrast, the levels of adherens junction components [E-
cadherin (also known as CDHI1), P-cadherin (also known as
CDH3), B-catenin, pl20-catenin (also known as CTNND1) and
o-E-catenin], tight junction components (ZO-1) and polarity
proteins (Par-3, also known as PARD3) were not reduced at the
cell border in shl14-3-3y cells (supplementary material Fig.
S1D.E). Loss of 14-3-3¢ did not result in a decrease in the levels
of plakoglobin at the cell border (Fig. 3D). HCT116 cells that
lacked both copies of 14-3-3c (Chan et al., 1999) showed a
decrease in plakoglobin levels (supplementary material Fig. S4A)
and a decrease in cell—cell adhesion (supplementary material Fig.
S4B). However, there was no defect in localization of
plakoglobin to the border in these cells (supplementary material
Fig. S4C), suggesting that 14-3-3c is required to maintain
plakoglobin protein levels, but not plakoglobin localization to the
border.

Expression of a green fluorescent protein (GFP)-tagged
shRNA-resistant 14-3-3y ¢cDNA (GFP-14-3-3yR) resulted in
the recruitment of plakoglobin to the cell border in sh14-3-3y
cells in contrast with cells transfected with GFP alone (Fig. 4A).
To determine whether the desmosomal proteins formed a
complex with 14-3-3y, protein extracts from HCTI116 cells
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Fig. 1. Loss of 14-3-3y leads to
disruption of cell-cell adhesion.
(A-D) Tissue sections from mouse
testis that had been injected with
either the 14-3-3y-knockdown
construct (sh14-3-3v) or the vector
control (Vec) were stained with
antibodies against 14-3-3y and
visualized by using light microscopy
(A shows the entire testis, D shows a
single seminiferous tubule), or were
stained with hematoxylin and eosin
(B) to visualize either the
seminiferous tubules (top panels) or
the epididymis (bottom panels). The
percentage of vesicles that contained
spermatozoa in the epididymis is
shown and the error bars represent
the mean=s.d. for three different
animals (C). (E) Electron micrographs
of testis that had been injected with
either the 14-3-3y knockdown virus or
the vector control. Sertoli cells (SC),
and germ cells (GC) are indicated.
The panels on the far right are higher
magnification images of the boxed
areas indicated. Scale bars: 5 um
(A,B,D); 2 uM (E).

s14-3-3v

were incubated with either glutathione S-transferase (GST) alone
or GST-14-3-37y. 14-3-3y formed a complex with plakoglobin,
PKP3 and desmoplakin but not with DSG2 or adherens junctions
proteins, such as E-cadherin (Fig. 4B). Our previous results have
suggested that plakoglobin is present at the cell border in low-
calcium medium, and that plakoglobin is required for the
recruitment of other desmosomal proteins to the cell border in
HCT116 cells and for the initiation of desmosome formation
upon the addition of calcium (Gosavi et al., 2011). Therefore, to
determine whether 14-3-3y is required for the initiation of
desmosome formation, calcium-switch assays were performed.
Plakoglobin was present at the cell border in low-calcium
medium and the levels at the border increased upon the addition
of calcium in the vector control cells. DSC2 and DSC3 were not
detectable at the border in the control cells in low-calcium
medium. However, DSC2 and DSC3 localized to the border
60 minutes after the addition of calcium in the control cells. By
contrast, in the sh14-3-3y cells, plakoglobin, DSC2 and DSC3
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were not present at the border in low-calcium medium and
accumulated at significantly lower levels at the border upon the
addition of calcium in comparison with the control cells
(Fig. 4C). E-cadherin levels at the border were unaffected in
the sh14-3-3y cells in comparison with the control cells (Fig. 4C).
These results suggest that 14-3-3y specifically is required for the
localization of plakoglobin to cell borders and is required for the
initiation of desmosome formation.

We observed that, although the levels of DSC2 and DSC3 at
the cell borders were lower in 14-3-3y-knockdown cells than in
the control cells, a substantial fraction of DSC2 and DSC3,
nevertheless still localized to the borders in the knockdown cells.
These results suggested that, to some extent, localization of DSC2
and DSC3 to the border might be independent of the presence of
14-3-3y and plakoglobin at the cell border. We have previously
shown that, in this cell system, plakoglobin is required to recruit
PKP3 and desmoplakin to the cell border (Gosavi et al., 2011). To
determine whether plakoglobin is required for the recruitment of
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Fig. 2. Loss of 14-3-3y leads to a decrease in cell-cell adhesion. (A) Protein extracts from the vector control (Vec) and 14-3-3y-knockdown (sh14-3-3v) cells
were resolved on SDS-PAGE gels followed by western blotting with the indicated antibodies. Actin served as a loading control. (B) mRNA was prepared from the
control and sh14-3-3y cells and RT-PCR reactions were performed with oligonucleotide pairs specific for the indicated genes. GAPDH served as a reaction
control. (C,D) Hanging-drop assays were performed on the control and sh14-3-3y cells. The images (C) of the clumps and the quantification (D) of cluster
number and size are shown. (E) Protein extracts from the control and sh14-3-3¢ cells were resolved on SDS-PAGE gels followed by western blotting with the
indicated antibodies. Actin served as a loading control. (F,G) Hanging-drop assays were performed on the control and sh14-3-3y cells. The images (F) of the
clumps and the quantification (G) of cluster number and size are shown. Scale bar: 200 pM.

desmosomal cadherins to the border, the localization of these
cadherins was studied in HCT116-derived plakoglobin-knockdown
cells, which have been described previously (Gosavi et al., 2011).
The levels of DSC2 and DSC3, and DSG2, were not reduced at the
border in the plakoglobin-knockdown cells (supplementary material
Fig. S1C), suggesting that 14-3-3v, in addition to being required for
plakoglobin localization to the border, might have other functions in
desmosome formation. These data are consistent with the
observation that 14-3-3y forms a complex with PKP3 and
desmoplakin (Fig. 4B).

Complex formation between plakoglobin and 14-3-3y requires
PKCp

Analysis of the plakoglobin amino acid sequence led to the
identification of a potential 14-3-3 binding site at serine residue
236 (S236) (supplementary material Fig. S3A) (Obenauer et al.,
2003). To determine whether S236 is required for an interaction
between plakoglobin and 14-3-3y and to mediate the targeting of
plakoglobin to the surface, residue S236 was replaced with alanine
(S236A), and the ability of this mutant to bind to 14-3-3y and to
localize to the border was investigated. GST—14-3-3y formed a
complex with wild-type plakoglobin but not with that of the S236A
mutant (Fig. 5A). In contrast with wild-type plakoglobin, which

localized to the cell border, we observed reduced levels of the
S236A protein at the border and an increased pan-cellular
localization (Fig. 5B). Although some of the S236A mutant
protein still localized to the border, the localization to the border
was attenuated in comparison with that of the wild-type protein,
suggesting that binding of plakoglobin to 14-3-37 is required for
the efficient localization of plakoglobin to the border.

The S236 residue is a potential site for phosphorylation by
PKCp (supplementary material Fig. S3A), suggesting that
phosphorylation of plakoglobin by PKCup is required for
plakoglobin localization to the border. HCT116 cells were
treated with the vehicle control dimethyl sulfoxide (DMSO), a
pan PKC inhibitor that doesn’t inhibit PKCp (bisindolylmaleimide
I, Bis) or an inhibitor that is specific for PKCn and PKCa
(Go6976). A GST pulldown assay was then performed using 14-3-
3y. Importantly, GST-14-3-3y was unable to pull down
plakoglobin from protein extracts that had been prepared from
cells treated with Go6976, in contrast to cells that had been treated
with DMSO (Fig. 5C), suggesting that the activity of either PKCu
or PKCp is required for complex formation with 14-3-3y and
localization of plakoglobin to the cell border. However, 14-3-3y
formed a complex with desmoplakin and PKP3 in extracts that had
been derived from cells treated with the inhibitor (Fig. 5C),
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Fig. 3. Localization of plakoglobin is altered in sh14-3-3y cells. (A,B) Protein extracts from the vector control (Vec) and 14-3-3y-knockdown (sh14-3-3y)
cells were resolved on SDS-PAGE gels followed by western blotting with the indicated antibodies. Western blotting for actin served as a loading control.

(C) mRNA was prepared from the control and sh14-3-3y cells, and RT-PCR reactions were performed with oligonucleotide pairs specific for the indicated
genes. The oligonucleotides used for DSC2 amplified both splice isoforms, DSC2a and DSC2b, as indicated. GAPDH served as a reaction control.

(D) Plakoglobin (PG) levels at the cell borders were determined in the vector control and 14-3-3¢ knockdown cells. Note that plakoglobin levels did not change at
the cell border upon knockdown of 14-3-3¢ (sh14-3-3¢). (E,F) Control and sh14-3-3y cells were stained with the indicated antibodies, and the staining was
observed by using confocal microscopy. Representative images are shown. The border intensity was measured for at least 20 cells in three different
experiments. The mean=s.d. is shown for three independent experiments. Scale bars: 5 um (D,E); 10 um (F). DP, desmoplakin.

suggesting that the activity of PKCp or PKCa is not required for
the association of desmoplakin or PKP3 with 14-3-3y. In
agreement with these results, immunofluorescence analysis using
antibodies against plakoglobin demonstrated that the treatment of
cells with Go6976 decreased the localization of plakoglobin at the
cell border in comparison with that of cells that had been treated
with either DMSO or Bisl (Fig. 5D).

Because the motif scan software identified S236 as a potential
site for phosphorylation by PKCp, we inhibited the expression
of PKCp using vector-driven RNA interference (RNAi) in
HCT116 cells using a previously described sequence that
inhibits PKCp expression but not PKCa expression (Park et al.,
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2009). HCT116 cells were transfected with either the vector
plasmid or a plasmid that expressed shRNA sequences that target
PKCp (shPKCp). Forty-eight hours post transfection, the cells
were transferred to medium containing puromycin in order to
enrich for transfected cells. Western blot analysis demonstrated
that PKCp levels were reduced, as expected; however,
plakoglobin and desmoplakin protein levels were reduced in
cells that had been transfected with the shRNA against PKCp,
suggesting that PKCp might also regulate the stability of these
proteins (Fig. 5E). No change in the levels of PKP3 was
observed, and western blots for actin were performed as
loading controls. The levels of plakoglobin, desmoplakin and
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(0 min). After calcium addition for 60 minutes, the cells were fixed and then stained with the indicated antibodies and analyzed by using confocal microscopy.
Note that the levels of the desmosomal proteins do not increase at the border in sh14-3-3vy cells in comparison with control cells. No change in E-cadherin
staining was observed. The border intensity was measured for at least 20 cells in three different experiments. The mean and standard deviation for three

independent experiments is shown. Scale bars: 5 um (A); 10 uM (C).

PKP3 at the cell borders were decreased in cells that had been
transfected with the PKCp shRNA in comparison with cells that
had been transfected with the vector control, and the remaining
protein in these cells was not localized to the border (Fig. 5F).
These results suggest that, in addition to the decreased protein
levels, there is a decrease in the localization of the desmosomal
components to the cell borders in the absence of PKCp. This is
in contrast with the results obtained for cells that lacked 14-3-3c,
in which a decrease in the levels of plakoglobin was observed
but there was no defect in plakoglobin localization to the border
(supplementary material Fig. S4C). To determine whether
PKCp phosphorylated plakoglobin directly, the first 300 amino

acids of plakoglobin, which comprise the putative 14-3-3-binding
site, were purified from bacteria as a GST fusion protein and
used as a substrate in an in vitro kinase assay using purified
PKCp. A peptide derived from CREB (catalog number C50-58,
Signal Chem) was used as a positive control in these assays.
As shown in Fig. 5G, the GST-PGI1-300 fusion protein
was phosphorylated in vitro by PKCp, and the level of
phosphorylation increased markedly with an increase in
substrate concentration, in contrast with the results observed
with GST alone. These results suggest that PKCp regulates
localization of plakoglobin to the cell border, and plakoglobin
expression or stability.
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Fig. 5. The association of 14-3-3y with plakoglobin requires PKCp activity. (A,B) HCT116 cells were transfected with either MY C-epitope-tagged wild-type
plakoglobin (PG) or the S236A mutant of plakoglobin. 48 hours post transfection, protein extracts were incubated with GST or GST-14-3-3y followed by
western blotting with antibodies against MYC (A), or the cells were stained with antibodies against the MYC-epitope (B). Differential interference contrast
images for the fields are shown in the lower panels. (C,D) HCT116 cells were treated with either the vehicle control (DMSO), the pan-PKC inhibitor (Bisl), or the
PKCa- and PKCp-specific inhibitor (Go6976). Protein extracts from these cells were incubated with either GST or GST-14-3-3v, the reactions were resolved on
SDS-PAGE gels, and western blots were performed with the indicated antibodies (C). The cells were also stained with antibodies against plakoglobin (D).
(E,F) Protein extracts from vector control (Vec) or PKCp-knockdown cells (shPKCp) were resolved on SDS-PAGE gels, and western blots were performed
with the indicated antibodies. Note that there is a decrease in plakoglobin and desmoplakin (DP) levels upon PKCp knockdown, but no difference in PKP3
levels is observed. (F) Control cells and shPKCy cells were fixed and then stained with the indicated antibodies. (G) The PG1-300 construct, comprising the first
300 amino acids of plakoglobin, was produced in bacteria as a GST fusion protein, and kinase assays were performed using recombinant PKCp. GST
alone was used as a negative control in this assay. Different concentrations of the substrate are shown on the x-axis and enzyme activity is recorded on the y-
axis. The mean=s.d. is shown. Note that an increase in kinase activity is observed upon an increase in the concentration of PG1-300 but not with an increase in
the concentration of GST alone. Scale bars: 10 um (B); 5 um (D,F).
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KIF5B binds to 14-3-3y and is required for desmosome
assembly

A proteomic screen conducted in our laboratory identified the
kinesin 1 family member KIF5B (Cross and Carter, 2000) as a
potential ligand for 14-3-3y (data not shown). As kinesin motor
proteins are required for the transport of proteins to the cell
border (Cross and Carter, 2000) and have been shown to be
required for the transport of the desmosomal cadherins to the cell
border (Nekrasova et al., 2011), we hypothesized that plakoglobin
was transported to the border by KIF5B. To determine whether
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14-3-3y forms a complex with KIF5B, HCT116 cells were
transfected with either the vector control (pcDNA3) or
hemagglutinin (HA)-tagged 14-3-3y, and immunoprecipitation
reactions were performed using antibodies to the HA epitope. 14-
3-3y formed a complex with KIF5B, suggesting that 14-3-3y
might load plakoglobin onto KIF5B and lead to the transport of
plakoglobin to the cell border (Fig. 6A). To test this hypothesis,
KIF5B expression was stably downregulated using vector-driven
RNAI. Five clones (K1-K5) were isolated that showed a decrease
in KIFSB protein expression in comparison with the vector
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Fig. 6. KIF5B is required for the transport of plakoglobin to the cell border. (A) HCT116 cells were transfected with the vector control (pcDNA3) or HA-14-
3-3y and immunoprecipitations (IP) were performed with antibodies against the HA epitope. The reactions were resolved on SDS-PAGE gels, and then
western blots (WB) were performed with the indicated antibodies. (B) HCT116 cells were transfected with constructs expressing an shRNA targeting KIF5B.
Individual cell clones were expanded, and protein extracts from these clones were resolved on SDS-PAGE gels followed by western blotting with antibodies to
KIF5B. A western blot for actin was performed as a loading control. Note that the knockdown clones (K1-K5) have a lower level of KIF5B than the vector
control (Vec). A western blot for actin served as a loading control. (C) Vector control or the KIF5B-knockdown clones K3 and K5 were incubated with Mitotracker
Green FM. (D) Hanging-drop assays were performed to determine cell—cell adhesion. K3 and K5 formed fewer and smaller clumps in comparison with the
control cells. (E) Control, K3 and K5 cells were stained with antibodies against plakoglobin (PG), DSC2 and DSC3, DSG2, desmoplakin (DP) and PKP3 and the
intensity of the surface staining was quantified by using confocal microscopy. The total magnification was x630 with x2 optical zoom. Bars correspond to 5 uM.
(F) Protein extracts prepared from the control, K3 and K5 cells were resolved on SDS-PAGE gels and then analyzed by western blotting with the indicated
antibodies. Scale bars: 10 um (C); 5 uM (E).
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control cells (Fig. 6B). Loss of KIF5B led to a perinuclear
accumulation of mitochondria, as reported previously (Tanaka
et al, 1998) (Fig. 6C). Furthermore, hanging-drop assays
demonstrated that loss of KIF5B led to a decrease in cell—cell
adhesion in comparison with the control cells (Fig. 6D;
supplementary material Fig. S3B).

