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Introduction. Desmosomes are adherens like junctions that anchor intermediate filaments at
membrane associated plaques in adjoining cells and thus allow the formation of an intercellular
network that promotes tissue organization and rigidity. The desmosome is composed of proteins
belonging to three different protein families: the desmosomal cadherins (the desmogleins and
desmocollins), the plakin family proteins (desmoplakin) and the proteins containing armadillo
(ARM) repeats (plakoglobin and plakophilins) [1, 2]. Plakophilin3 (PKP3) is the most widely
expressed isoform in the plakophilin family and is ubiquitously present in all the layers of the
stratified epithelia and simple epithelia except in hepatocytes [3]. PKP3 binds to a broad
repertoire of proteins such as the desmosomal cadherins: desmoglein 1-3, desmocollins 1 and 3,
plakoglobin, desmoplakin and keratin18 [4]. PKP3 plays a crucial role in the maintenance of the
desmosomal structure and function by mediating recruitment of other desmosomal components
to the cell border [5].
PKP3 expression is decreased in high grade poorly differentiated oropharyngeal cancer [6],
colon cancer [7], gastric cancer [8] and bladder cancers [9]. Previous results from our laboratory
demonstrated that PKP3 loss led to a decrease in desmosome size, a decrease in cell-cell
adhesion, increased cell migration, increased anchorage independent growth, accelerated tumor
formation in nude mice and increased metastasis to lung [10], partly due to an increase in the
stability of keratin8 [11]. The increased stability of keratin8 was due to an increase in the levels
of Phosphatase of Regenerating Liver -3 (PRL-3) [11, 12]. PRL-3 levels are increased in
colorectal cancers [13] and PRL-3 expression leads to metastasis in tumors derived from the
colon [14].
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In addition to regulating cell-cell adhesion, PKP3 has been postulated to have functions in
regulating the transcription and translation of gene products. It has been postulated that PKP3,
like the other plakophilin family members, may play a role in integrating extracellular signaling
with signals occurring inside the cells [15-19]. PKP3 has also been detected in stress granules in
complex with RNA binding like FXR1, eIF4E, poly-A binding protein and Ras-GAP SH3
binding protein [20, 21]. Thus PKP3 loss may lead to alterations in transcription or translation of
genes and this might have a role to play in the inhibition of transformation and metastasis by
PKP3.
Objectives. 1. To determine the alterations in the transcriptome of cells lacking PKP3 and their
relevance to neoplastic progression.
2. To determine if PKP3 loss leads to radio-resistance and to identify the mechanism underlying
this radio-resistance phenotype.
Results. 1. To determine the alterations in the transcriptome of cells lacking PKP3 and
their relevance to neoplastic progression. To identify mechanisms downstream of PKP3 loss
leading to tumor progression and metastasis, a gene expression analysis was performed to
compare the transcriptome of FBM and HCT116 derived vector control clone (vec) and a PKP3
knockdown clone (shPKP3-2) using the Agilent 8x60K microarray format. Microarray data
analysis was done using the Bio-interpreter software (Genotypic, India). Gene expression
changes between FBM, HCT116 and HaCaT derived vector control and PKP3 knockdown
clones were validated using real time PCR. The microarray data for FBM and HCT116 has been
uploaded to the NCBI GEO database (Accession nos. GSE61512 and GSE64580). Real time
PCR assays demonstrated that an inflammation associated signature was observed to be
increased in HaCaT and FBM derived PKP3 knockdown clones but not in the HCT116 derived
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PKP3 knockdown clones. These results suggested that PKP3 loss leads to varying alterations in
the transcriptome in the three cell types studied and that PKP3 loss leads to the generation of an
inflammation associated signature in stratified epithelia derived cell lines, which is consistent
with the observation that inflammation is observed in the epidermis of mice lacking PKP3 [22].
Matrix-metalloprotease 7 (MMP7) and Lipocalin2 (LCN2) expression were up-regulated in all
the three cell lines tested. LCN2 is an iron binding protein and regulates iron homeostasis in cells
and is often over-expressed in many types of cancers [23]. LCN2 up-regulation has been found
in patients suffering from colorectal carcinoma in multiple clinical studies and is an indicator of
colon cancer progression from adenoma to carcinoma [24, 25]. MMP7 (also known as
matrilysin) is up-regulated in many cancers like colon cancer [26], gastric cancer [27], oral
cancer [28] and bladder cancer [29]. To test if LCN2 or MMP7 is functionally important in
regulating tumor formation upon PKP3 loss, HCT116 derived PKP3 knockdown clone (shpkp32) was transfected with plasmid encoding shRNA against LCN2 or MMP7. Four LCN2 double
knockdown clones and two MMP7 double knockdown clones were generated. Compared to the
vector control, the LCN2 double knockdown clones had decreased cell migration, cell invasion,
anchorage independent growth and a decreased ability to form tumors in nude mice. The MMP7
double knockdown clones showed decreased cell migration, cell invasion, increase in anchorage
independent growth and a decreased ability to form tumors in nude mice. Thus, increase in the
expression of both MMP7 and LCN2 was found to be essential for the neoplastic progression
observed upon PKP3 loss.
Previous reports suggested that LCN2 transcription can be increased upon activation of the
p38MAPK/AP1 pathway [30, 31]. To determine if PKP3 loss leads to an increase in the
activation of p38 MAPK, a Western blot analysis in HCT116 derived PKP3 knockdown clones
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was performed. These experiments demonstrated that PKP3 loss results in increased p38MAPK
activation and increased nuclear localization of p38MAPK. Inhibition of the activity of p38α and
β decreased LCN2 expression, suggesting that activation of either p38α or p38β was required for
LCN2 transcription upon PKP3 loss. A real time PCR analysis demonstrated that p38β
knockdown decreased LCN2 expression, while p38α knockdown increased LCN2 expression.
As p38MAPK is known to phosphorylate and activate transcription factors like ATF2 [32],
MSK1[32] and ELK1[33], , alterations in phosphorylation status and total protein levels of these
transcription factors were analyzed by Western blotting. Phosphorylated ELK1 and total ELK1
protein levels were found to be up-regulated upon PKP3 loss. To analyze if ELK1 regulates
LCN2 over-expression upon PKP3 loss, ELK1 was knocked down in a HCT116 derived PKP3
knockdown clone generating ELK1 double knockdown clones. Real time PCR assays
demonstrated that LCN2 levels were decreased in these double knockdown clones. Luciferase
reporter assays demonstrated that ELK1 was required for increased LCN2 promoter activity in
the PKP3 knockdown clones. As the knockdown of both p38β and ELK1 resulted in a decrease
in LCN2 transcription and p38MAPK is known to phosphorylate and activate ELK1 [33], it was
hypothesized that probably p38β activates ELK1 and this in turn regulates LCN2 up-regulation.
Real time PCR and Western blotting demonstrated that ELK1 levels were decreased upon p38β
down-regulation both at mRNA and protein levels while p38β expression was un-altered in the
ELK1double knockdown clones.