To determine whether the decrease in cell-cell adhesion that
was observed upon KIF5B knockdown was accompanied by a
decrease in the localization of the desmosomal proteins to the cell
borders, the control cells and the KIF5B knockdown clones K3
and K5 were stained with antibodies against components of
desmosomes or adherens junctions. Similar to that observed in the
sh14-3-3v cells, the levels of plakoglobin, PKP3, desmoplakin,
DSC2 and DSC3, and DSG2 substantially decreased at the border
in K3 and K5 KIF5B-knockdown cells — a phenotype similar to
that of the control cells (Fig. 6E,F). Intensity profiles for the
staining are shown in supplementary material Fig. S2. By
contrast, knockdown of KIF5B did not lead to a decrease in the
levels of E-cadherin, p120 catenin, o-E-catenin and B-catenin at
the cell border (supplementary material Fig. S3C,F,G). The
decrease in the levels of desmosomal proteins at the border was
not due to a decrease in protein expression levels, as indicated by
western blot analysis. In contrast with the results that were
observed for plakoglobin, PKP3 and desmoplakin, a large
increase in the levels of DSC2 and DSC3, and DSG2 were
observed in the kinesin-knockdown cells (Fig. 6F), although this
was not observed at the mRNA level (supplementary material
Fig. S3E). In cells that had been fixed with methanol, we
observed low levels of DSC2 and DSC3, and DSG2, in the
cytoplasm (Fig. 6E); however, fixation with paraformaldehyde
revealed high levels of DSC2 and DSC3, and DSG2, in the
cytoplasm (supplementary material Fig. S4E), suggesting that
these proteins accumulate in the cytoplasm upon loss of KIF5B.
PKP2 mRNA levels were not altered upon knockdown of kinesin
(supplementary material Fig. S3E).

Because kinesin motor proteins transport their cargo on
microtubules, we investigated whether disruption of the
microtubule network would lead to a decrease in the
concentration of plakoglobin at the cell border. Treatment with
nocodazole, but not the vehicle control, did indeed lead to a
decrease in the levels of plakoglobin at the border (supplementary
material Fig. S3D). To then determine whether complex
formation between KIF5B and plakoglobin is dependent upon
PKCl, protein extracts from Go6976- or DMSO-treated HCT116
cells were incubated with GST—14-3-3y. GST-14-3-3y formed a
complex with KIF5B under both conditions but did not interact
with plakoglobin in protein extracts from cells that had been
treated with Go6976 (Fig. 5C), indicating a requirement for
active PKCp for the association between plakoglobin and 14-3-3y
but not for the association between KIF5B and 14-3-37.

To further confirm the role of KIF5B in transporting
plakoglobin to the border, we determined whether a dominant-
negative KIF5B construct could inhibit transport of plakoglobin
to the cell border. The dominant-negative kinesin heavy chain
constructs used here have a point mutation in the ATPase domain
(see Materials and Methods), which results in an inability of the
proteins to move along the microtubules but preserves the ability
of kinesins to bind to cargo (Cross and Carter, 2000). Yellow
fluorescent protein (YFP)-tagged versions of wild-type and
dominant-negative (mutation T92N) KIFSB, or the GFP-tagged
wild-type and dominant-negative (mutation T107N) kinesin 2
family member KIF3A (Cross and Carter, 2000) constructs were
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transfected into HCT116 cells. After transfection, the cells were
stained with antibodies against plakoglobin and visualized by
using confocal microscopy. Cells that expressed wild-type YFP—
KIF5B showed border staining for plakoglobin. By contrast,
plakoglobin was not localized at the cell border in cells that
expressed dominant-negative YFP-KIF5B (Fig. 7A). Cells that
had been transfected with either of the KIF3A constructs showed
border staining for plakoglobin. Cells that had been transfected
with either of the dominant-negative constructs had round edges
and showed a morphology that was different from that of cells
that had been transfected with either of the wild-type constructs,
presumably because overexpression of the dominant-negative
constructs affects other cellular processes, such as microtubule
organization (Silver and Harrison, 2011). However, despite the
change in morphology, only the cells that had been transfected
with the dominant-negative KIF5B construct, and not those
transfected with the dominant-negative KIF3A construct, showed
a disruption of plakoglobin localization (Fig. 7A). These results
suggest that KIF5B specifically is required for transport of
plakoglobin to the border.

Kinesin motor proteins are heterodimers that consist of two
heavy chains and two light chains (Cross and Carter, 2000).
KIF5B associates with two different kinesin light chains (KLCs)
— KLC1 and KLC2 (Verhey and Hammond, 2009). To determine
which of these is required for plakoglobin transport to the cell
border, bacterially produced GST-tagged KLC1 and KLC2 were
incubated with protein extracts that had been prepared from
HCT116 cells, and the reactions were resolved on SDS-PAGE
gels followed by western blotting with antibodies against
plakoglobin, KIF5B and 14-3-3y. Both KLCI and KLC2
formed a complex with KIF5B; however, only KLC1 could
form a complex with both plakoglobin and 14-3-3y (Fig. 7B).
KLCs contain a coiled-coiled domain, which is required for
complex formation with the kinesin heavy chain, and a cargo-
binding domain [which comprises tetratricopeptide repeats
(TPRs)] (Verhey and Hammond, 2009) (Fig. 7C). To determine
whether the coiled-coiled domain of KLC1 could form a complex
with plakoglobin, protein extracts from HCT116 cells were
incubated with either GST-KLC1 or the GST-tagged coiled-
coiled domain of KLC1. GST-KLCI could form a complex with
KIF5B, plakoglobin and 14-3-3y, whereas the coiled-coiled
domain bound to KIF5B but not to plakoglobin and 14-3-3y
(Fig. 7D). Therefore, the coiled-coiled domain of KLC1 might be
acting as a dominant-negative mutant because it should bind to
the heavy chain but fail to form a complex with plakoglobin and
14-3-37. To test this hypothesis, HCT116 cells were transfected
with either GFP-KLCI1 or the GFP-tagged KLCI1 coiled-coiled
domain only and stained with antibodies against plakoglobin.
Overexpression of the KLC1 coiled-coiled domain disrupted the
transport of plakoglobin to the cell border, whereas cells that
expressed the wild-type protein did not show any alteration in
plakoglobin localization (Fig. 7E). These results suggest that the
KIFSB-KLC1 complex is required for the transport of
plakoglobin to the cell border.

Loss of KIF5B leads to sterility in male mice

The results described above suggest that 14-3-3y and KIF5B are
required for desmosome formation in epithelial cells. To determine
whether loss of KIF5B leads to a decrease in cell—ell adhesion in
the seminiferous epithelium, KIF5B expression was inhibited in
the testis, as described previously (Sehgal et al., 2011). Loss of
KIF5B in the testis led to a phenotype similar to that observed for
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Fig. 7. Dominant-negative mutants of KIF5B and KLC1 inhibit plakoglobin transport to the border. (A) HCT116 cells were transfected with kinesin heavy
chain constructs (KHC) — YFP-tagged wild-type (WT) or dominant-negative (T92N) KIF5B, or GFP-tagged wild-type or dominant-negative (T107N) KIF3A.
Post transfection, the cells were fixed and stained with antibodies against plakoglobin (PG). (B) Protein extracts from HCT116 cells were incubated with
GST alone or GST-KLC1 or GST-KLC2. The reactions were resolved on SDS-PAGE gels followed by western blotting with the indicated antibodies.

(C) The KLC1 mutant KLC1-CC comprises only the coiled-coiled domain and not the tetracopeptide repeat domain (TPR). (D) Protein extracts from

HCT116 cells were incubated with GST alone, wild-type GST-KLC1 and GST-KLC1-CC. The reactions were resolved on SDS-PAGE gels followed by western
blotting with the indicated antibodies. (E) GFP-KLC1 or GFP—-KLC1-CC were transfected into HCT116 cells. Forty-eight hours post transfection, the cells were
fixed and then stained with antibodies against plakoglobin. The nuclei were stained with DAPI. Total magnification is x630 with x2 optical zoom. Scale bars:

5 uM.

the loss of 14-3-3y (Fig. 8A—C), suggesting that both KIFSB and
14-3-3y are independently required to regulate cell-cell adhesion
in the testis. Importantly, an immunohistochemical analysis
demonstrated that loss of either KIF5B or 14-3-3y did not lead to
a decrease in the levels of the other protein (Fig. 8B). Loss of 14-3-
3¢ did not lead to a decrease in cell-cell adhesion and
spermatogenesis, suggesting that the effects observed upon
knockdown of 14-3-3y are specific to 14-3-3y (Fig. 8A,B), a
result that is consistent with those observed in HCT116 cells
(Fig. 2). In addition, loss of either 14-3-3y or KIF5B led to a
detachment of the cells from the basal lamina. To determine
whether the detachment of the primary germ cells and the Sertoli
cells from the basal lamina led to an increase in cell death, the testis
sections were stained using a TUNEL staining kit. As shown in
supplementary material Fig. S1A, treatment of the positive-control
sections with DNase resulted in a strong positive signal in the
TUNEL assay. Testis sections from mice that had been injected
with the 14-3-3y-knockdown construct showed low levels of
TUNEL positivity in comparison with testis sections from the
control or KIF5B-knockdown mice. Given that the testis
morphology of the KIF5B-knockdown mice and the 14-3-3v-
knockdown mice was very similar, it is likely that the loss of cell—
matrix adhesion does not lead to cell death, which is consistent

with our results in the cell line model. These results suggest that
cell—cell adhesion in the testis requires both 14-3-3y and KIF5B
and that loss of either protein leads to defects in cell—cell adhesion.

To determine whether desmosome organization was altered in
the 14-3-3y- and KIF5B-knockdown testis, testis sections were
stained with antibodies against plakoglobin, PKP3, DSC2 and
DSC3, N-cadherin and E-cadherin. Plakoglobin, PKP3 and DSC2
and DSC3 localized to the border in testis that had been injected
with the control virus; however, the levels of these proteins at the
cell border were greatly diminished in the 14-3-3y- and KIF5B-
knockdown testis (Fig. 8D). By contrast, there was no change in
E-cadherin localization in the 14-3-3y- and KIF5B-knockdown
testis in comparison with testis sections that had been injected
with the vector control, a phenotype similar to that observed in
HCT116 cells in culture. In contrast with the results obtained for
E-cadherin, it was observed that N-cadherin localized to the
border in the vector control and 14-3-3y-knockdown testis but not
in the KIFS5B-knockdown testis (Fig. 8D). These results are
consistent with our observations that the KIFSB-knockdown testis
showed a more severe adhesion phenotype than the 14-3-3y-
knockdown testis and that KIFSB might be required for the
transport of other cell—cell adhesion molecules to the border, in
addition to desmosomal proteins. Overall, our results suggest that
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Fig. 8. See next page for legend.
14-3-3vy and KIF5B are required for the formation of desmosomes
in vivo.

DISCUSSION
Our results suggest that 14-3-3y and the KIFSB-KLCI complex
are required for the transport of plakoglobin to cell borders in
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human cell lines and in the mouse testis, and disruption of this
interaction with 14-3-3y leads to a defect in the localization of
plakoglobin. In addition, loss of 14-3-3y leads to a disruption of
cell-matrix adhesion, which might affect cell—cell adhesion in
vitro and in vivo. The association of plakoglobin with 14-3-37,
and the transport of plakoglobin to the border is dependent on
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Fig. 8. Loss of KIF5B and 14-3-3y in the testis leads to a disruption of
desmosome formation and sterility. (A-D) Lentiviruses encoding the
vector control or shRNAs targeting 14-3-3¢, 14-3-3y or KIF5B were injected
into the testes of Swiss mice (sh14-3-3¢, sh14-3-3y and shKIF5B,
respectively). 35 days post-injection the mice were killed, sections of the
epididymis and testes were stained with hematoxylin and eosin and
examined by using microscopy (A). Immunohistochemical analysis using
antibodies against the different proteins that were knocked down
demonstrated that the expression of 14-3-3¢, 14-3-3y and KIF5B is inhibited
in the testis that had been injected with the appropriate lentivirus (B). The
percentage of epididymal vesicles that showed the presence of mature
spermatozoa in three different animals was determined and the means+s.d.
are shown. (C) Testis sections were stained with antibodies against
plakoglobin (PG), plakophilin 3 (PKP3), desmocollins (DSC)2 and DSC3, N-
cadherin and E-cadherin. (D) The total magnification was x630 with x2
optical zoom. The inset images show a higher magnification of the cells to
demonstrate border localization. (E) Desmosome assembly based on the
experimental findings presented here. (1) PKCp phosphorylates plakoglobin,
thereby, allowing association with 14-3-3y and resulting in the loading of
plakoglobin onto the KIF5B—KLC1 complex. (2) The motor protein complex
containing plakoglobin moves along microtubules (3) resulting in
desmosome assembly at the border (4). TGN, trans-Golgi network. Scale
bars: 20 um (B); 10 um (C).

PKCp activity; thus, loss of either 14-3-3y or KIF5B inhibits
plakoglobin transport, resulting in a decrease in desmosome
formation and cell—cell adhesion in HCT116 cells and the testis,
leading to male sterility. The decrease in the levels of N-cadherin
at cell borders in KIF5B-knockdown testis resulted in a more
drastic phenotype in these animals than in those that had been
subjected to knockdown of 14-3-3vy, suggesting that N-cadherin is
required for cell—cell adhesion in the testis as previously reported
(Andersson et al., 1994; Lee et al., 2003).