Thus the p38β/ELK1 pathway was demonstrated to be

important in regulating LCN2 over-expression upon PKP3 loss.
A recent report demonstrated that MMP7 expression in the colon cancer derived cell line, DLD1
is increased upon an increase in PRL-3 levels via the PI3K/AKT and ERK signaling pathway
[34]. Inhibition of PRL-3 activity in the HCT116 derived vector control and PKP3 knockdown
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clones caused a concentration dependent decrease in MMP7 mRNA levels and protein levels. To
determine if PRL3 inhibition was specific to MMP7, expression of LCN2 was analyzed upon
PRL3 inhibition. LCN2 expression was not decreased upon PRL3 inhibition. Thus, it was
demonstrated that PRL-3 up-regulates MMP7 expression upon PKP3 loss.
2. To determine if PKP3 loss leads to radio-resistance and to identify the mechanism
underlying this radio-resistance phenotype. To determine whether PKP3 loss leads to increase
in radio-resistance, clonogenic survival assays were performed [35] to quantify the effect of γ
irradiation on HaCaT, HCT116 and FBM derived PKP3 knockdown clones as compared to their
respective vector control clones. The results obtained from this experiment demonstrated that
loss of PKP3 leads to the phenotype of increased radio-resistance in all the three cell lines under
study. To determine whether radio-resistance upon PKP3 loss is intrinsic or radiation induced
[36, 37], a gene expression analysis was performed to compare the transcriptome of FBM
derived vector control clone (vec) and a PKP3 knockdown clone (shPKP3-2) harvested unirradiated or irradiated (4grays γ-irradiation). Microarray was performed using the Agilent
8x60K format and data analysis was done using the Bio-interpreter software (Genotypic, India).
This analysis demonstrated that there were very few radiation induced differences in mRNA
between the vector control and PKP3 knockdown clones which could lead to radio-resistance.
So, it was hypothesized that the phenotype of radio-resistance shown by PKP3 knockdown
clones was an intrinsic radio-resistance phenotype.
To analyze if LCN2 or MMP7 up-regulation regulates the observed radio-resistance phenotype,
clonogenic survival assay was performed for shpkp3-2 derived LCN2 double knockdown clones,
shpkp3-2 derived MMP7 double knockdown clones and the shpkp3-2 derived vector control
clone. ANOVA analysis and the survival curves obtained from this experiment demonstrated that
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LCN2 knockdown can reverse the phenotype of radio-resistance observed upon PKP3 loss but
MMP7 was not involved in regulating radio-resistance.
4. Conclusions and Future directions. PKP3 loss leads to both cell type dependent and cell
type independent alterations in gene expression. PKP3 loss leads to activation of the p38β/ELK1
pathway which leads to LCN2 up-regulation. PKP3 loss also increases PRL-3 protein levels
which in turn up-regulates MMP7 expression. Up-regulation of LCN2 and MMP7 contributes to
the increased neoplastic progression observed in HCT116 derived PKP3 knockdown clones.
LCN2 up-regulation but not MMP7 up-regulation confers the property of radio-resistance to the
PKP3 knockdown clones.
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INTRODUCTION
1.1. Epithelial cell adhesion junctions
The epithelium is a tissue that forms a lining over both the inner and outer surfaces of the body
including the skin, intestine, airway passages and glands. The epithelium is made up of epithelial
cells which are tightly adhered to each other and to the basement membrane in a definite
orientation to form epithelial sheets. Orientation refers to formation of apical-basolateral
polarity, a characteristic of epithelial cells [1]. Apical-basolateral polarity of simple epithelial
cells is characterized by presence of the basal surface where cell membrane receptors contact the
extracellular matrix (ECM); a lateral surface defined by cell receptors being in contact with other
cells; and an apical surface facing the hollow lumen (Figure 1.1) [1]. Apical basolateral polarity
is only found in the basal progenitor cells, present at the basal layer of a stratified epidermis. An
essential requirement for maintaining epithelial polarity is the differentiation of protein and lipid
composition of each surface (reviewed in [2]). Epithelial apical basolateral polarity is essential
for maintaining tissue homeostasis (reviewed in [3, 4]), epidermal morphogenesis (reviewed in
[5]) and tissue functions like maintaining homeostasis between commensal bacteria and immune
cells of the gastro-intestinal tract (reviewed in [6]), regulating barrier function and maintaining
symmetric and asymmetric cell division in the different compartments of the skin epidermis
(reviewed in [7, 8]). Loss of epithelial cell polarity leads to increased neoplastic progression and
metastasis (reviewed in [9-11]).
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Figure 1.1. Epithelial cell to cell and cell to ECM junctions. Cell to cell adhesion is
maintained by the tight junctions, adherens junctions and the desmosomes present at the lateral
surface of the plasma membrane of the adjacent epithelial cells, while cell to ECM adhesion is
maintained by the focal adhesions and hemidesmosomes present at the basal surface of the
plasma membrane [12]
Establishment of the epithelial polarity requires the formation of the apical junctional complexes
at the lateral surface of the cells (reviewed in [13-15]). The apical junctional