Previous results have shown that loss of plakoglobin leads to
the depletion of desmosomal proteins from the cell border and to
defects in desmosome formation (Acehan et al., 2008; Gosavi
et al., 2011; Knudsen and Wheelock, 1992; Lewis et al., 1997).
Although the presence of a classical cadherin seems to be
required for plakoglobin recruitment to the cell border (Michels
et al.,, 2009; Tinkle et al., 2008), the mechanisms by which
plakoglobin is transported have not been identified. The results
presented here suggest that phosphorylation of plakoglobin by
PKCp at residue S236 leads to the generation of a binding site for
14-3-3y, and that 14-3-3y is required for the transport of
plakoglobin to the cell border in order to initiate desmosome
formation, presumably in a complex with a classical cadherin
(Michels et al., 2009; Tinkle et al., 2008). 14-3-3y might be
required to load plakoglobin onto the KIFSB-KLCI1 complex,
which precedes the transport of plakoglobin on microtubules
(Fig. 8E). This is consistent with previous observations that
showed that PKCp localizes to the Golgi complex (Hausser et al.,
2002; Prestle et al., 1996) and is required for the fission of
vesicles carrying cargo to the cell border (Liljedahl et al., 2001).
A 14-3-3v dimer is required for carrier formation at the Golgi
complex along with PKCp (Valente et al., 2012), suggesting that
the loss of 14-3-3y could disrupt desmosome formation owing to
defects in plakoglobin transport.

The treatment of cells with an inhibitor that inactivates both
PKCa and PKCp led to a decrease in the localization of
plakoglobin at cell borders and abolished complex formation
between plakoglobin and 14-3-3y. However, treatment with the
inhibitor does not inhibit the interaction between 14-3-3y and
other desmosomal proteins or KIFSB. These results suggest that
phosphorylation of plakoglobin by PKCp is required for complex
formation between plakoglobin and 14-3-3y and the loading of

plakoglobin onto KIF5B, which is essential for the transport of
plakoglobin. Alternatively, it is possible that plakoglobin,
desmoplakin and PKP3 are transported independently to the
border and that the absence of plakoglobin at the border prevents
the formation of a functional desmosome. Furthermore, it was
observed that loss of plakoglobin did not affect the localization of
DSC2 and DSC3, and DSG2 to cell borders, unlike the loss of 14-
3-3y or KIF5B. This might be because 14-3-3vy is required for the
localization of PKP3, desmoplakin and plakoglobin; therefore,
the defects in the localization of the desmosomal cadherins that is
observed upon 14-3-3y loss are not observed upon plakoglobin
loss. Plakoglobin is probably required to stabilize and maintain
the organization of the desmosome, which is why loss of
plakoglobin leads to a decrease in cell—cell adhesion in these cells
as previously reported (Gosavi et al.,, 2011). PKCp was also
shown to directly phosphorylate a peptide comprising the first
300 amino acids in plakoglobin, which contains the S236 residue,
consistent with the notion that S236 serves as site for
phosphorylation by PKCp. This does not exclude the possibility
that PKCp phosphorylates other residues in plakoglobin and
might provide an explanation for the observation that plakoglobin
protein levels decreased when PKCp expression was inhibited. It
is possible that PKCp regulates other aspects of plakoglobin
function that are not limited to the transport of plakoglobin to the
cell border, such as the retention of plakoglobin at the border or
the stability of the plakoglobin protein.

In the absence of KIF5B, or upon expression of a dominant-
negative KIF5B construct, plakoglobin does not localize to the
cell border, leading to a decrease in the recruitment of other
components of the desmosome, as previously reported (Gosavi
et al., 2011; Lewis et al., 1997). Previous experiments have
suggested that inhibiting KIF5B expression does not affect the
localization of plakoglobin to the border in SCC9 cells
(Nekrasova et al., 2011). Our results, however, suggest that loss
of KIF5B in HCT116 cells and the testis results in an inhibition of
plakoglobin transport to the border. Consistent with the results
reported by Nekrasova and colleagues (Nekrasova et al., 2011),
we did not observe any defects in plakoglobin localization
upon expression of a dominant-negative KIF3A mutant. The
discrepancy in these two reports might be due to the use of
different cell types; other kinesin-family members could regulate
plakoglobin transport in SCC9 cells in the absence of KIF5B.
Similarly, Pasdar and colleagues have reported that a microtubule
network is not essential for desmosome formation (Pasdar et al.,
1991); however, the results from this report and others suggest
that the transport of desmosomal components to the border is
dependent on an intact microtubule network (Gloushankova et al.,
2003; Nekrasova et al., 2011). This is consistent with reports that
suggest that desmosome organization, function and composition
vary in different cell types (reviewed in Cross and Carter, 2000;
Garrod and Chidgey, 2007; Getsios et al., 2004; Green and
Gaudry, 2000; Hatzfeld, 2007) and with the observations that loss
of the different desmosomal components in the mouse leads to a
vast variety of phenotypes (Chidgey et al., 2001; Gallicano et al.,
1998; Grossmann et al., 2004; Koch et al., 1997; Lechler and
Fuchs, 2007; Ruiz et al., 1996; Sklyarova et al., 2008; Vasioukhin
et al., 2001).

Although 14-3-3y seems to be required for the transport of
plakoglobin, it might also be required for the transport of PKP3
and desmoplakin to the cell border in a manner that is
independent of plakoglobin transport. This is consistent with
our observation that inhibition of both PKCa and PKCp did not
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lead to the disruption of the interaction between 14-3-3vy and
desmoplakin or PKP3. The transport of DSG2 to the border is
dependent on KIF5B, whereas the transport of DSC2 requires
KIF3A and PKP2 (Nekrasova et al., 2011). Our results suggest
that plakoglobin transport to the border is dependent on KIF5B,
but not KIF3A, suggesting that the transport of desmosomal
cadherins and plaque proteins to the border occurs through
independent microtubule-dependent pathways. Alternatively,
because 14-3-3 proteins bind to their ligands as dimers, with
each member of the dimer forming a complex with a phospho-
peptide (Brunet et al., 2002; Yaffe et al., 1997), it is possible that
14-3-3y bridges interactions between the different desmosomal
plaque proteins, thereby allowing the formation of an intact
desmosome, as previously postulated by Bonné and colleagues
(Bonné et al., 2003). The only argument against this hypothesis is
that, according to our study, 14-3-3y does not localize to the
desmosome (Fig. 4A). In fact, the lack of any colocalization
between 14-3-3y and plakoglobin suggests that any function that
14-3-3y performs, with respect to plakoglobin localization, is
transient in nature; therefore, we favor the hypothesis that 14-3-
3y is required for loading plakoglobin onto the KIFSB-KLCI1
complex.

In contrast with the results reported here, previous work has
suggested that 14-3-3y-knockout mice are viable, and no
adhesion or sterility defects have been reported in these mice
(Steinacker et al., 2005). Plakoglobin-knockout mice die during
embryogenesis owing to cardiac defects arising as a result of
decreased desmosome formation, and, as these mice die before
the testis is formed, no information is available on the effects of
loss of plakoglobin in the testis (Ruiz et al., 1996). Taken
together, these previously published reports suggest that the
functions of plakoglobin that are required for desmosome
formation are not altered in the 14-3-3y™'~ mice. Our results
indicate that 14-3-3y regulates desmosome formation in multiple
cell types, as loss of 14-3-3v in HCT116 cells, which are derived
from the colon, and in the seminiferous epithelium leads to a
decrease in cell—cell adhesion and in desmosome formation. Our
results are also consistent with the previously reported role of 14-
3-3v in the transport of proteins from the Golgi complex to the
cell border (Valente et al., 2012). One reason for the differences
in these results and those reported by Steinacker and colleagues
(Steinacker et al., 2005) could be that another 14-3-3 family
member binds to plakoglobin and stimulates desmosome
formation in the 14-3-3y~'~ mice, and that this compensation
is not observed upon shRNA-mediated knockdown in the testis.
Another possibility is that these are strain-specific variations that
are due to differences in the genetic background of the mice used
in the two studies. The generation of an inducible knockdown of
14-3-3y, in either the Swiss mice used in this study or in other
mouse strains, could help determine whether loss of 14-3-3vy leads
to defects in desmosome formation and cell—cell adhesion in
other tissues and not just in the testis.

The results described above point to the following model. 14-3-
37y binds to plakoglobin that has been phosphorylated at residue
S236 by PKCp and loads plakoglobin onto the KIFSB—KLCI1
complex for transport to the cell border (Fig. 8E). Loss of either
14-3-3y or KIF5B, or the dominant-negative versions of KIF5B
and KLCI, inhibit the transport of plakoglobin to the border.
Because 14-3-3y forms a complex with PKP3 and desmoplakin,
loss of 14-3-3v might also lead to defects in transport of these
proteins to the border. As loss of plakoglobin does not
substantially affect the localization of the cadherins to the
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border, it is possible that loss of plakoglobin leads to a defect in
cadherin retention or the formation of an intact desmosome at the
border in the absence of 14-3-3y. Furthermore, loss of KIF5B in
the testis led to sterility and a decrease in desmosome formation.
This is consistent with previously reported results that showed
that disruption of cell—cell adhesion (Cheng and Mruk, 2002) and
desmosome-like junction formation in the testis leads to an
increase in sterility (Li et al., 2009; Lie et al., 2010).

To conclude, 14-3-3y and the KIFSB—KLCI complex are
required for regulating the transport of plakoglobin to the cell
border. A decrease in 14-3-3y levels leads to a decrease in
desmosome formation and the recruitment of other desmosomal
proteins to the border. 14-3-3y might be required to maintain
cell—cell adhesion in multiple tissues; however, this can only be
confirmed by additional experiments in vivo.

MATERIALS AND METHODS

Animals

Swiss mice Crl:CFW(SW) were bred and maintained in the laboratory
animal facility of the Advanced Centre for Treatment Research and
Education in Cancer (ACTREC). Protocols for the experiments were
approved by the Institutional Animal Ethics Committee of ACTREC. The
animal study proposal number is 11/2008 dated August 19, 2008. The
testis injections were performed as previously described (Sehgal et al.,
2011).

Plasmids

Details of the oligonucleotides used in this study are available in
supplementary material Table S1. The GST-14-3-3y, HA-epitope-tagged
14-3-3y and shRNA-resistant GFP-14-3-3y constructs have been
previously described (Hosing et al., 2008). Site-directed mutagenesis
(Stratagene) was used to generate the MYC—PG-S236A construct. The
full-length KLC1 and KLC2 cDNA (Rahman et al., 1998), KLC-1
deletion (GST-KLC1 WT, GST-KLCI-CC and GST-KLCI-TPR)
(Aoyama et al., 2009), GFP-KIF3A (Haraguchi et al., 2006), wild-type
YFP—KIF5B (Gu et al., 2006), dominant-negative kinesin (GFP-KIF3A-
T107N and YFP-KIF5B-T92N) (Wiesner et al., 2010), wild-type GFP—
KLC1 and the GFP-tagged KLC1 coiled-coiled domain (Araki et al.,
2007) constructs have been described previously. To generate the
shRNA constructs against KIF5B and PKCp, oligonucleotide pairs
(supplementary material Table S1) were ligated into the pLKO.1 Puro or
pLKO.1 EGFP-f Puro vectors as described previously (Sehgal et al.,
2011). GST-PG1-300 was generated by amplifying the first 300 amino
acids of plakoglobin (supplementary material Table S1) and cloning the
fragment into the pGEX4T1 vector (Amersham).

Cell lines and transfections

The HCT116 (American Type Culture Collection) and the HCT116-
derived stable cell lines were cultured as described previously (Hosing
et al., 2008). To generate the KIF5B-knockdown clones in the HCT116
cell line, the cells were transfected with 1 pug of the shRNA constructs
that targeted human KIF5B. Sixty hours post transfection, the cells were
transferred to medium that contained 0.5 pg/ml of puromycin (Sigma) to
generate single-cell clones. The clones K3 and K5 were used for the
indicated experiments. The HCT116-derived plakoglobin-knockdown
clones have been described previously (Gosavi et al., 2011).

Antibodies and western blotting

The antibodies against PKP3, both DSC2 and DSC3, DSG2, plakoglobin,
desmoplakin, K8 (keratin 8), actin, E-cadherin, 3-catenin and a-E-catenin
were used in western blots as previously described (Gosavi et al., 2011;
Khapare et al., 2012; Kundu et al., 2008). Tissue culture supernatants of
the antibodies against HA (12CAS5), 14-3-3y (CG31) and 14-3-3c
(CS112) were used at a dilution of 1:50. The antibodies against 14-3-3¢
(T-16, Santa Cruz, dilution of 1:2000), p120 catenin (mouse monoclonal
from BD Transductions, catalog number 610134, dilution of 1:1000) and
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PKCp (rabbit monoclonal obtained from Abcam, catalog number 3146-1,
dilution of 1:500) were used for western blot analysis. The secondary
antibodies against mouse and rabbit IgGs were conjugated to horseradish
peroxidase and used at a dilution of 1:1000 (Invitrogen) and 1:5000
(Pierce), respectively.

Immunofluorescence and calcium-switch assays

The cells were cultured on chromic-acid-treated, poly-L-lysine-coated
glass coverslips at a confluence of 70—80%. Before fixation, the cells
were carefully washed twice with 1x PBS. HCT116-derived clones were
fixed in absolute methanol for 10 minutes at —20°C to detect o-tubulin,
KIF5B, PKP2, Par3, ZO1, P-cadherin, desmoplakin, plakoglobin, DSC2
and DSC3, DSG2, E-cadherin and PKP3. In some experiments, cells
were fixed in 4% paraformaldehyde and permeabilized with Triton X-100
as described previously (Gosavi et al.,, 2011). The antibodies against
PKP3, both DSC2 and DSC3, DSG2, plakoglobin, desmoplakin, K8,
actin, E-cadherin, B-catenin, ZO-1 and o-E-catenin were used in
immunofluorescence analysis as described previously (Gosavi et al.,
2011; Khapare et al., 2012; Kundu et al., 2008). Antibodies against PKP2
(BD Clontech, dilution 1:25), KIFSB (Abcam, dilution 1:100), a-tubulin
(Abcam, dilution 1:150), Par3 (Millipore, dilution 1:50), ZO-1 (Abcam,
dilution 1:100), P-cadherin (BD Transduction Laboratories, dilution
1:100), HA (12CAS5, supernatant), pl20 catenin (BD Transductions,
dilution 1:100), N-cadherin (Life Technologies, catalog number 33-3900,
dilution 1:50), a-E-catenin (Santa Cruz Biotechnology, dilution 1:25) 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 at the indicated dilutions as described previously
(Gosavi et al., 2011). To stain mitochondria, Mitotracker Green FM
(Invitrogen) was used at a concentration of 100 nM to stain live cells.
Confocal images were obtained by using a LSM 510 Meta Carl Zeiss
confocal system with argon 488-nm and HeNe 543-nm lasers. All images
were obtained by using an Axio Observer Z.1 microscope (numerical
aperture 1.4) at a magnification of x630 (x63 objective and x10
eyepiece) with a x2 or x4 optical zoom. The surface intensity of staining
was measured for the different proteins in a minimum of 24 cells using
the Axiovision software, and the mean and standard deviation were
plotted.

Hanging-drop assays
Hanging-drop assays were used to measure cell adhesion as described
previously (Kundu et al., 2008).

GST-pulldown and immunoprecipitation assays
These assays were performed as described previously (Dalal et al., 1999).