complex

consists of the tight junctions and the adherens junction. Tight junctions (or zona occludens) play
a very important role in maintaining epithelial polarity by restricting apical/basolateral intramembrane diffusion of lipids and by preventing paracellular diffusion of water and solutes [16].
The transmembrane proteins in the tight junctions are claudins and occludins which link the tight
junctions to the actin cytoskeleton via Zonula occludens1 (ZO1) and ZO2 proteins. Decreased
expression of the tight junction proteins ZO-1 [17] and occludin [18] are known to cause breast
cancer.
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Adherens junctions are calcium dependent adheresion junctions that anchor actin filaments and
form a strong intracellular actin cytoskeleton.They are made of transmembrane classical
cadherins E cadherin, P cadherin and N cadherin. These cadherins bind to actin filaments
intracellularly via the catenin and vinculin family proteins. The adherens junction protein E
cadherin has been demonstrated to be very important in maintaining epithelial polarity ([19] and
reviewed in [20]) and homeostasis (reviewed in [21]). E cadherin expression has been shown to
be decreased in colorectal [22] cancer, gastric cancer, non small cell like lung carcinoma [23]
and breast cancer [24]. Loss of E cadherin has been shown to disrupt cell polarity and cause
increased metastasis [25]. It was demonstrated that expression of multiple transcription factors
are induced upon E cadherin loss. One of these transcription factors, Twist is required for E
cadherin loss mediated metastasis [25]. Thus, loss of cell to cell adhesion in between epithelial
cells can lead to loss of cell polarity and also increased neoplastic progression and metastasis.
Epithelial cell polarity is also maintained by the attachment of cells to the ECM via the focal
adhesions and hemidesmosomes present at the basal side of the plasma membrane (reviewed in
[26]). The focal adhesions are formed by transmembrane integrins and linked to actin filaments
by adaptor proteins talin, filamin and vinculin (reviewed in [27]). Hemidesmosomes are are
formed by α6 β4 integrins and bullous pemphigoid antigen-2 (BPAG2) and are linked to
intermediate filaments through plectin and the epithelial form of bullous pemphigoid antigen-1
(BPAG1e) (reviewed in [27]). The cell to ECM adhesion is important not just to maintain
epithelial cell polarity but has been demonstrated to regulate epidermal morphogenesis (reviewed
in [28, 29]) and cell motility (reviewed in [30, 31]). Thus, loss of cell to ECM adhesions also
leads to increased neoplastic progression and metastasis (reviewed in [26, 32]).
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1.2. The Desmosome
Desmosomes are specialized cell-cell adhesion junctions that are present abundantly in cells,
which constantly encounter mechanical stress such as epithelial cells and myocardial cells ([33]
reviewed in [34, 35]). They are also found in purkinje cells, meningeal cells and the follicular
dendritic cells of the lymph nodes and thymus [36-38] . Desmosomes are calcium dependant
junctions, thus, cell-cell adhesion is based on the presence of extra-cellular calcium [39-41]. In
confluent cultures of epithelial cells and in tissues such as the epidermis, desmosomes become
“hyper-adhesive” and acquire calcium independence and do not require calcium for cell-cell
adhesion [41-43]. Desmosomes anchor intermediate filaments in adjacent cells of the epithelium
and allow the formation of an inter-cellular intermediate filament network, which helps maintain
epithelial tissue integrity and helps epithelial cells withstand mechanical stress [44-46].
Desmosomes have been demonstrated to regulate epithelial polarity (reviewed in [47, 48]),
epidermal morphogenesis and cell positioning [20]. It was demonstrated that desmosomes can
regulate alveolar morphogenesis by the luminal epithelial cells and cell positioning of the
luminal and myo-epithelial cells of the breast [20].
1.2.1. Ultra-structure and molecular architechture of the desmosome.
The desmosome is made up of proteins belonging to four major protein families: the desmosomal
cadherins, armadillo repeat (ARM) containing proteins and the plakin family of proteins (Figure
1.1) [49, 50]. Under the electron microscope, desmosomes appear as a pair of electron dense
plaques that are bilaterally symmetrical to each other and present at the cell-cell border of
adjoining epithelial cells (Figure 1.2). The plasma membranes of adjacent cells are separated by
an intercellular space of approximately 30 to 35 nm. In mature desmosomes, this space is
bisected by an electron dense midline (DM). The DM represents the site of interaction between
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the desmosomal cadherins, the desmogliens (Dsg) and desmocollins (Dsc). The Dsgs and Dscs
engage in calcium dependent homophilic and heterophilic adhesive interactions.