GST-plakoglobin production and kinase assays

GST alone or GST-PG1-300 was purified from bacteria as described
previously (Dalal et al., 2004). The purified proteins were used in kinase
assays with recombinant PKCpi and a peptide that had been derived from
CREB as a positive control (Signal Chem). Kinase activity was
determined by using the ADP glow assay kit (Promega) according to
the manufacturer’s instructions.

Histology and immunohistochemistry

Mouse testes were fixed in 10% formaldehyde overnight and processed
for histology as described previously (Kundu et al., 2008). TUNEL
assays were performed as per the manufacturer’s instructions (Promega).

Electron microscopy

Wild-type and 14-3-3y-knockdown testes were fixed with 3%
glutaraldehyde and post-fixed with 1% osmium tetraoxide (Tedpella).
Grids were contrasted with alcoholic uranyl acetate for 1 minute and lead
citrate for 30 seconds. The grids were observed under a Carl Zeiss
LIBRA120 EFTEM transmission electron microscope at an accelerating
voltage of 120 kV and at x325,000 magnification. Images were captured
using a Slow Scan CCD camera (TRS, Germany).

Statistical Analysis
All P-values were generated using a Student’s t-test.
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Supplementary Figure 1. 14-3-3y loss leads to decreased cell-cell adhesion and no
changes in other junctional components. A. Vector control (Vec), 14-3-3y knockdown
(sh 14-3-3y) and KIF5B knockdown (sh KIF5B) testis sections were assayed for cell
death by performing terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays. Note that although some TUNEL-positive cells were observed in the
sh14-3-3y testis, no staining was observed in the Vec or the shKIF5B sections. B. The
Vec or sh 14-3-3y cells were incubated with extra cellular matrix (ECM) substrates and a
cel-ECM adhesion assay was performed. The mean and standard deviation were plotted
on the y—axis. Note that adhesion was decreased on all substrates. The p value was
calculated using a students t-test and was <0.05 suggesting that cell ECM adhesion was
significantly reduced in sh14-3-3y cells as compared to the vector control. C. Vec and
plakoglobin (PG) knockdown cells (sh PG) were stained with antibodies to DSC2/3 and
DSG2 followed by confocal microscopy. The border staining of these proteins was not
altered in the shPG cells as compared with the Vec cells. D. Vec and sh14-3-3y cells
were stained with antibodies to E-cadherin, P-cadherin, B-catenin, ZO-1 o-E-catenin,
p120 catenin and Par-3 followed by confocal microscopy. The border staining of these
proteins was not altered in the sh14-3-3y cells as compared to the vector control. E. The
border intensity was measured for at least 20 cells in three different experiments. The
mean and standard deviation are plotted. Total magnification is 630X with 2X optical
zoom. P-values obtained using Student’s t test. A p value of <0.05 was considered
significant.

Supplementary Figure 2. Intensity profiles for desmosome proteins in the 14-3-3y

and KIFS5B knockdown cells. The vector control (Vec), 14-3-3y knockdown cells (sh



14-3-3y) and KIF5B knockdown cells (K3 and K5) were stained with the indicated
antibodies and the intensity profiles were determined. Note that the desmosomal proteins
show higher intensity at the cell border in the 14-3-3y and KIF5B knockdown cells than
do the Vec cells. No change was observed in the intensity of adherens junction proteins at
the cell border.

Suppleme ntary Figure 3. Plakoglobin (PG) border localization is dependent on 14-3-
3y and KIF5B. A. Identification of a 14-3-3 binding site and potential PKCp site in PG
using motif scan. B. Hanging drop assays were performed to determine cell-cell
adhesion. The K3 and K5 KIF5B KD cells formed fewer and smaller clumps as
compared to the Vec cells. C. Vec, K3 and K5 cells were stained with antibodies to PG
and B-catenin. Note that although PG is not localized to the border in K3 and K5, B-
catenin localization to the border is not altered in K3 and K5 cells suggesting that KIF5B
is required for transport of PG to the cell border. D. HCT116 cells were cultured in low
calcium medium and then incubated in the presence or absence of Nocodazole (NOC).
The cells were stained with antibodies to PG and visualized by confocal microscopy.
Staining was quantified and mean and standard deviation for border staining were
calculated in three independent experiments and plotted as shown. The p value was
calculated using a students t-test and was <0.05 suggesting that PG border staining was
significantly reduced upon treatment with nocodazole. Total magnification is 630X with
2X optical zoom. E. mRNA was prepared from the Vec and KIF5B knockdown cells (K3
and K5) and converted to cDNA; PCR reactions were performed with oligonucleotide
pairs specific for the indicated genes. Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) served as a loading control. F. Vec, K3 and K5 cells were stained with the



indicated antibodies followed by confocal microscopy. Note that the localization of the
adherens junction proteins is not altered upon KIF5B knockdown. G. Protein extracts
were prepared from Vec, K3 and K5 cells and were resolved on SDS-PAGE gels
followed by Western blotting with the indicated antibodies. A Western blot for actin was
performed as a loading control. Note that the levels of these proteins are not altered upon
KIF5B knockdown.

Suppleme ntary Figure 4. Localization of desmosomal proteins in cells lacking 14-3-
36 or upon KIF5B or 14-3-3y knockdown. A. Protein lysates were prepared from
HCT116 cells either with both copies (14-3-3c +/+) or without both copies (14-3-3c -/-)
of the 14-3-30 gene. The lysates were resolved on SDS-PAGE gels and Western blot
analysis performed with the indicated antibodies. Note the decrease in PG levels
observed in the 14-3-3c -/- cells. Actin was used as a loading control. B. Hanging drop
assays were performed to measure cell-cell adhesion. C. The 14-3-36 +/+ and 14-3-3c -/-
cells were stained with antibodies to PG followed by confocal microscopy. Bars
correspond to 5 uM. D. NP40 soluble (S) and insoluble (I) extracts prepared from Vec or
sh 14-3-3y cells were resolved on SDS-PAGE gels and Western blots performed with the
indicated antibodies. Please note that the increase in cytoplasmic localization of the
desmosomal cadherins is not associated with an increase in solubility. Western blots for
keratin and actin were performed as controls. E. Cells were fixed with paraformaldehyde
and stained with the indicated antibodies. Please note that DSG2 and DSC2/3 localize to
the cytoplasm in cells lacking 14-3-3y or KIF5B as compared with the negative control.

Bars correspond to Spum.



Name Targeting sequence

14-3-3y ShRNA a | CCGGACTATTACCGTTACCTGGCAGTTCTCGCCAGGTA

ACGGTAATAGTCCTTTTITTG

14-3-3y SARNAb | AATTCAAAAAAGGACTATTACCGTTACCTGGCGAGAAC
TGCCAGGTAACGGTAATAGT

KIF5B shRN A a CCGGAACTTCATGATCCAGAAGGCTCGAGCCTTCTGGA
TCATGAAGTTTTTTTG

KIF5B shRNA a AATTCAAAAAAACTTCATGATCCAGAAGGCTCGAGCCT
TCTGGATCATGAAGTT

14-3-3y Fwd Mus | GGGATCCATGGTGGACCGCGAGCAAC

musculus)

14-3-3y Rev Mus | GCTCGAGTTAGTTGTTGCCTTCACCG

musculus)

PG S236A F GTCCGCATGCTCGCCTCCCCTGTGGAG

PG S236A R CTCCACAGGGGAGGCGAGCATGCGGAC

PGF GGATCCATGGAGGTGATGAACC

PGR CTCGAGCTAGGCCAGCATGTGGTC

PKCp shRNA a CCGGCCATTGATCTTATCAATAACTCGAGTTATTGATA
AGATCAATGGTTTTTG

PKCu shRNA b AATTCAAAAACCATTGATCTTATCAATAACTCGAGTTA
TTGATAAGATCAATGG

GAPDH RT 5’ TGCACCACCAACTGCTTAGC

GAPDH RT 3’ GGCATGGACTGTGGTCATGAG

Desmoglein 2 RT | TACGCCCTGCTGCTTCTCC
57

Desmoglein 2 RT | TCTCCCTCCCGAAGAGCCACG
37

Desmocollin 2 RT | GTTTTACTCAGCCCCGTCTTG
57

Desmocollin 2 RT | GCCCATCTTCTICTTGTCGT
33

PKP2 RT 5’ AGGTTTGCTGTGGAATTTGTC

PKP2 RT 3° CGCCAGCAGAACTCATGTTT

PG5’ 1-300 aaGGATCCATGGAGGTGATGAACCTGATGGAG
PG 3’ 1-300 aaCTCGAGCTGGTTGCCGTAGGCCAG

Supplementary Table 1. List of oligonucleotides used for cloning and Reverse

Transcriptase PCR reactions.
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Desmosomes are cell-cell adhesion junctions that anchor intermediate filaments. Loss of 14-3-3y in
HCT116 cells led to defects in desmosome assembly due to a decrease in the transport of Plakoglobin (PG)
to the cell border thus disrupting desmosome formation. Desmosome formation in cells lacking 14-3-3y
was restored by artificially localizing PG to the cell border by fusing it to EGFP-f (PG-EGFP-f). These
results suggest that a major role of 14-3-3y in desmosome assembly is to transport PG to the cell border
leading to the initiation of desmosome formation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The 14-3-3 proteins are highly conserved in all eukaryotes
(reviewed in Ref. [1]) and regulate multiple cellular pathways in
eukaryotic cells [1-3]. 14-3-3 proteins bind to ligands containing a
phospho-serine or threonine residue in one of two consensus
motifs and bind to their ligands as either homo or heterodimers,
with each monomer binding to one phospho-peptide [4,5] or
through the phosphorylation independent mode III motif [6].

Desmosomes are adherens like cell-cell adhesion junctions
present in all epithelial tissues [7] and are composed of three
protein families, the desmosomal cadherins, desmogleins (DSGs)
and desmocollins (DSCs), the armadillo repeat containing proteins,
plakoglobin (PG) and plakophilins (PKPs) and plakin family pro-
teins such as desmoplakin (DP) [8]. Defects in desmosome function
lead to skin and heart disorders such as epidermolysis bullosa,
ectodermal dysplasia, keratosis, keratoderma, woolly hair, and
arrhythmogenic right ventricular cardiomyopathy [9—14]. Auto-
antibodies to desmosomal proteins disrupt desmosome structure
leading to autoimmune disorders such as pemphigus vulgaris and
pemphigus foliaceus [15—17]. Disruption of desmosome function
due to loss of desmosomal proteins is associated with tumor
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Education in Cancer (ACTREC), Tata Memorial Centre, Kharghar Node, Navi Mumbai
410210, India.

E-mail address: sdalal@actrec.gov.in (S.N. Dalal).
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progression and metastasis [18—23].

The localization of PG to the cell border is a prerequisite for
desmosome formation partially due to a decrease in the levels of
PKPs and DP at the cell border [24,25]. PG knockout mice die at
embryonic day 10.5 due to the defects in the development of heart,
associated with thin heart wall and defects in epidermal desmo-
some organization [26]. These results suggest that the recruitment
of PKP3 to the border by PG is an important step in the initiation of
desmosome formation. Previous results from this laboratory have
demonstrated that loss of 14-3-3v led to a decrease in the levels of
PG at the cell border leading to defects in desmosome assembly in
cell lines in culture and in the seminiferous epithelium in mice [27].
To demonstrate that the only role of 14-3-3y in desmosome for-
mation is the transport of PG to the border, PG was artificially
localized to the cell border by fusing it to farnesylated GFP (PG-
EGFP-f). Cells expressing PG-EGFP-f showed an increased localiza-
tion of DP, DSG2 and PKP3 at the cell border which was accompa-
nied by an increase in cell-cell adhesion. These results suggest that
the defects in desmosome formation observed upon 14-3-3vy loss
are due to defects in PG transport.

2. Materials and methods

2.1. Plasmids and constructs

All plasmids used in this report are described in Supplementary
materials and methods.
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2.2. Cell lines and transfections

HCT116 is an epithelial cell line isolated from human colorectal
carcinoma. The HCT116 derived knockdown cell lines were cultured
as described previously [22,25,27,28]. 2.5 ug of the EGFP-f or PG-
EGFP-f or EGFP or PG-EGFP cDNA was transfected into either the
14-3-3y or PG or PKP3 knockdown cells using Polyethyleneimine
(Polysciences, Inc.). 48 h post transfection cells were harvested for
Western blotting or fixed for immunofluorescence assays as
described below.

2.3. Antibodies and western blotting

Protein extracts were prepared in SDS sample buffer and protein
estimations were performed as described previously [22,25,27].
Details of the antibodies used in this study are in supplementary
materials and methods.

2.4. Immunofluorescence and confocal microscopy

Transfected cells were fixed with 4% paraformaldehyde. The
protocol for staining has been previously described [27]. The sec-
ondary antibodies used in immunofluorescence assay were con-
jugated with Alexa Fluor 633 or Alexa Fluor 568, to avoid spectral
overlap with GFP. All images were captured using Zeiss LSM 780
confocal microscope. The cell border intensity of staining was
measured for the different proteins for at least 33 transfected cells
using Image ] software, and the mean and standard error were
plotted. p values were obtained using a student's t-test.

2.5. Calcium switch experiments

The HCT116 derived 14-3-3y knockdown cell line was trans-
fected with EGFP-f or PG-EGFP-f cDNA, 24 h post transfection cells
were incubated in low calcium medium. After 24 h, the cells were
fed with medium with normal calcium levels for 15 min and the
cells fixed and processed for immunofluorescence and confocal
microscopy as described [25,27,29].

2.6. Hanging drop assays

Cells were transfected with either pCDNA3.1 Puromycin EGFP-f
or pCDNA3.1 Puromycin PG-EGFP-f. 24 h post transfection, the cells
were transferred to medium containing 0.5 pg/ml of puromycin for
four days to kill the un-transfected cells. The remaining cells were
processed for hanging drop assays as previously described [22].

3. Results and discussion

3.1. Localization of PG to the cell border results in increased border
localization of other desmosomal proteins

Our previous studies had demonstrated that 14-3-3y was
required for PG transport to the border and hence desmosome
formation [27]. PG staining in the HCT116 vector control and 14-3-
3y knockdown clones confirmed that PG localized to the border in
the vector control cells but not in the 14-3-3y knockdown clones
(Fig. 1A). The levels of 14-3-3y were greatly reduced in the 14-3-3y
knockdown cells as compared to the vector control (Fig. 1B [27]). A
Western blot for -actin, served as a loading control. To determine if
artificially localizing PG to the cell border stimulated desmosome
formation, HCT116 derived 14-3-3y knockdown cells were trans-
fected with PG-EGFP-f or EGFP-f cDNA and the localization of the
different desmosomal proteins was determined. The expression of
PG-EGFP-f resulted in a significant increase in the cell border

localization of DPI/II and DSG2 as compared to un-transfected or
EGFP-f transfected cells (Fig. 1C and E). The levels of PKP3 at the
border did increase, though the increase was not statistically sig-
nificant (Fig. 1C and E). A Western blot analysis demonstrated that
this was not due to a change in protein levels or changes in protein
solubility (Sup Fig. 1A—B). Importantly, expression of a PG-EGFP
construct that does not localize to the cell border did not result in
an increase in the localization of DP I/II at the cell border (Fig. 1D
and F) suggesting that PG over-expression is not sufficient for the
localization of DP I/II to the cell border. PG-EGFP shows a pan-
cellular localization (Fig. 1D), which is consistent with data indi-
cating that 14-3-3y is required for transporting PG to the cell border
[27].