Figure 1.2. Desmosome ultra structure and molecular composition. The figure depicts a
cartoon representing the molecular architecture of the desmosome superimposed on an electron
micrograph of the desmosome. Abbreviations: DM= dense midline, PM= plasma membrane,
ODP= outer dense plaque, IDP= inner dense plaque, DSG=desmoglein, DSC=desmocollin,
PG=plakoglobin, PKP=plakophilin, DP=desmoplakin (adapted from [51]).
The intracellular side of the plasma membrane consists of two large discoid or oval shaped
electron dense plaques called outer dense plaque (ODP) (closer to the plasma membrane) and
inner dense plaque (IDP) (further away from the plasma membrane than ODP). Both ODP and
IDP are approximate 15 to 20 nm thick and the distance between these two plaques are
approximately 8 nm thick. The ODP represents the site where the intracellular domains of DSGs
and DSCs interact with armadillo repeat family proteins plakoglobin (Pg) and plakophilin (Pkp)
and the plakin family protein desmoplakin (DP). The IDP is at about 50 to 70 nm away from the
plasma membrane. At the IDP, DP interacts with intermediate filament (IF) proteins like keratin
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and vimentin, thus linking the desmosome with intermediate filaments [51]. The intermediate
filaments loop at the inner face of the IDP in the form of an electron dense wide arc and seem to
spread out in the cytoplasm ([49, 52-55] and reviewed in [56]).
1.2.2. Desmosomal cadherins:
The cadherin protein family consists of glycosylated transmembrane proteins [57, 58]. Cadherins
are broadly classified into six subfamilies namely classical cadherins (type I cadherins), atypical
cadherins (type II cadherins), desmogleins (DSGs),desmocollins (DSCs), protocadherins and
flamingo cadherins ( reviewed in [59] ). DSGs and DSCs are the cadherins present in the
desmosome and are therefore called desmosomal cadherins (reviewed in [59, 60]). In humans
there are four DSG genes (DSG1-4) [61-65] and three DSC genes (DSC1-3) and all DSC gene
products undergo alternate splicing to form two splice variants. The longer form is designated as
“a” and the shorter form “b” (Figure 1.4) [63, 66-68]. Unlike the “a” form, the “b” form lacks
binding site for Pg and Pkps, but can still localize to functional desmosomes [69].
Desmosomal cadherins are structurally very similar to classical cadherins (Figure 1.3). The N
terminus of DSGs and DSCs are made of five highly conserved extracellular cadherin (EC) like
domains named EC 1-5. The fifth EC domain which is closest to the plasma membrane is also
called the extracellular anchor (EA) domain. The EC and EA domains are connected by flexible
linker peptides which serve as binding sites for calcium ions. Each binding site can hold three
calcium ions. The EC domains are important for the homophilic and heterophilic interactions
between cadherins. This interaction between cadherins of adjacent cells leads to formation of the
dense midline in a desmosome. Multiple EC domain repeats are followed by a short
transmembrane motif (TM) which spans the membrane only once. The cytoplasmic side of DSGs
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and DSCs are made up of intracellular anchor (IA) domain and an intracellular catenin binding
site (ICS). The intercellular proline rich linker (IPL), a variable number of repeat unit domains
(RUDs) and a desmoglein terminal domain (DTD) are present exclusively in DSGs.
The intracellular domains of the desmosomal cadherins associate with the armadillo repeat
containing proteins and the plakin family proteins ([70] and reviewed in [59, 71]). The
desmosomal cadherins have cell type and tissue type specific expression patterns. DSG2 and
DSC2 are expressed in most human tissues, while, DSG1, DSG3, DSC1 and DSC3 are only
expressed in the stratified epithelium. DSG4 is expressed only in the highly differentiated
epithelial cells and in the hair shaft cortex, the lower hair cuticle, and the upper inner root sheath
(IRS) cuticle [72-76].
The expression of desmosomal cadherins is stringently regulated during the formation of the
epidermis. At approximately 5 to 8 weeks after embryonic gene activation, the developing
epidermis exists as a two layered structure, one layer made up of peridermal cells and the other
made up of basal cells. The peridermal cells stop proliferating, become

Figure 1.3. Structural domains, isoforms and splice variants of desmosomal cadherins.
Each of the four DSG genes and three DSC genes encode separate desmosomal cadherin
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isoforms. All DSC isoforms are alternatively spliced to “a” and “b” forms. The “b” form has a
shorter ICS domain. Abbreviations: Pro= propeptide, EC= extracellular cadherin, EA=
extracellular anchor, TM= transmembrane, IA= intracellular anchor, ICS= intracellular catenin
binding site, IPL= intercellular proline rich linker, RUD= repeat unit domain [51].
flattened, develop into the first layers of the cornified epithelium and are eventually shed off.
The basal cells give rise to the three layers of the epidermis namely the spinous layer, the
granular layer and the cornified layer (stratum corneum). During this process, the highly
proliferating stem like cells of the basal layer gradually migrates to the upper layers undergoing
differentiation at each layer of the epidermis. These cells undergo terminal differentiation just
before entering into the stratum corneum [77-79].

During epidermal morphogenesis,

desmosomal cadherins undergo stratification dependent alterations in gene expression
(Figure1.4). DSG1 expression increases while DSC2 level decreases as cells move from the
basal layer to the granular layer. DSG2 is only expressed in the basal layer. DSG3 and DSC3
levels decrease as cells move from basal layer to spinous layer. Both these proteins are not
expressed in the granular layer. DSG4 is expressed only in the granular layer. DSC1 is not
expressed in the basal layer but its expression increases as cells move from the spinous layer to
the granular layer [80]. The differentiation dependant expression of desmosomal cadherins raised
the possibility that DSGs and DSCs may have direct or indirect roles in epidermal
differentiation. To understand the function of different DSG and DSC isoforms, individual gene
knockout mice models were generated and the phenotypes were analyzed (Table 1.1). While,
DSG3 knockout mice have hair loss, acantholysis of the suprabasal layers of the oral and
acantholysis of skin epidermis resulting in skin crusting [81]; the DSC1 knockout mice develop
acantholysis of the granular layer of the skin epidermis leading to flaky skin and skin barrier
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defects [82]. DSG2 knockout mice die as embryos just after implantation into the uterus [83]
while DSC3 mice die at embryonic day (E2.5) stage even before formation of mature
desmosomes [84]. The phenotypes observed in DSG2 and DSG3 mice, show that these
desmosomal cadherins may play desmosome independent roles and may also regulate stem cell
functions.
Desmosomal cadherins are very important regulators of epidermal differentiation (reviewed in
[60]). DSG1, which is present abundantly in the granular layer of the epidermis, promotes
terminal differentiation. DSG1 binds to the protein, Erbin at the cell surface of differentiating
cells. The membrane localized Erbin binds to SHOC2 (a scaffolding protein which allows the
formation of RAS/RAF complexes, thus activate the ERK signaling pathway). The DSG1-ErbinSHOC2 interactions deplete the availability of SHOC2 to bind to RAS/RAF, thus inhibiting ERK
activation. ERK inhibition in turn leads to terminal differentiation of keratinocytes. DSG1 loss
due to haplo-insufficiency in patients suffering from Striate palmoplantar keratoderma (SPPK)
(Table 1.2), lead to less Erbin-SHOC2 interactions and strong ERK activation [85]. DSG3,
which is expressed maximally in the basal layers of the skin epidermis and absent in the upper
layers, inhibit keratinocyte terminal differentiation. To analyze the role of DSG3 in epidermal
differentiation, transgenic mice having keratin 1 promoter driven over-expression of DSG3 was
generated. Since keratin 1 is expressed in the spinous and granular layers of the epidermis, DSG3
expression was forced to be expressed in these layers. The skin and hair follicles of these
transgenic mice showed phenotypes of hyper-proliferation and abnormal differentiation [86].
DSG3 expression driven by involucrin promoter (expression in stratum corneum) exhibited lack
of terminal differentiation in the skin epidermis [87]. Thus desmosomal cadherins regulate
epidermal differentiation.
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Figure 1.4. Differential expression
of desmosomal cadherins in skin
epidermis.

Desmoglein

desmocollin

isoforms

and
show

stratification specific expression in
the different layers of the epidermis.

Genes
encoding
desmosomal
cadherin

DSG2

DSG3

Type of
knockout

Phenotypes

Global knockout

Embryos die shortly after implantation. Desmosomal
independent changes are believed to occur during
embryonic stem cell proliferation in the DSG2 knockout
mice because at desmosome formation takes place at least
4 weeks after embryonic gene activation in mice [83].

Global knockout

Normal at birth, but develop acantholysis of the subrabasal layer of the oral mucosa leading to oral lesions.
Crusting and acantholysis of traumatized skin. Hair loss in
telogen from postnatal day 20 [81].

DSC1

Global knockout

DSC3

Global knockout

Embryos born with eyes open and develop flaky skin with
punctuate barrier defects. Acantholysis in the granular
layer, resulting in epidermal fragility. Develop ulcerating
lesions resembling chronic dermatitis. Exhibit local hair
loss from 6 weeks of age [82].
Embryos die before E2.5, even before formation of the
mature desmosome [84].

Table 1.1. Phenotypes of mice having knockout of individual desmosomal cadherin genes.
The table represents the phenotypes associated with global knockout or tissue specific knockout
of different desmosomal cadherins in mice models.
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Desmosomal cadherins are associated with multiple human diseases (Table 1.2). DSG2 and
DSC2 are the only desmosomal cadherins expressed in the myocardium, thus mutations in DSG2
and DSC2 genes lead to severe heart defects like Arrhythymogenic right ventricular dystrophy/
cardiomyopathy (ARVD/C) [88, 89]. ARVC/D is a heritable heart disease that affects the
myocardial cells of the right ventricle leading to right ventricular enlargement, irregular
heartbeats and life threatening cardiac arrests. ARVD/C starts with loss of function mutants in
cardiac desmosomes of the right ventricle which leads to detachment of cardiac myocytes and
subsequent death of the myocytes. The damaged muscle is replaced by fibro-fatty tissue
(reviewed in [90]). DSC2 mutations also cause the wooly hair syndrome in which the hair of the
scalp appears wiry and frizzled like wool [91]. In the skin, haplo-insufficiency of DSG1 results
in SPPK characterized by thickening of the stratum corneum of the palm, knees, soles, ankles
and finger knuckles [92]. Mutations in DSC2 are also known to cause SPPK [91]. Mutations in
DSC3 and DSG4 (a major component of the inner root sheath of the hair follicles) leads to hair
loss or hypotrichosis [93, 94].
Circulating autoantibodies against DSG1 and DSG3 are known to cause severe skin blistering
diseases like pemphigus vulgaris (PV) and pemphigus foliaceus (PF) [62, 95, 96]. Both PV and
PF cause acantholysis (disruption of cell to cell adhesion) and internalization of desmosomal
components from the cell surface leading to loss of desmosomes [97-99], but differ in two ways:
PV antibodies target both DSG1 and DSG3 proteins while PF antibodies only target the DSG1
protein ; PV antibodies lead to supra-basal skin blistering and blistering of the oral mucosa,
while PF antibodies lead to only superficial skin blistering (Figure 1.5). The reason behind this
is; In PF, antibodies target only DSG1, the other desmosomal isoform DSG3 (which is the major
desmosomal cadherin of the basal layers), compensates for the loss of DSG1. In PV, antibodies
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target both DSG1 and DSG3, other DSG isoforms cannot compensate for the loss and this causes
severe suprabasal blistering of the skin (reviewed in [100, 101]).
Skin blistering and acantholysis can also be caused by proteolytic action of exfoliative toxins
(ETs) produced by bacteria like Staphylococcus aureus. If the skin blisters appear to localize
only to the arms, legs or trunk, then the disease is called Bullous impetigo, but if the skin blisters
occur extensively throughout the body and cause superficial blistering and exfoliation, then the
disease is called Staphylococcal scalded skin syndrome (SSSS) (reviewed in [102-104]). Three
homologous ETs have been successfully cloned till date and characterization of these ETs have
increased our knowledge about these diseases [105, 106]. These staphylococcal ETs are serine
proteases [107, 108] and have been demonstrated to cleave the extracellular region of the DSG1
protein [109, 110] at glutamate 381 residue which lies between EC3 and EC4 domains of DSG1
[111]. The cleavage mechanism is not only dependent on the amino acid sequence but also on
the conformation of DSG1. The ETs can cleave DSG1only when it exists in a calcium bound
conformation [112, 113]. Thus alterations of desmosomal cadherins can lead to multiple heart
and skin related diseases. A thorough understanding of the mechanisms regulating PV, PF,
Bullous disease and SSSS can help develop ways to combat these diseases.
One excellent example when understanding the mechanism of a disease has helped in developing
strategies for treatment of the disease is in PV. The PV antibodies targeting DSG3 (the most
common target in PV) has been shown to activate the p38MAPK pathway. Active p38MAPK in
turn phosphorylates Hsp27 (heat shock protein 27) and causes keratin filament retraction and
actin re-organization.