To determine if the restoration of desmosome formation by
PGEGFP-f is dependent on endogenous PG, HCT116 derived PG
knockdown cells were transfected with shRNA resistant versions of
either PG-EGFP-f or PG-EGFP cDNA and stained with antibodies to
DSG2. Unlike the results observed in the 14-3-3y knockdown cells,
both PG-EGFP and PG-EGFP-f localized to the border suggesting
that the transport of PG to the cell border was intact in cells
expressing 14-3-3y (Fig. 2A). The expression of either PG-EGFP or
PG-EGFP-f led to a restoration of DSG2 localization to the cell
border in the absence of endogenous PG in contrast to the controls
(EGFP-f or EGFP) (Fig. 2A). The levels of over-expressed and
endogenous PG were determined using Western blot analysis
(Fig. 2B). These results suggest that in cells expressing 14-3-3vy, PG
is transported to the cell border and is capable of restoring DSG2
localization to the cell border.

In the absence of PKP3, DP, DSG2 and DSC2/3 do not localize to
the cell border but PG is present at the border [25]. To study if the
PG-EGFP-f can rescue transport and localization of DP and DSG2 in
the absence of another ARM protein, PKP3 knockdown cells were
transfected with PG-EGFP-f and localization of DP determined.
Expression of PG-EGFP-f or EGFP-f does not restore DP border
localization in cells lacking PKP3 (Fig. 2C—D). These results are
consistent with a model in which PG is required to recruit PKP3 to
the cell border to initiate desmosome formation [25].

The results described above suggest that the localization of PG at
the cell border allows recruitment of DPI/Il, DSG2 and PKP3 to the
cell border and are consistent with a previously published report
which suggests that PG localization at the cell border is required for
DP and DSG2 recruitment to the cell border [30]. Consistent with
the observation that PG forms a strong complex with DSG2, but not
DSC2 [31], the results in this report demonstrate that PG localiza-
tion to the cell border results in the recruitment of DSG2 but not
DSC2/3. PG might form a complex with DSG2 and transport DSG2 to
the cell border as PG has been shown to bind another desmoglein
family member, DSG3, which results in the localization of DSG3 to
the cell border [31,32]. Alternatively, DSG2 retention at the cell
border may not be stable in the absence of PG. The recruitment of
DSC2/3 to the cell border might be dependent on the presence of
PKP3 at the cell border [25,33] and since the increase in PKP3 levels
at the cell border is partially attenuated in the PG-EGFP-f
expressing cells, this might be the reason why DSC2/3 does not
localize to the border in these cells and are consistent with obser-
vations suggesting that the presence of DSC2 with PKP2 or PKP3 is
sufficient to induce desmosome formation in epithelial cells [33]. It
is possible that the recruitment of PKP3 to the cell border in cells
expressing PG-EGFP-f is normal but its retention at the border is
compromised in the absence of DSC2/3 at the cell border. This is
consistent with our observations suggesting that the reterograde
transport of PG and PKP3 occurs via vastly different mechanisms in
HCT116 cells [34].

To determine whether 14-3-3y is required for desmosome for-
mation in other cell types, the ability of 14-3-3y to regulate
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knockdown cells were stained with antibodies to PG followed by confocal microscopy (A) or protein extracts prepared and resolved on SDS-PAGE gels followed by Western blotting
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transfected cells in three different experiments and the mean cell border intensity and standard error from three different experiments is plotted. p value was calculated using
student's t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

desmosome formation was determined in the immortal keratino-
cyte line, HaCaT. HaCaT derived vector control cells, 14-3-3y
knockout cells and 14-3-3¢ knockout cells were generated and a
Western blot analysis demonstrated that loss of 14-3-3y in HaCaT
cells led to a decrease in the levels of PG, DP, DSG2, PKP3 and DSC2/
3 when compared to the vector control and 14-3-3¢ knockout cells
(Sup Fig. 2A), which was accompanied by a decrease in the locali-
zation of DP, DSC2/3 and PG to the cell border as compared to the
14-3-3¢ knockout cells and vector control cells (Sup Fig. 2B). HaCaT
derived 14-3-3y knockout cells had decreased cell-cell adhesion
(Sup Fig. 2C) and reduced desmosome size as compared to the 14-
3-3e knockout cells and vector control cells (Sup Fig. 2D). These
results suggest that 14-3-3y is required for desmosome formation
in multiple cell types; however, the mechanisms by which it reg-
ulates desmosome formation are different in different cell types.
These effects are specific to 14-3-3v as loss of 14-3-3¢ does not lead
to alteration in desmosome protein levels and desmosome

assembly in HCT116 cells and in the mouse testis as previously re-
ported [27].

3.2. Localization of PG to the cell border stimulates desmosome
formation and cell-cell adhesion

To determine whether the expression of PG-EGFP-f resulted in
an increase in cell-cell adhesion in cells lacking 14-3-3y, hanging
drop assays were performed as described [27]. A large number of
small cell clusters were observed in the 14-3-3y knockdown cells
expressing EGFP-f whereas expression of PG-EGFP-f in the 14-3-3y
knockdown cells led to the formation of larger, but fewer, cell
clusters (Fig. 3A). Consistent with the increase in cell-cell adhesion,
calcium switch assays demonstrated that the rate of localization of
DSG2 to the cell border in the 14-3-3y knockdown cells was greatly
stimulated in cells expressing PG-EGFP-f (Fig. 3B). Therefore, the
expression of PG-EGFP-f in 14-3-3y knockdown cells results in the
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formation of functional desmosomes. These results indicate that
localizing PG to the cell border is sufficient to restore cell-cell
adhesion in the 14-3-3y knockdown cells.

Given the data in this report and previous results about the role
of the Armadillo proteins in desmosome assembly, we would like to
propose the following model (Fig. 4). 14-3-3y is required for the
transport of PG to the cell border [27]. As, unlike the desmosomal
cadherins, PG is localized to the cell border in HCT116 cells in low
calcium media [25], PG localization at the border might mark the
sites of future desmosome formation. As previously reported, upon
calcium addition PG localization at the cell border is increased [25],
which might be indicative of PG being transported to the border as
part of a pre-assembled desmosome complex [25]. Therefore, the
PG in the cytoplasm in the 14-3-3y knockdown cells is unable to
contribute to the initiation of desmosome formation because it isn't
transported to the border. In the presence of 14-3-3vy, both PG-EGFP
and PG-EGFP-f restore desmosome formation in PG knockdown
cells suggesting that 14-3-3y transport of PG to the border is
required for the initiation of desmosome formation (Fig. 2A). The
forced localization of PG to the cell border in cells lacking 14-3-3y,
results in the localization of DSG2, PKP3 and DP at the cell border
thus stimulating desmosome formation (Fig. 3). Previous reports
have suggested a hierarchy in the accumulation of desmosome
formation where PKP3 is required to recruit DP to the desmosome
precursors, PKP2 is required to recruit the DP containing

desmosome precursors to the cell border and DP recruitment to cell
border is further stimulated by PKP3 recruitment to the border [35].
Our previous results suggest that PG is required for the recruitment
of PKP3 to the cell border [25] and in the absence of 14-3-3y, the
levels of the desmosomal cadherins are reduced at the cell border
[27] suggesting that in the absence of PG, the cadherins cannot
accumulate at the site of desmosome formation. Therefore, it is
possible that the transport of the cadherins to the border is not
defective but that their retention at the cell border is deficient in
the 14-3-3y knockdown cells because stable desmosomes are not
being formed.

To conclude, our results suggest that one major role of the 14-3-
3y is to mediate the transport of PG to the cell border. The presence
of PG at the cell border results in the increased recruitment of DP,
DSG2 and PKP3 to the cell border, however, the level of PKP3 at the
cell border is attenuated in cells lacking 14-3-3y suggesting that
these proteins play a role in the transport of PKP3 to the cell border.
Thus, different ARM protein family members are required for
different aspects of desmosome formation and stability in epithelial
cells.
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Fig. 3. Localization of PG to the cell border stimulates desmosome formation and cell-cell adhesion. (A) Hanging drop assays were performed to determine cell-cell adhesion in
HCT116 derived 14-3-3y knockdown cells expressing EGFP-f or PG-EGFP-f. Representative images are shown and scale bars are shown in each panel. The size and number of clusters
is indicated in the table. (B) Calcium switch assays were performed on 14-3-3y knockdown cells transfected with pEGFP-f or PG-EGFP-f (green) as described. Cells were fixed at the
indicated time points and stained for DSG2 (red). Representative images are shown and scale bars are shown in each panel. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Model illustrating the role of PG and 14-3-3y in regulating desmosome assembly. In low calcium media, PG is localized to the cell border but the other desmosomal
components remain in the cytoplasm. Upon calcium addition, the other components are transported to the border either in complex with one another or individually to form an
intact desmosome (A). In the absence of 14-3-3y, PG is not transported to the border, either in the presence or absence of calcium, leading to a decrease in desmosome formation
(B). The desmosomal cadherins might be transported to the border but might not be retained at the border due to the absence of PG and other plaque proteins. When PG is
artificially targeted to the cell border (PG-EGFP-f) in cells lacking 14-3-3y, a restoration of desmosome function is observed with the desmosomal proteins being transported either

in complex with one another or individually to the cell border (C).
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ABSTRACT

The production of transgenic animals has extended our knowledge of physiology and allowed the
generation of animal models for human diseases. Previous work in the laboratory had reported the use of
lentiviral vectors to generate transgenic animals using sperm mediated gene transfer (SMGT). To
determine if lentivirus mediated SMGT could be used to generate tissue specific transgenic animals, a
lentiviral vector containing the K14 promoter driving the expression of turbo RFP was used to generate
transgenic animals. The pups were screened for presence of the transgene and for transgene expression
for two generations. Transgenic animals were generated at a very high frequency and the transgene was
stably inherited in the germline. In addition, the transgene was expressed in the hair follicle as previously
reported for K14 driven transgenes suggesting that our SMGT protocol can be used to generate tissue
specific transgenic animals.
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INTRODUCTION

Transgenic animals are important tools to study animal
physiology and to generate animal models of human
disease, which can lead to the generation of novel
therapeutic strategies. Transgenic animals were earlier
produced by microinjection of the transgene into two or
four cell embryos or by fusion of the blastocyst with
modified embryonic stem cells."™ However, these
techniques are expensive, require specialized training
and equipment and transgene positive pups are
obtained at low efficiency. To overcome these
drawbacks, techniques involving the in vivo and/or ex
vivo modification of male gametes at different stages of
spermatogenesis were developed. These included (i)
mcubatrng sperm with circular or linearized DNA
fragments (ii) in vitro modification of spermatogonial
stem cells using either retroviruses or cDNA constructs
followed by introduction of the modified spermatogonial
stem ceIIs into the testes of chemically sterilized
animals,® (|||) injecting the transgene into the testes of
animals, ' (iv) injection of the DNA construct into the
testes followed by electroporat|on % and (v) retroviral
or lentiviral mediated transduction of spermatogonial
stem cells in vivo." ' Collectively, these techniques are
termed Sperm Mediated Transgenesis or Sperm
Mediated Gene Transfer (SMGT). The constitutive
expression of a transgene is important while studying
the role of a particular gene in the development of an
organism or in diseases where global expression of a
particular protein is affected and this altered protein
expression plays an important role in disease
development. Similarly, studying the development of a
particular tissue or pathological conditions arising in a
specific  tissue, requires tissue specific gene
manipulation. This tissue specific manipulation can be
achieved usmg tissue specific promoters as described
prevrously Therefore, transgenic animals with tissue
specific expression are equally or more important than
transgenic animals with  constitutive transgene
expression. Previous work from this laboratory has
demonstrated that modifying spermatogonial stem cells
in vivo using lentiviral particles leads to the generation of
transgenic animals with  constitutive transgene
expressron and stable transgene integration at very high
effrcrency To determine if a similar approach can be
used to generate transgenic animals with tissue specific
transgene expression, lentiviral particles containing
turbo RFP under the control of the K14 promoter were
injected into the testes of pre-pubescent male mice. The
progeny of these mice generated transgenic animals at
high frequency, which showed tissue specific transgene
expression.

MATERIALS AND METHODS

Plasmids

pCCLK14 GFP plasmid was a kind gift from Dr.
Francesca Miselli (University of Modena and Reggio
Emilia, Italy). Turbo RFP cDNA was PCR amplified from
pTRIPz vector (Open Biosystems) using primers
containing Age | and Sal | restriction sites (Table I). The
PCR product was cloned into TA vector (Thermo
Scientific) and was further sub-cloned into pCCLK14

GFP plasmid using Age | and Sal | sites to generate
pCCLK14 turbo RFP.

Lentivirus Packaging

All cell lines used in this study were cultured in DMEM
(Gibco) with 10% FBS (Gibco). 293T cells were co-
transfected with pCCLK14 turbo RFP and virapower
packaging mix (Invitrogen) according the manufacturer’s
instructions to generate lentiviral particles containing the
transgene The viral particles were concentrated as
described.'® Viral titer was determined by infecting
HaCaT cells with 10 pl of the concentrated viral
suspension. 48 hours post transduction, a single cell
suspension was analyzed by flow cytometry for the
presence of RFP and and viral titer was determined
using the formula (number of fluorescent cells x dilution
factor) as described.’

Animals

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+2°C 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 corn  cob bedding material (ATNT
Laboratories, Mumbai). Protocols for the experiments
were approved by the Institutional Animal Ethics
Committee (IAEC) of ACTREC. The animal study
proposal number is ACTREC IAEC project No. 11/2012.
The viral particles (3.5 x 10° TU/ul) were surgically
injected into pre-pubescent male mice to generate pre-
founder mice as described previously.* Five weeks
post-surgery, mice were mated with wild type female
mice to obtain transgenic pups.

Genotyping of Animals

Tail biopsies (~3mm) from 3 week old pups sired by pre-
founder males were lysed for 16h at 50°C in high salt
digestion buffer containing 50mM Tris HCI, 1% SDS,
100mM NaCl, 100mM EDTA and 1200ug/ml Proteinase
K (Jackson Laboratories). The lysate was processed for
isolation of DNA using phenol- chloroform extraction
followed by ethanol precipitation.® The genomic DNA
was subjected for PCR analysis using transgene-
specific primers whose sequences are listed in Table I.
Every PCR reaction set had three controls. The
pCCLK14 turbo RFP plasmid was used as a template
for a positive control, genomic DNA obtained from WT
mice was used as a negative control and amplification of
the endogenous patched (Ptch) gene was used as a
loading control. Genomic DNA isolated from the human
origin cell line, HCT116, was used as a negative control
for the Ptch PCR. To validate the turbo RFP PCR
results, two sets of primers were used. First set of PCR
primer recognizes a part of turbo RFP sequence
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whereas second set of primer recognizes the entire
turbo RFP sequence taken from pTRIPz vector. To
ensure that the PCR product is indeed turbo RFP
sequence, PCR product was cloned into the pTZ57RT/T
vector (Thermo Scientific) and was sequenced using
Sanger sequencing.

Fluorescence Microscopy
To detect the turbo RFP expression, epidermis was
separated from the dermis of the tail sections of

transgene positive pups, using 5mM EDTA solution"
and epidermis was then mounted on a glass slide using
Vectashield (Vector) as per the manufacturers
instructions. The epidermis sections were then imaged
using Zeiss LSM510 confocal microscope. As a control
epidermis section from WT mouse was used.