To inhibit the p38MAPK signaling pathway, a specific inhibitor

SB202190 [114] was used. These were able to prevent PV disease in mice [115] and block
keratin filament retraction and actin cytoskeleton reorganization [116]. The p38MAPK signaling
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pathway has been considered to be a good target in developing treatment modalities for PV
patients (reviewed in [117]).

Figure 1.5. The desmoglein compensation hypothesis. In the disease PF, auto-antibodies
against DSG1 can only cause superficial skin blistering (the cleavage plane of the epidermis is at
the granular layer). In PV, auto-antibodies targeted against both DSG1 and 3 lead to supra-basal
skin blistering (the cleavage plane is just above the basal layer) [101].
Expression levels of desmosomal cadherins also get altered in multiple cancers (Table 1.3).
Decrease in mRNA/protein expression of DSG1 is associated with pancreatic cancer and anal
cancer. In colon and skin cancers, DSG2 levels increase while in pancreatic and gastric cancer,
DSG2 level decreases. Similarly, increase in DSG3 levels lead to head and neck squamous cell
carcinoma (HNSCC) and esophageal carcinoma while its decrease is associated with breast
cancer. DSC isoforms are known to be tumor suppressors (reviewed in [118]).
Decrease in DSC1 expression is associated with lung cancer and anal cancer, while decrease in
DSC2 is associated with colon cancer. In a manner similar to DSC1; a decrease in DSC3
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expression is associated with lung cancer and prostate cancer. Loss of DSC2 in colon cancer
cells lead to activation of the AKT/β catenin signaling pathway which in turn leads to increased
neoplastic progression [119]. DSC2 loss in sporadic colorectal adenocarcinoma is also associated
with a phenomenon called desmocollin switching [120].
Desmosomal
cadherin

Disease name (cause of disease)

DSG3

Pemphigus foliaceus (Auto-antibodies) [96]
Pemphigus vulgaris (Auto-antibodies) [121]
Bullous impetigo (Exfoliative toxin) [109, 110]
SSSS (Exfoliative toxin) [109, 110]
SPPK (haplo-insufficiency) [92]
ARVC/D (Frame shift/ splicing/nonsense/missense mutations/
compound heterozygosity) [89]
Pemphigus vulgaris (Auto-antibodies) [122-124]

DSG4

Hypotrichosis (intragenic deletion/ missense mutations) [93]

DSC2

ARVC/D (Missense mutations) [88]
Wooly hair syndrome with cardiomyopathy and SPPK (Frame shift
mutations) [91]
Hypotrichosis with skin vesicles (nonsense mutations) [94]

DSG1

DSG2

DSC3

Table 1.2. Diseases associated with desmosomal cadherins. The table represents the diseases
associated with desmosomal cadherin alterations and the experimentally validated causes of the
disease.
DSC2 is the only isoform of DSCs found in normal colon epithelium. But upon DSC2 loss in
colon cancers, de novo expression of DSC1 and DSC3 is observed. This desmocollin switching
is postulated to promote neoplastic progression. Loss of DSG2 in colon cancers decreases
neoplastic progression [125]. Investigation of the mechanism regulating this process revealed
that DSG2 knockdown leads to increased DSC2 expression. Increased DSC2 in turn activated the
EGFR pathway and inhibited cell proliferation [125]. These experiments showed that DSG2 has
48

INTRODUCTION
a pro-tumorigenic role while DSC2 acts as a tumor suppressor protein in colon cancer via
activating the EGFR pathway. Thus, alterations in mRNA/protein expression of desmosomal
cadherins are associated with various signaling pathways which may either lead to increase or
decrease in neoplastic progression.
Desmosomal cadherin
DSG1
DSG2
DSG3

DSC1
DSC2

Types of cancers associated with:
Increased expression
Decreased expression
Pancreatic cancer [126], Anal cancer
[127]
Colon cancer [125],
skin Pancreatic cancer [126], gastric
cancer [128]
cancer [129]
Head and neck cancers [130], Breast cancer [132]
esophageal squamous cell
carcinoma [131]
Lung cancer [133], Anal cancer
[127]
Colon cancer [119]

DSC3

Lung cancer [133], Prostate cancer
[134]

Table 1.3. Cancers associated with alterations in desmosomal cadherins. The table represents
the type of cancers associated with alterations in expression of desmosomal cadherins.
1.2.3. Plakin family of proteins:
The plakin family consists of proteins having long polypeptide sequences. They join the
intermediate filaments to membrane associated desmosomal plaque proteins thus playing the role
of anchor proteins for both the desmosomes (cell to cell adhesion) and hemi-desmosomes (cell to
ECM adhesion). The plakin family proteins present in most desmosomes are desmoplakin and
plectin. The proteins periplakin , envoplakin and epiplakin are present only in cornified layers of
the stratified epithelia [135].

49

INTRODUCTION
1.2.3.1. Desmoplakin (DP):
DP is an essential component of the desmosomal plaque. It is important for desmosomal
functioning and adhesion [136]. Two alternative splice variants of DP exist namely DPI and
DPII. DPII as a shorter rod domain than DPI and has been proposed to exist even as monomers
[137, 138] (Figure 1.6).

Figure 1.6. Alternative splice variants of DP and their domain structure. The figure
represents the two splice variants of DP: DPI and DPII. It also depicts the domain structure of
DP. DP is made up of the N terminus head domain, the rod domain, the plakin repeat domains
(A, B, C) followed by the glycine-serine-arginine (GSR) domain. DPII has a shorter rod domain
[139].
The structure of DP is considered to be the best model for plakin family proteins. DP is made up
of a head domain, a plakin domain followed by three plakin repeat domains (PRDs) and a
glycine-serine-arginine domain (GSR) [140] (Figure 1.6). The N terminus head domain, also
known as the plakin domain, is a long α helical coiled coil domain and is a characteristic feature
of the plakin family of proteins. The plakin domain is made of spectrin repeats and a putative
SH3 domain (Figure 1.7). DP binds to other desmosomal proteins like DSC1a, PG and PKPs via
the plakin domain and is needed for recruitment of DP to the membrane associated desmosomal
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plaques [141, 142]. In the DP protein structure, the plakin domain is followed by the central
coiled coil rod domain which is important for protein dimerization. At the C terminal domain of
DP, multiple plakin repeat domains exist followed by the GSR domain. These act as binding
sites for intermediate filaments [143, 144].

Figure 1.7. The spectrin repeats in plakin domain of DP. The plakin domain at the N
terminus of DP has 6 spectrin repeats (SRs) and consists of an Src homology region (SH3)
within spectrin repeat 5 (SR5) (adapted from [140]).
Both DPI and DPII are present in all stratified and simple epithelial tissues [145]. In stratified
epithelium, DP expression is highest in the granular layer and least in the basal layer (Figure 1.8)
[146]. In non-epithelial cells like the human umbilical vein endothelial cells, both DPI and DPII
are expressed. In myocardial and Purkinje fiber cells of the heart, only DPI is expressed where it
associates with the intermediate filament component desmin [147]. DPI is also exclusively found
in the meningeal cells and follicular dendritic cells where it associates with the intermediate
filament component vimentin [148]. DPI mediates endothelial cell to cell adhesion by interacting
with VE-cadherin, PG, p0071 and vimentin. These types of junctions are called complexus
adhaerentes [33, 149-151].
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The importance of DP in vivo was demonstrated by performing genetic knockout of the DP gene
in mice (Table 1.4). The DP-null embryos do not survive for more than embryonic day 6.5
(E6.5). In these mice there is a significant loss of desmosomes and the structure of the
desmosomes were also impaired. It was also demonstrated that in the DP-null embryos, keratin 8
(K8) / keratin 18 (K18) were not able to form the characteristic filamentous meshwork [152]. A
similar phenotype was observed in mouse having epidermal specific knockout of the DP gene. In
this case, the desmosomes lacked attachment to IFs and were susceptible to mechanical stress
induced disruption [153]. Thus DP is an important desmosomal component that is required to
maintain tissue integrity.
DP is important for maintaining tissue integrity because it is a cytolinker protein which joins the
desmosome to the intermediate filaments (IFs) and this allows desmosomes to withstand
mechanical stress (reviewed in [154]). It had been demonstrated that the C terminal domain of
DP is required for association of DP with IF proteins like keratin and vimentin. Upon expression
of the C terminal domain of DP (DP CT) in cultured cells like COS-7 and NIH3T3 cells, it was
observed that the DP CT co-localizes with IFs. Desmosomes in cells having DP CT expression
did not show filamentous meshwork of IFs, instead they were disrupted. It was postulated that
when the expression of DP CT was high, it led to disruption of IFs [155]. Unlike DP CT, an N
terminus deleted mutant of DP (DPΔN) was able to form the filamentous meshwork of IFs [155].
The interaction of IFs with the C terminal domain of DP was also found to be important for
determining the spatial distribution of DP in to desmosomes, because expression of an N
terminal fragment of DP (DP NTP) in cells led to DP NTP forming complexes with both
desmosomal proteins and adherens junctions proteins [156]. Thus the C terminal domain of DP
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is essential for both IF binding and to maintain separation of the spatial distribution of
desmosomal and adherens junction proteins.

Figure 1.8. Expression of DP in the different layers of the stratified epithelium. DP
expression is highest in the granular layer of the epidermis and decreases gradually in the lower
layers.
DP binds to both keratin and vimentin IFs but their binding sites in DP protein were found to be
different. The last 68 amino acids (which does not include the A, B and C domains) at the C
terminus of DP was essential and sufficient for interaction with keratins, but for the interaction
with vimentin, the C terminal plakin repeat domains A, B, C and the rod domain of DP was
needed [144].
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Gene
encoding

Type of
knockout

Phenotypes

DP

Global
knockout

Embryos die at E6.5. Display abnormalities in desmosomal
assembly and stability. Cells show a reduction in cell proliferation
[152].

DP

Conditional
knockout
Embryos show epidermal separation upon mechanical stresses and is
under the
most prominent in the basal layer. Desmosomes lack attachment to
control of
intermediate filaments [153].
K14
promoter

Table 1.4. Phenotypes of mice having knockout of DP. The table represents the phenotypes
associated with global knockout or tissue specific knockout of DP.
Disease name (cause of disease)
Component
DP

ARVC/D (Missense mutation) [157]
Wooly hair syndrome with or without cardiomyopathy (C terminal truncation)
[158]
SPPK (Haplo insufficiency, Nonsense mutations) [159, 160]
Lethal acantholytic epidermolysis bullosa (C terminal truncation/ nonsense
mutation) [161]
Carvajal syndrome (C terminal truncation) [162]
Paraneoplastic pemphigus (Auto-antibodies) [163]

Table 1.5. Diseases associated with DP. The table represents the diseases associated with DP
and the experimentally validated causes of the disease.
The N terminal domain of DP interacts with the head domains of both plakophilin 1 (PKP1)
[141, 164] and plakoglobin (PG) [142] and these interactions are important for localization of DP
to desmosomes at the cell border [144]. High DP NTP expression was found to disrupt
endogenous DP localization at the cell to cell border [156].
DP is an essential component of both epidermal and myocardial desmosomes (reviewed in
[154]). Thus, loss of DP or mutations that cause loss of function of DP leads to many diseases
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(Table 1.5). Genetic haploinsufficiency of DP leads to SPKK [159]. Since C terminal of DP is
essential for binding of desmosomes to IFs, truncation of the C terminal domain of DP lead to
many diseases like the wooly hair syndrome with or without cardiomyopathy [158], lethal
acantholytic epidermolysis bullosa [161] and Carvajal syndrome (a syndrome in which patients
suffer from dilated cardiomyopaty, SPKK and wooly hair syndrome) ) [162] . A missense
mutation at the N terminal of DP causes the heart disease ARVC/D [157] while a heterozygous
nonsense mutation in DP caused SPKK and was found to be associated with abnormal epidermal
differentiation and alteration in keratin filament organization [160]. Auto-antibodies targeting
DP has been known to cause diseases like the paraneoplastic pemphigus vulgaris [163].
Desmosomal component