Name of oligonucleotides Sequence

Ptch Forward CTGCGGCAAGTTTTTGGTTG
Ptch Reverse AGGGCTTCTCGTTGGCTACAAG
Turbo RFP | Forward ATGAGCGAGCTGATCAAGG
Turbo RFP | Reverse TTATCTGTGCCCCAGTTTGC

Turbo RFP Il Forward (Age |)

GGACCGGTCGCCACCATGAGC

Turbo RFP Il Reverse (Sal I)

GGGTCGACTGGCCGGCCGCATTAGTCT

Table 1
List of oligonucleotides used for genotyping.

RESULTS

Generation of pCCLK14 turbo RFP viruses

To generate mice that express the transgene only in the
epidermis, we selected the Keratin 14 (K14) promoter
because K14 and Keratin 5 (K5) are expressed in the
basal layers of epidermis,'® are specific markers of the
basal epithelium and the K14 promoter has been widely
used to generate epidermis specific transgenic
animals."®®" Turbo RFP was cloned downstream of the
K14 promoter in pCCLK14 vector and pCCLK14 turbo
RFP viral particles were generated using the virapower
packaging system. 5-10 yl of concentrated pCCLK14
turbo RFP viruses (3.5 x 10° TU/ul) were surgically
injected into the testicles of pre-pubescent Swiss mice
to generate pre-founder mice. Five weeks post-surgery
these mouse were mated with wild type female to obtain
transgenic pups.

Screening of pups by PCR amplification of turbo
RFP

The pups were screened for the presence of the turbo
RFP transgene by performing PCR reactions using the
genomic DNA of pups as a template. As shown in
Figure 11, almost all the pups showed the presence of
the turbo RFP transgene while genomic DNA from WT
mice did not show the presence of the transgene. A
PCR reaction for the mouse Patched (Ptch) gene was
performed as a loading control and no signal was
observed for Ptch in genomic DNA purified from the
human cell line, HCT116 (Figure 1A-C). Since a very
high number of the pups scored as transgene positive,
we were concerned that this could be an artifact of the
PCR reaction. Therefore, we used another set of
oligonucleotide primers which amplifies the entire turbo
RFP transgene. Similar results were obtained using this

primer set (Figure 1A-C), suggesting that these pups
were indeed positive for the transgene. To further
confirm these results, the PCR products were cloned
into the pTZ57RT/T vector system and the PCR
products sequenced. The sequencing reactions
confirmed that the amplified product was indeed the
turbo RFP transgene (Figure 1D). We did not perform
Western blots to demonstrate the presence of the RFP
protein in the epidermis due to the non-availability of a
good antibody to RFP.

Epidermis specific turbo RFP expression

To determine whether RFP was expressed in these
animals, tail snips were prepared by separating the
epidermis from the muscle and cartilage and the
epidermis was examined by confocal microscopy. As
shown in figure 2, mice containing the turbo RFP
transgene showed red fluorescence in the bulb region of
hair follicle, the root sheath of the hair follicle and the
sebaceous glands. The arrangement of hair follicles
correlated with that given in literature.?? The pattern of
turbo RFP exyression was similar to that reported for
keratin14'” *° suggesting that we achieved tissue
specific gene expression. Further, expression of turbo
RFP was observed in first generation mice (1230) as
well as second generation mice (83), suggesting that the
inheritance of the transgene was stable and that
expression was maintained over both the generations.
The intensity of the turbo RFP fluorescence is greater in
the second generation as compared to the first
generation. Some auto fluorescence was observed in
the hair shaft of WT mice, however, this does not
overlap with the regions in which keratin 14 is
expressed.’” These results suggest that the
transgenic mice expressed turbo RFP specifically in the
epidermis
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Figure 1

Stable inheritance of the RFP transgene in mice injected with the pCCLK14 turbo RFP construct. A-C. A pedigree analysis for pre-founder
mice (indicated with an arrow) 2889 (A) and 2890 (B-C), showing germline transmission of the transgene. Individual mice were assigned
numbers for further experiments. Genomic DNA amplification using primers for RFP (RFPI and RFPII) or Patched (Ptch) as a loading
control are shown for each animal. The filled squares and circles indicate transgene positive animals. NTC is the no template control , +
is a positive control where the template is the pCCLK14 plasmid and — represents the negative control, which is genomic DNA isolated
from WT mice for the RFP PCR reactions and genomic DNA from HCT116 cells for the Ptch PCR reactions. D) RFP Il PCR product
obtained from genomic DNA of mouse 1221 was cloned into pTZ57RT/T vector and sequenced. Note that the sequence shows an exact
match to the turbo RFP sequence

RFP DIC Merge

Figure 2

Turbo RFP is expressed in tissues that normally express keratin 14. Epidermis whole mounts from wild type (WT) or transgenic animals
(1230 and 83) were examined by fluorescence microscopy (left panel). A DIC image (middle panel) and a merged image (right panel) are
also shown. Note that the turbo RFP fluorescence is more intense in the second generation. The fluorescence in the transgenic animals
is observed in the hair follicle and sebaceous glands as previously reported for keratin 14. * indicates Hair Shaft, * indicates Sebaceous
glands.
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DISCUSSION

Transgenesis revolutionized the study of mammalian
biology by allowing studies on developmental biology,
study of genetically inherited diseases and cancer.
There are various transgenic mouse models which
mimic human diseases and syndromes and hence are
used for testing and developing new therapeutic
strategies. The methods to achieve transgenesis have
also developed considerably to make transgenesis
efficient, quick and cost effective. These methods needs
to be validated for different types of promoter systems
before generating important mouse models or before
making transgenic models in larger animals. The
present study wished to validate the lentiviral mediated
SMGT for tissue specific transgene expression so that
epidermis specific gene up-regulation or down-
regulation can be achieved. The present study once
again demonstrated the efficiency of viral mediated
SMGT for generating transgenic animals. The vector
system used in this study can be modified to induce
expression of the transgene in different tissue types by
using the appropriate tissue specific promoter.
Alternatively, temporal induction of the transgene can be
achieved by driving expression from inducible
promoters, such as those containing the Tetracycline
operator.15 These mice can be crossed to mice
expressing the Tetracycline repressor under a
constitutive promoter and expression induced by
addition of Tetracycline in the drinking water. With the
advent of CRISPR Cas9 technology,” already existing
lentiviral systems used for SMGT can also be modified
so that Cas9 expression is driven by tissue specific or
inducible promoters and the guide RNA expression
driven by a pol lll based promoter to generate inducible
or tissue specific knockout mouse. This will further
simplify the generation of knockout mouse models
leading to a greater understanding of mammalian
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The generation of transgenic animals by conventional transgenic protocols is cumbersome and not very efficient. To
improve the efficiency of obtaining transgenic animals, different groups have attempted to genetically modify spermatozoa
and these technologies are collectively referred to as sperm mediated gene transfer (SMGT). SMGT technologies involve
the modification of either spermatozoa or spermatogonial stem cells that give rise to spermatozoa, followed by either in vitro
fertilization or mating with a wild type female to generate transgenic progeny. In addition to the generation of transgenic
mice, the use of SMGT technologies has resulted in multiple insights into male reproductive biology. SMGT has bypassed
most of the problems associated with the traditional methods of transgenesis and has considerably improved the efficiency
of obtaining transgenic animals. Various techniques have been developed by which SMGT can be achieved and this review
provides an overview of the evolution of SMGT technology and will indicate how these might be used to further our

understanding of mammalian growth and development.

Keywords: ICSI, SMGT, spermatozoa, SSC, transgenic animals, wild type

Introduction

Except for the recent past, the study of mammalian
biology and its impact on disease progression was
restricted to observations made on patient material and
in vitro studies in cell lines. While much has been
learnt from these efforts, the results of these studies
could not be directly extended to human beings, as
these studies did not address the inherent physiological
complexity of mammalian systems. In order to study
the contribution of various cellular pathways to human
physiology, it became necessary to generate models for
human disease conditions in small animals, which led
to the advent of transgenic technology.

Transgenic animals are generated by introducing an
expression construct (the transgene) stably into the
genome of the animal. To stably modify the genome of
an organism, it is necessary that the modification is
performed at the early stages of embryogenesis so that
most of the cells of embryo will contain the transgene.
Pioneering work from the Brinster laboratory led to the
technology that permitted the culture of the ovum and
early stage embryos'. Once this technical hurdle was
crossed, multiple laboratories (including the Brinster
laboratory) demonstrated that cultured embryos could
be aggregated with teratoma cells to generate progeny,

*Author for correspondence:
sdalal @actrec.gov.in

which expressed teratoma specific genes™. The next
step in the generation of transgenic animals involves
the injection of purified plasmid DNA into the male
pronucleus of a 0.5 dpc mouse embryo. The
microinjected embryos are then implanted into the
pseudopregnant female mouse to allow the
development of embryos. This technique resulted in the
generation of mice, in which the plasmid DNA has
integrated into the host genome’. This technique has
been used to generate transgenic mice, which
expressed high levels of Herpes Simplex Virus (HSV)
thymidine kinase’. Other methods for generating
transgenic mice, such as, retroviral infection of
embryos and introduction of modified embryonic stem
cells into the blastocoel cavity of embryo, have since
been developed®®. While this process has been used in
many laboratories leading to significant advances in
knowledge of mammalian biology, the technology is
not used as widely as it could be because of the
following issues. The pronuclei often burst post
injection and integration of the transgene is often
inefficient and does not improve with an increase in
DNA concentration. Further, many of the embryos
failed to implant or the implanted embryos fail to
survive’. In addition, the efficiency of obtaining
transgenic mice was variable, the foreign DNA is often
not inherited in the germ line and these procedures
took a long period of time and placed the animals
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under severe physiological stress. Thus, generating
transgenic animals by the standard procedures
described above is a laborious, expensive and time
consuming process.

Spermatogenesis

To overcome the above-mentioned problems and yet
to ensure that plasmid DNA is incorporated into the
genome of the embryo, different groups attempted to
modify spermatozoa. The reason behind choosing
spermatozoa is their ability to bind foreign DNA,
whereas unfertilized ova do not bind to foreign
DNA'"" A brief description of the process of
spermatogenesis is required to understand the principle
behind the methods that use sperm as a vehicle for
transgene delivery. Spermatogenesis is the process by
which spermatogonial stem cells (SSC) divide and
differentiate to give rise to mature sperm (Fig. 1). The
process of spermatogenesis is divided into three steps,
ie., spermatogonial renewal, meiosis and
spermiogenesis'. In spermatogonial renewal, a type A
spermatogonium undergoes a series of division to give
rise to a type B spermaotgonium (for details refer'?).
Type B spermatogonia differentiate into primary
spermatocytes, which enter the meiotic programme.
After meiosis I, primary spermatocytes give rise to
secondary spermatocytes, which undergo meiosis II
and differentiate into round spermatids with a haploid
DNA content. During the process of spermiogenesis,
haploid round spermatids undergo a series of changes,
such as, nuclear condensation, acrosome and flagella
formation and the removal of large portion of
cytoplasm resulting in the formation of elongated
spermatids'>.  Elongated  spermatids leave the
seminiferous tubules and migrate to the epididymis,
where they mature to give rise to spermatozoa (Fig. 1).
Therefore, each SSC gives rise to multiple spermatozoa
and spermatozoa are regularly produced as opposed to
ova. Hence, it is easier to generate larger numbers of
transgenic animals by modifying spermatozoa and
using them as a vehicle for the delivery of the
transgene. Multiple techniques have been used to
generate transgenic mice by modifying spermatozoa or
SSCs (as indicated in Fig. 1) and these have been
broadly grouped under the term “Sperm Mediated
Gene Transfer” (SMGT). The different techniques by
which SMGT is achieved are listed below.

DNA Uptake Mediated Gene Transfer
Brackett er al'' demonstrated that DNA bound non-
specifically to spermatozoa. Lavitrano et al'* showed

that DNA bound to a receptor present on sperm and
that this receptor could be blocked by Inhibition factor
1 (IF1), which was present in seminal fluid. Therefore,
mature spermatozoa needed to be washed to remove
IF1 to ensure that DNA could bind to spermatozoa.
Binding of DNA to spermatozoa led to the
internalization of the DNA bound receptor followed by
release of DNA into sperm nuclei. In addition to the
receptor, MHC II and CD4 molecules played an
important role in DNA uptake and internalization by
spermatozoa’”. Even though MHC II was not detected
in mature sperm, spermatozoa from MHC II knockout
mice did not bind DNA, whereas spermatozoa from
CD4 knockout mice could bind to DNA but failed to
internalize the bound DNA'®. Moreover, blocking CD4
receptors by treating them with neutralizing antibodies
prevented DNA internalization in wild type
spermatozoa’. Lavitrano er al'® developed a technique
in which circular plasmid DNA containing a cDNA
encoding bacterial chloramphenicol acetyl transferase
(CAT) was incubated with a suspension of
spermatozoa (washed spermatozoa). Then this
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Fig. 1—The process of spermatogenesis is divided into three
steps: Spermatogonial renewal, meiosis and spermiogenesis and
sperm maturation. The figure also indicates which cell types are
modified using the different SMGT techniques.
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suspension was used in in vitro fertilization
experiments. Progeny obtained from this method was
found to be positive for the presence of plasmid DNA
but did not express the CAT gene due to the
rearrangement of the transgene'®. Several groups have
tried using this technique to obtain transgenic animals
but not all of them were successful (reviewed in'®).
The major problems with this technique were: DNA
uptake efficiency was highly variable in different
species and in some species, e.g., marine fish
Paralichthysolivaceus, naked DNA  damaged
spermatozoa'’, the transgene did not integrate into the
host genome and, most important, high occurrence of
rearrangement of the transgene upon integration. The
efficiency of obtaining transgenic animals using this
method could be improved by using Intra-Cytoplasmic
Sperm Injection (ICSI), where the sperm was injected
into an ovum, instead of in vitro fertilization'®.

Lavitrano er al'® also performed experiments in
which they used a linear DNA fragment of a plasmid
expressing CAT to generate transgenic spermatozoa
in a protocol similar to the one described above. They
found that transgenic animals, obtained from
spermatozoa pre-incubated with linearized plasmid
DNA, expressed the CAT gene and that the efficiency
of obtaining transgenic progeny with this protocol
was much higher compared to that observed with
circular plasmid DNA. Using this technology, the
Lavitrano laboratory had successfully generated
transgenic pigs expressing human decay accelerating
factor with an efficiency of 57%'"° and transgenic pigs
expressing multiple transgenes, i.e., enhanced blue
fluorescent protein (BFP), enhanced green fluorescent
protein (GFP) and DsRed2”. Kroll et al*' modified
the above-described protocol by incubating purified
Xenopus sperm nuclei for a short period of time (10
min) with restriction enzymes in the presence of
linearized plasmid DNA containing cDNA sequence
of GFP. As a result, an improvement was observed in
the efficiency of integration of linearized plasmid
DNA into the genome and this method was named
Restriction Enzyme Mediated Insertion (REMI)
SMGT. Then these modified sperm nuclei were
injected into the unfertilized ovum to generate
transgenic embryos”. Another method used to
improve the efficiency of DNA uptake by
spermatozoa was to disrupt the cell membrane of
spermatozoa by freeze thaw cycles and inject the
membrane-disrupted spermatozoa along with a
plasmid DNA fragment containing a GFP expression
cassette into oocytes’. This change in protocol

resulted in an increase in the efficiency of generating
transgenic animals by 20%. The most critical factors
associated with this method were the choice of
enzyme, which is used to linearize the plasmid DNA,
and the processing of sperm nuclei.

Since DNA uptake by spermatozoa have not been
very efficient, some groups tried using transfection
reagent lipofectamine to introduce exogenous DNA
into spermatozoa®™>° but lipofectamine complexed
with linearized DNA (lipofection combined with
REMI) gave efficient transgenesis compared to
lipofectamine complexed with circularized DNA***.
Some groups have also used nanoparticles, like
magnetic nanoparticles, mesoporous silica
nanoparticles and halloysite clay nanotubes, to deliver
exogenous DNA to sperm” . Briefly, magnetic
nanoparticles mixed with linearized DNA fragments
were incubated with sperm and subjected to magnetic
field for 90 min. Unbound DNA magnetic
nanoparticle complex was removed and oocytes were
fertilized with magnetofacted sperm to obtain GFP
positive embryos”. The use of nanoparticles for
SMGT was termed as NanoSMGT?.

Transplantation of Modified Spermatogonial Stem
Cells into Testis

Spermatogonial stem cells (SSCs) are progenitor
cells, which undergo meiosis followed by
differentiation to form spermatozoa as described
above. These cells are mostly quiescent; however,
they can be cultured and easily modified in vitro.
Brinster ef al’' demonstrated that transplanting SSCs
from a fertile animal to an infertile animal resulted in
the restoration of male fertility and suggested that
modified SSCs could be used to generate transgenic
animals. This technique did not involve in vitro
fertilization or ICSI. It was also shown that SSC
transplantation in a fertile mouse resulted in the
generation of some pups derived from spermatozoa
from the donor and some from spermatozoa derived
from the recipient’’. Though Brinster er al did not use
modified SSCs one could generate transgenic animals
using this method. Briefly, SSCs can be isolated,
cultured and transfected with a plasmid DNA. The
SSCs can then be screened for the presence of the
transgene and transgene expression. These stably
transfected SSCs can then be transplanted into
recipient testis and the recipient male mice upon
mating with wild type female mice will lead to the
birth of transgenic pups. These experiments
demonstrate that even a few implanted SSCs are
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sufficient for the generation of transgenic progeny.
The principal behind this technique formed the basis
for the evolution of SMGT techniques used today.
Different groups used plasmid vectors, retroviral
particles, lentiviral particles and transposons for
modifying SSCs in vitro and then transplanting them
into the testis of recipient mice to generate transgenic
animals™™. An organotypic culture technique, for
culture of testicular cells of neonatal mouse, to obtain
fertile spermatozoa in vitro has also been developed™.
Using organotypic cultures from testicular cells of
transgenic mice, transgene positive spermatozoa were
obtained. These transgenic spermatozoa were fertile
and were used for generating GFP positive transgenic
mice®®. Even though establishing organotypic cultures
is not easy but once established, spermatogenesis can
be maintained over two months™. It is tempting to
speculate that recombinant spermatozoa generated in
vitro in these organotypic cultures will result in the
generation of compound transgenic animals carrying
and expressing multiple transgenes in a single step
rather than the multiple rounds of transgenesis, and
mating that is the current norm.

Electroporation of Transgenic DNA into Testis
DNA can be introduced directly into target organs
either in adult animals or pups and embryos using a
number of procedures that are covered by the term
LIVGET (localized in vivo gene transfer technique).
LIVGET achieves the integration of plasmid DNA
into the target organs by three distinct methods. The
DNA is encapsulated either in a microparticle or a
lipid particle that is injected into the target organ, or
DNA is injected into the target organ followed by an
electrical pulse across the organ. All these procedures
result in the incorporation of the DNA construct into
the cells of the target organ. Muramatsu et al’’
compared the  efficiency of  microparticle
bombardment and electroporation for testis specific
expression of the CAT gene. This was the first report
in which cells in the testis were modified in vivo.
They showed that, upon intratesticular DNA injection
and electroporation, testicular cells showed CAT
expression. Further, they also injected a plasmid
expressing lacZ into the testes followed by the
application of an electric current across the testis. Post
48 hours of electroporation, sections of electroporated
testis were stained with X-gal, hematoxylin and eosin,
and they observed lac Z expression in
spermatogonium like cells, spermatocyte like cells
and spermatid like cells. But they did not determine

whether the plasmid DNA had integrated into the
genome of these cells’. Yamazaki er al®
demonstrated that injection of linearized plasmid
DNA into seminiferous tubules, followed by the
application of an electric current to the testis, resulted
in long term expression of the lac-Z transgene and
also in the modification of spermatogonial stem cells.
In another study, by using plasmid DNA injection and
electroporation  of  testis, transgene positive
spermatozoa were obtained and used to fertilize ova
using ICSI to generate transgenic progeny with high
efficiency”. Some groups have also tried injecting
calcium phosphate bound plasmid DNA or plasmid
DNA encapsulated in liposomes into the testis to
obtain transgenic animals; however, these methods
were not always successful*®'. DNA injection into
the seminiferous tubules or testis is termed as TMGT
(testicular mediated gene transfer). Recently, the
Majumdar laboratory has reported a method for DNA
electroporation, in which linearized plasmid DNA
was injected at multiple locations on mouse testis
followed by electroporation. Post 35 days of injection,
this pre-founder mouse was mated with wild type
female mice to obtain pups and pups were screened
for the presence of transgene. The results showed the
efficiency of this method around 57-62%**.
However, the pulse intensity and pulse interval will
have to be standardized for different species such that
the testicular cells will not be affected by
electroporation leading to their cell death.

Virus Mediated Transgenesis

In 2000, Nagano er al” demonstrated that

spermatogonial cells could be infected with
retroviruses in  vitro and these cells upon
reintroduction into the testis differentiated into
transgene  containing spermatozoa. Briefly,

spermatogonial cells were isolated, infected with
retroviral particles carrying a lacZ transgene. Then
transgene positive cells were implanted in the testes
of a wild type mouse. These male mice were able to
sire lacZ transgenic pups when mated with wild type
female mice. The transgene positive pups obtained
from the recipient male mouse were inbred and it was
determined that the lacZ transgene was stably
integrated as the pups obtained from inbreeding of
transgene positive animals were also positive for lacZ
expression™”. The same group suggested that the use
of lentiviruses would increase the efficiency of
transgenesis due to their ability to infect quiescent
germ cells*. Pfeifer et al* independently
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demonstrated that lentiviruses could infect embryonic
stem (ES) cells. They also showed that morula stage
embryos could be infected with lentiviruses in vitro
and the infected morula could be implanted into the
surrogate mother to obtain transgene positive animals.
Hamra er al*® demonstrated that purified SSCs
isolated from rat testis could be infected with
lentiviruses in vitro. And these modified SSC’s could
give rise to transgenic progeny when implanted in the
rat testis. While the techniques mentioned above
resulted in the generation of transgenic animals, these
were cumbersome for the following reasons. SSCs
need to be isolated and cultured in vitro without them
undergoing differentiation. Further, the transduced
SSCs need to be propagated in culture, which is not a
trivial protocol though it has become easier over time.
In addition, spermatocytes need to be depleted from
the recipient male mice and often the transplantation
of the recombinant SSCs into recipient mice failed,
probably due to immune reactions against the
modified SSCs. This protocol is also difficult to use in
larger animals where spermatocyte depletion and
surgery might pose unforeseen problems. In 2004,
Kanatsu-Shinohara er al*’ suggested that all the
difficulties in obtaining and culturing SSCs can be
bypassed by in vivo retroviral transduction of SSCs.
By injecting retroviruses into the testis of sexually
immature mice, they obtained transgenic pups but the
efficiency of obtaining transgenic pups (22%) was
little less compared to the in vitro transduction
technique (33-38%).

In 2011, Sehgal et al*® reported that, upon in vivo
lentiviral transduction of pre-pubescent male mice,
the EGFP-f transgene could integrate into the DNA of
the SSCs and the transgene was expressed in all the
cells in the testis. More than 60% of the pups
generated by mating these pre-founder mice with wild
type female mice were positive for the transgene. The
transgene integration sites were mapped in the
transgene positive pups and demonstrated that the
transgene was stably inherited to next generation and
that most of the animals contained one or two
integrants*™®. This method is cost effective, simple and
highly efficient for generation of transgenic animals
as compared to the methods described above. But the
site where integration is going to occur cannot be
predicted and the transgene will be expressed by all
the testicular cells, which are infected by lentiviruses.
And if the transgene plays an important role in
spermatogenesis or cell-cell adhesion then the pre-
founder male mouse may become infertile®.

However, these problems can extend to any SMGT
technique that relies on the infection of SSC’s. Few
groups have also tried using adenoviruses for
generating transgenic animals but adenoviral infection
did not lead to integration of virus genome into the
host cell. Hence, adenoviruses when used to generate
transgenic animal by injection into seminiferous
tubules did not show integration into the genome of
the progenies but some of the pups expressed the
transgene. Recently, using GFP expressing
pseudotyped lentivirus infected spermatozoa, GFP
positive transgenic mice were obtained’'. Breifly,
cauda epididymis and distal end of vas deferens were
placed in a dish, punctured with needle and incubated
with concentrated virus soup for 30 min to 2 h. Then
the spermatozoa were washed with buffer and used
for IVF to generate transgenic mouse. The efficiency
of obtaining transgenic animal using this technique
was found greater than 42%°'. The critical factor,
which affected the efficiency of fertilization in this
technique, was the time interval for which viruses
were incubated with spermatozoa.

Site Specific Recombination and Targeted Knockouts

Until recently, the ability to generate knockout and
knockin mice was limited to technology requiring the
modification of embryonic stem cells in vitro,
followed by embryo aggregation or blastocyst
injection. These methods are difficult to develop and
require facilities not available in most laboratories.
Kanatsu-Shinohara er al> tried to generate knockout
mice by infecting cultured SSCs with retroviruses
containing neomycin resistant cassette. SSC colonies
resistant to neomycin were sequenced to identify the
genes flanking the retroviral genome and to find out if
the neomycin resistanst cassette became the part of
the ORF of the flanking gene sequences, suggesting
disruption of that gene. Using this random
mutagenesis approach, they found that one of the
disrupted genes was occludin. The SSC colony with a
disrupted occludin allele was transferred to the
recipient testis to generate occludin knockout mice;
though the efficiency to generate knockout mice with
this method was very less (1.7%)52. However, the
advent of the SMGT technologies allows the
exploitation of the nucleases like TALENs
(Transcription Activator-Like Effector Nucleases) and
CRISPR-Cas system (Clustered Regularly Interspaced
Short Palindromic Repeats; Cas-CRISPR associated
protein) to achieve targeted insertions or deletions or
modifications with higher efficiency.
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While using TALENS, the DNA or RNA sequences
(transgene) can also be injected into the oocytes or
embryos. Once inside the nucleus, TALEN binds to
specific DNA sequences and introduces a double
stranded break, which causes activation of the Non
Homologous End Joining (NHEJ) pathway. During
NHEJ, the exogenously provided template DNA or
RNA is used to insert or delete a few bases at the site
of strand breakage. Recently, knockin and knockout
mice, and mice with a site-specific mutation were
generated using TALENs™"’. Elimination of germline
mitochondrial DNA mutations has also been achieved
with the help of TALENs™. Instead of the embryo
injections, the TALENSs can be encoded in a lentiviral
vector and used to infect cultured SSCs. Recently,
TALENs complexed with lipofectamine were used to
transfect SSCs to generate or correct mutations, even
electroporation of SSCs has also been done to deliver
TALENs without affecting the cell viability or

proliferation of SSCs*"*,

In the CRISPR-Cas system, a single guide RNA
(sgRNA) (20 nucleotides) directs the Cas nuclease to
its target. Once activated, Cas generates double
stranded breaks, activates NHEJ and NHEIJ activation
leads to insertion or deletion of specific nucleotides.
To generate transgenic mice using CRISPR-Cas
system, Cas mRNA, sgRNA and a linearized vector
coding for the transgene were injected into the
pronucleus or cytoplasm of a two/four cell embryo™.
Transgenic mice containing a conditional allele for
Mecp2 was also generated by injecting mouse
embryos with a mixture of Cas9 mRNA, sgRNA and
loxPoligos™. These mice with conditional alleles can
be mated with mice expressing tissue specific CRE
recombinase to generate mice with a tissue specific
knockout of Mecp2 gene. Conditional allele can also
be generated by using a pair of Cas9 nucleases and a
single DNA expressing guide RNA flanked by loxP
sites®”. Recently, using a single plasmid system for
expressing sgRNA targeting the gene of interest and
Cas9 nuclease, a tyrosinase knockout rabbit was
generated®. CRISPR-Cas had been used in SSCs for
genome correction with 100% efficiency, as in the
case of mice carrying mutant Crygc gene (responsible
for causing cataract), resulting into the generation of
healthy progeny®. To make the activity of Cas highly
specific and reduce off target effects, multiple sgRNA
or a pair of sgRNAs can be used®.

TALENs and CRISPR-Cas allowed selective
modification of a genome as compared to the

conventional random mutagenesis where integration
of the exogenous DNA or viral genome could not be
controlled. This uncontrolled integration gave rise to
different phenotypes depending upon the gene, which
was disrupted due to integration of exogenous DNA.
Moreover, plasmid modification used for generating
transgenic mice was cumbersome in conventional
methods with requirement of selective promoters,
intron or exon of a gene, poly A tail and other
accessory DNA elements, and was often associated
with recombination problems, whereas with CRISPR-
Cas systems, a mixture of DNA or RNA molecule
(complementary to the targeted genomic region) and
mRNA encoding for the nuclease could be directly
used to achieve transgenesis in embryo or SSCs. Use
of CRISPR-Cas, TALENs and other nucleases like
Zinc Finger Nucleases is changing the field of
transgenesis but still the questions relating to their
specificity, cytotoxicity and off target effects remains
to be answered.

Future Prospects

The field of sperm mediated transgenesis has
evolved a great deal since the first experiments in
which spermatozoa were incubated with plasmid
DNA. With the development of technology, the
efficiency of transgenesis has improved from approx
2-10% to above 60%. SMGT techniques also allows
the development of transgenic animals in other
species, e.g., the development of transgenic pigs
expressing human decay accelerating factor. The
tissues from this transgenic pig can be used for
transplantation, as the peripheral blood mononuclear
cells from this animal upon incubation with fresh
human serum were able to resist antibody and
complement mediated cell lysis'. Isolation and
culture of SSCs for in vitro modification of SSCs led
to the standardization of process of isolation, culture,
maintenance and cryopreservation of human SSCs.
This has given hope to the human patients suffering
from infertility or cancer (reviewed in®). The
techniques described here could be further modified,
so that one day scientists will be able to generate
single gene or multi gene transgenic animals with
almost 100% efficiency. In addition, the transgenes
will be integrated at specific sites in the genome and
their expression regulated either temporally or in a
tissue specific manner. These could lead to the
generation of genome wide screens in small animal
models. And the development of such a technology
will result in the generation of animal models of
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human disease that could be used to develop
therapeutic strategies and to study the biology of
different pathways involved in growth, development
and disease pathogenesis. Finally, these technologies
will allow scientists to extend their studies to larger
animals, which might be better models for studying
human disease.

Acknowledgement

We apologize to those authors whose work we

have not cited due to space constraints. The present
work was supported by grants from the Department of
Biotechnology, Government of India, New Delhi and
ACTREC, Kharghar, Navi Mumbai.

References

1

2

10

11

12

13

Brinster R L, A method for in vitro cultivation of mouse ova
from two-cell to blastocyst, Exp Cell Res, 32 (1963) 205-208.
Brinster R L, The effect of cells transferred into the mouse
blastocyst on subsequent development, J Exp Med, 140
(1974) 1049-1056.

Mintz B & Illmensee K, Normal genetically mosaic mice
produced from malignant teratocarcinoma cells, Proc Natl
Acad Sci USA, 72 (1975) 3585-35809.

Gordon J W, Scangos G A, Plotkin D J, Barbosa J A &
Ruddle F H, Genetic transformation of mouse embryos by
microinjection of purified DNA, Proc Natl Acad Sci USA, 77
(1980) 7380-7384.

Brinster R L, Chen H Y, Trumbauer M, Senear A W, Warren
R et al, Somatic expression of herpes thymidine kinase in
mice following injection of a fusion gene into eggs, Cell, 27
(1981) 223-231.

Jahner D, Haase K, Mulligan R & Jaenisch R, Insertion of
the bacterial gpt gene into the germ line of mice by retroviral
infection, Proc Natl Acad Sci USA, 82 (1985) 6927-6931.
Huszar D, Balling R, Kothary R, Magli M C, Hozumi N et
al, Insertion of a bacterial gene into the mouse germ line
using an infectious retrovirus vector, Proc Natl Acad Sci
USA, 82 (1985) 8587-8591.

Gossler A, Doetschman T, Korn R, Serfling E & Kemler R,
Transgenesis by means of blastocyst-derived embryonic stem
cell lines, Proc Natl Acad Sci USA, 83 (1986) 9065-9069.
Brinster R L, Chen H Y, Trumbauer M E, Yagle M K &
Palmiter R D, Factors affecting the efficiency of introducing
foreign DNA into mice by microinjecting eggs, Proc Natl
Acad Sci U S A, 82 (1985) 4438-4442.

Lavitrano M, Camaioni A, Fazio V M, Dolci S, Farace M G
et al, Sperm cells as vectors for introducing foreign DNA
into eggs: Genetic transformation of mice, Cell, 57 (1989)
717-723.

Brackett B G, Baranska W, Sawicki W & Koprowski H,
Uptake of heterologous genome by mammalian spermatozoa
and its transfer to ova through fertilization, Proc Natl Acad
Sci USA, 68 (1971) 353-357.

de Kretser D M, Loveland K L, Meinhardt A, Simorangkir D
& Wreford N, Spermatogenesis, Hum Reprod, 13 (1998) 1-8.
de Rooij D G & Russell L D, All you wanted to know about
spermatogonia but were afraid to ask, J Androl, 21 (2000)
776-798.

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

465

Zani M, Lavitrano M, French D, Lulli V, Maione B et al,
The mechanism of binding of exogenous DNA to sperm
cells: Factors controlling the DNA uptake, Exp Cell Res, 217
(1995) 57-64.

Lavitrano M, Maione B, Forte E, Francolini M, Sperandio S
et al, The interaction of sperm cells with exogenous DNA: A
role of CD4 and major histocompatibility complex class II
molecules, Exp Cell Res, 233 (1997) 56-62.

Smith K R, Sperm cell mediated transgenesis: A review,
Anim Biotechnol, 10 (1999) 1-13.

Xin N, Liu T, Zhao H, Wang Z, Liu J et al, The impact of
exogenous DNA on the structure of sperm of olive flounder
(Paralichthys olivaceus), Anim Reprod Sci, 149 (2014) 305-310.
Chan A W S, Luetjens C M, Dominko T, Ramalho-Santos J,
Simerly C R et al, Foreign DNA transmission by ICSI:
Injection of spermatozoa bound with exogenous DNA results
in embryonic GFP expression and live rhesus monkey births,
Mol Human Reprod, 6 (2000) 26-33.

Lavitrano M, Bacci M L, Forni M, Lazzereschi D, Di Stefano
C et al, Efficient production by sperm-mediated gene transfer
of human decay accelerating factor (hDAF) transgenic pigs
for xenotransplantation, Proc Natl Acad Sci USA, 99 (2002)
14230-14235.

Webster N L, Forni M, Bacci M L, Giovannoni R, Razzini R
et al, Multi-transgenic pigs expressing three fluorescent
proteins produced with high efficiency by sperm mediated
gene transfer, Mol Reprod Dev, 72 (2005) 68-76.

roll K L & Amaya E, Transgenic Xenopus embryos from
sperm nuclear transplantations reveal FGF signaling
requirements during gastrulation, Development, 122 (1996)
3173-3183.

Perry A C, Wakayama T, Kishikawa H, Kasai T, Okabe M et
al, Mammalian transgenesis by intracytoplasmic sperm
injection, Science, 284 (1999) 1180-1183.

Ball B A, Sabeur K & Allen W R, Liposome-mediated
uptake of exogenous DNA by equine spermatozoa and
applications in sperm-mediated gene transfer, Equine Vet J,
40 (2008) 76-82.

Harel-Markowitz E, Gurevich M, Shore L S, Katz A, Stram
Y et al, Use of sperm plasmid DNA lipofection combined
with REMI (restriction enzyme-mediated insertion) for
production of transgenic chickens expressing eGFP
(enhanced green fluorescent protein) or human follicle-
stimulating hormone, Biol Reprod, 80 (2009) 1046-1052.
Yang C C, Chang H S, Lin C J, Hsu C C, Cheung J I et al,
Cock spermatozoa serve as the gene vector for generation of
transgenic chicken (Gallus gallus), Asian-Aust J Anim Sci, 17
(2004) 885-891.

Churchil R R, Gupta J, Singh A & Sharma D, Exogenous
DNA internalisation by sperm cells is improved by
combining lipofection and restriction enzyme mediated
integration, Br Poult Sci, 52 (2011) 287-291.

Kim T S, Lee S H, Gang G T, Lee Y S, Kim S U et al,
Exogenous DNA uptake of boar spermatozoa by a magnetic
nanoparticle vector system, Reprod Domest Anim, 45 (2010)
€201-e206.

Campos V F, de Leon P M, Komninou E R, Dellagostin O A,
Deschamps J C et al, NanoSMGT: Transgene transmission
into bovine embryos using halloysite clay nanotubes or
nanopolymer to improve transfection efficiency, Theriogenology,
76 (2011) 1552-1560.



466

29

30

31

32

33

34

35

36

37

39

40

41

42

44

45

46

INDIAN J BIOTECHNOL, OCTOBER 2016

Barkalina N, Jones C, Kashir J, Coote S, Huang X et al, Effects
of mesoporous silica nanoparticles upon the function of
mammalian sperm in vitro, Nanomedicine, 10 (2014) 859-870.
Campos V F, Komninou E R, Urtiaga G, de Leon P M,
Seixas F K er al, NanoSMGT: Transfection of exogenous
DNA on sex-sorted bovine sperm using nanopolymer,
Theriogenology, 75 (2011) 1476-1481.

Brinster R L & Zimmermann J W, Spermatogenesis
following male germ-cell transplantation, Proc Natl Acad Sci
USA, 91 (1994) 11298-11302.

Brinster R L & Avarbock M R, Germline transmission of
donor haplotype following spermatogonial transplantation,
Proc Natl Acad Sci USA, 91 (1994) 11303-11307.

Nagano M, Shinohara T, Avarbock M R & Brinster R L,
Retrovirus-mediated gene delivery into male germ line stem
cells, FEBS Lett, 475 (2000) 7-10.

Nagano M, Watson D J, Ryu B Y, Wolfe ] H & Brinster R L,
Lentiviral vector transduction of male germ line stem cells in
mice, FEBS Lett, 524 (2002) 111-115.

lvics Z, Izsvak Z, Chapman K M & Hamra F K, Sleeping
beauty transposon mutagenesis of the rat genome in
spermatogonial stem cells, Methods, 53 (2011) 356-365.

Sato T, Katagiri K, Gohbara A, Inoue K, Ogonuki N et al, In
vitro production of functional sperm in cultured neonatal
mouse testes, Nature (Lond), 471 (2011) 504-507.
Muramatsu T, Shibata O, Ryoki S, Ohmori Y & Okumura J,
Foreign gene expression in the mouse testis by localized in
vivo gene transfer, Biochem Biophys Res Commun, 233
(1997) 45-49.

Yamazaki Y, Fujimoto H, Ando H, Ohyama T, Hirota Y et al, In
vivo gene transfer to mouse spermatogenic cells by
deoxyribonucleic acid injection into seminiferous tubules and
subsequent electroporation, Biol Reprod, 59 (1998) 1439-1444.
Huang Z, Tamura M, Sakurai T, Chuma S, Saito T et al, In
vivo transfection of testicular germ cells and transgenesis by
using the mitochondrially localized jellyfish fluorescent
protein gene, FEBS Lett, 487 (2000) 248-251.

Sato M, Iwase R, Kasai K & Tada N, Direct injection of foreign
DNA into mouse testis as a possible alternative of sperm-
mediated gene transfer, Anim Biotechnol, 5 (1994) 19-31.
Bachiller D, Schellander K, Peli J & Ruther U, Liposome-
mediated DNA uptake by sperm cells, Mol Reprod Dev, 30
(1991) 194-200.

Usmani A, Ganguli N, Sarkar H, Dhup S, Batta S R er al, A
non-surgical approach for male germ cell mediated gene
transmission through transgenesis, Sci Rep, 3 (2013) 3430.
Dhup S & Majumdar S S, Transgenesis via permanent
integration of genes in repopulating spermatogonial cells in vivo,
Nat Methods, 5 (2008) 601-603.

Nagano M, Brinster C J, Orwig K E, Ryu B Y, Avarbock M
R et al, Transgenic mice produced by retroviral transduction
of male germ-line stem cells, Proc Natl Acad Sci USA, 98
(2001) 13090-13095.

Pfeifer A, Ikawa M, Dayn Y & Verma I M, Transgenesis by
lentiviral vectors: Lack of gene silencing in mammalian
embryonic stem cells and preimplantation embryos, Proc
Natl Acad Sci USA, 99 (2002) 2140-2145.

Hamra F K, Gatlin J, Chapman K M, Grellhesl D M, Garcia J
V et al, Production of transgenic rats by lentiviral
transduction of male germ-line stem cells, Proc Natl Acad
Sci USA, 99 (2002) 14931-14936.

47

48

49

50

51

52

54

55

56

57

58

59

60

61

62

64

Kanatsu-Shinohara M, Toyokuni S & Shinohara T, Transgenic
mice produced by retroviral transduction of male germ line stem
cells in vivo, Biol Reprod, 71 (2004) 1202-1207.

Sehgal L, Thorat R, Khapare N, Mukhopadhaya A, Sawant M et
al, Lentiviral mediated transgenesis by in vivo manipulation of
spermatogonial stem cells, PLoS One, 6 (2011) €21975.

Sehgal L, Mukhopadhyay A, Rajan A, Khapare N, Sawant M et
al, 14-3-3y-mediated transport of plakoglobin to the cell border
is required for the initiation of desmosome assembly in vitro and
in vivo, J Cell Sci, 127 (2014) 2174-2188.

Takehashi M, Kanatsu-Shinohara M, Inoue K, Ogonuki N, Miki
H et al, Adenovirus-mediated gene delivery into mouse
spermatogonial stem cells, Proc Natl Acad Sci USA, 104 (2007)
2596-2601.

Chandrashekran A, Sarkar R, Thrasher A, Fraser S E, Dibb N et
al, Efficient generation of transgenic mice by lentivirus-
mediated modification of spermatozoa, FASEB J, 28 (2014)
569-576.

Kanatsu-Shinohara M, lkawa M, Takehashi M, Ogonuki N,
Miki H er al, Production of knockout mice by random or
targeted mutagenesis in spermatogonial stem cells, Proc Natl
Acad Sci USA, 103 (2006) 8018-8023.

Davies B, Davies G, Preece C, Puliyadi R, Szumska D et al, Site
specific mutation of the Zic2 locus by microinjection of TALEN
mRNA in mouse CD1, C3H and C57BL/6J oocytes, PLoS One,
8 (2013) e60216.

Ponce de Leon V, Merillat A M, Tesson L, Anegon 1 &
Hummler E, Generation of TALEN-mediated GRY™ knock-in
rats by homologous recombination, PLoS One, 9 (2014) e88146.
Tesson L, Usal C, Menoret S, Leung E, Niles B J et al,
Knockout rats generated by embryo microinjection of TALENS,
Nat Biotechnol, 29 (2011) 695-696.

Reddy P, Ocampo A, Suzuki K, Luo J, Bacman S R et al,
Selective elimination of mitochondrial mutations in the germline
by genome editing, Cell, 161 (2015) 459-469.

Fanslow D A, Wirt S E, Barker J C, Connelly J P, Porteus M H
et al, Genome editing in mouse spermatogonial stem/progenitor
cells using engineered nucleases, PLoS One, 9 (2014) e112652.
Sato T, Sakuma T, Yokonishi T, Katagiri K, Kamimura S ez al,
Genome editing in mouse spermatogonial stem cell lines using
TALEN and double-nicking CRISPR/Cas9, Stem Cell Rep, 5
(2015) 75-82.

Yang H, Wang H, Shivalila C S, Cheng A W, Shi L et al, One-
step generation of mice carrying reporter and conditional alleles
by CRISPR/Cas-mediated genome engineering, Cell, 154 (2013)
1370-1379.

Lee A'Y & Lloyd K C, Conditional targeting of Ispd using
paired Cas9 nickase and a single DNA template in mice, FEBS
Open Bio, 4 (2014) 637-642.

Honda A, Hirose M, Sankai T, Yasmin L, Yuzawa K et al, Single-
step generation of rabbits carrying a targeted allele of the
tyrosinase gene using CRISPR/Cas9, Exp Anim, 31 (2015) 31-37.
Wu 'Y, Zhou H, Fan X, Zhang Y, Zhang M et al, Correction of a
genetic disease by CRISPR-Cas9-mediated gene editing in
mouse spermatogonial stem cells, Cell Res, 25 (2015) 67-79.
Ran F A, Hsu P D, Lin C'Y, Gootenberg J S, Konermann S et al,
Double nicking by RNA-guided CRISPR Cas9 for enhanced
genome editing specificity, Cell, 154 (2013) 1380-1389.

Kubota H & Brinster R L, Technology insight: I vitro culture of
spermatogonial stem cells and their potential therapeutic uses,
Nat Clin Pract Endocrinol Metab, 2 (2006) 99-108.



	01_title (1)
	02_certificate
	03_prelim_pages
	04_contents
	05_abstract
	06_tabfiglist
	07_chapter_1
	08_chapter_2
	09_chapter_3
	10_chapter_4
	11_chapter_5
	12_chapter_6
	13_chapter_7
	14_misc