Types of cancers associated with:
Increased expression

DP

Decreased expression
Uterine adenocarcinoma
[165], OSCC [166], breast
cancer [167], lung cancer
[168]

LOH

Table 1.6. Cancers caused by alterations in DP. The table represents the type of cancers
associated with alterations in expression of DP.
Since DP expression is obligate components of the desmosomes. Decreased expression of DP
leads to loss of desmosome number and impairment of desmosomal structure (a characteristic
feature of many cancers). Thus DP loss is associated with neoplastic progression in multiple
cancers (Table 1.6) like uterine adenocarcinoma [165], oral squamous cell carcinoma OSCC
[166], breast cancer [167] and lung cancer [168]. One of the mechanisms by which loss of DP is
known to cause neoplastic progression is by activation of the Wnt/β catenin signaling [168]. In
the non-small cell lung carcinoma cell line, NSCLC, it was demonstrated that DP loss leads to
activation of the Wnt/β catenin signaling which resulted in increased TCF/LEF transcriptional
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activity and increased expression of Wnt target genes MMP14 and plakoglobin. As a
consequence of this signaling the DP knockdown clones were demonstrated to have increased
cell proliferation, migration and decreased sensitivity to drug induced apoptosis [168]. In the
skin keratinocyte cell line, HaCaT, loss of DP was also shown to increase cell proliferation but
by increasing activation of ERK and AKT signaling pathway. [169]. Thus different signaling
pathways are activated in different cell types upon loss of DP leading to increased cell
proliferation, migration and increased neoplastic progression.

1.2.4. The Armadillo repeat proteins
The founding member of the Armadillo protein family is named because embryos hemizygous
for the armadillo gene resembled the placental mammal, armadillo [170, 171]. β catenin (a
component of the adherens junction) is known to be the human homologue of the Armadillo
protein. Its amino acid sequence is 71% identical to the Drospohila Armadillo protein [172]. The
armadillo repeat proteins contain multiple repeats of armadillo domains. These armadillo
domains are made up of similar but non-identical sequences of 42 amino acids. Each repeat
forms three alpha helices and these alpha helices are coiled together to form a superhelix (Figure
1.9). Non-helical insert sequences can bend these super helices to different degrees to form
negatively or positively charged grooves which form binding sites for other proteins [173] . Two
members of the armadillo repeat family namely the plakoglobin (PG) and the plakophilins
(PKPs) are important constituents of the desmosome (reviewed in [51]).
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1.2.4.1. Plakoglobin (PG):
PG, also known as γ catenin, is an important component of the desmosomal junctions and is also
found in adherens junctions [174]. In the adherens junction, PG interacts with α catenin, Ecadherin, N cadherin and P cadherin [175-178] while in desmosomes, PG binds to desmogleins
and desmocollins , plakophilins and desmoplakin. [142, 179-181]. The PG protein has 65%
similarity to β catenin at the amino acid level [182]. It has a central arm repeat domain (13
repeats) and are flanked by long N terminal and C terminal domains (Figure 1.10) [183]. The
arm domain forms a positively charged groove which serves as binding sites for desmosomal
cadherins , adherens junction cadherins, members of the Wnt/β catenin signaling pathway like
Adenomatous polyposis coli (APC) [184, 185], transcription factors like T cell factor (TCF) and
Lymphoid enhancer binding factor (LEF) [186].
PG is found in all cell and tissue types including the skin epidermis and the myocardium. In the
stratified epithelium, expression of PG increases as cells move from the basal layer to the
granular layer (Figure 1.11) [187]. The importance of PG in the skin epidermis and myocardium
can be understood upon examining the phenotypes of the PG knockout mice made in C57B/L6
strain of mice (Table 1.7). PG-null embryos die sometime in between E10.5 till before birth
[188]. Most embryos die due to heart defects at about E10.5, but some survive and after E17.5
(the time when the adult pattern of epidermal differentiation starts), these embryos have very
fragile skin and show severe skin blistering phenotypes
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Figure 1.9. Secondary structure of a typical armadillo protein, β catenin. The secondary
structure of β catenin consists of 12 repeats of three alpha helices which coils together to form a
superhelix [173]

Figure 1.10. Structural domains of PG. PG is made up of armadillo repeats flanked by a head
and a tail domain at N and C terminus respectively [51].
like acantholysis and apoptosis of cells of the granular layer and loss of the stratum corneum
[189]. In vivo cytochemical and immuno-histochemical studies of the skin of PG-/- mice [189]
and in vitro studies by culturing the PG-/- skin keratinocytes [190] have demonstrated that
although PG-/- keratinocytes form cadherin clusters due to a compensatory effect of β catenin
binding to the desmosomal cadherins, they lack effective binding to intermediate filaments and
are more susceptible to cell rupture than those of PG+/+ cells. The reason behind this effect was
found to be decreased localization of plakophilin1 (PKP1) and DP to the desmosomes. Thus,
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presence of PG in the desmosome is essential to withstand normal mechanical stresses generated
during stratification of epidermis because PG regulates intermediate filament binding to the
desmosome via DP and PKP1 [189].
PG is also important for initiating desmosome assembly and function in skin keratinocytes [188190]. It has been demonstrated that PG binding to E-cadherin or P cadherin in the adherens
junction is essential for initiation of desmosome formation [191]. In the myocardium, PG has
been shown to regulate cell differentiation by regulating the Wnt signaling pathway. It has been
demonstrated that nuclear plakoglobin can interact with the transcription factor, c-kit, in the
cardiac progenitor cells (CPCs) to inhibit the canonical Wnt signaling pathway and activate a
pro-adipogenic gene expression. This causes CPCs to differentiate into adipocytes leading to
ARVC/D [192]. Since PG is an important component of the desmosome in both the epidermis
and myocardium, mutations that cause loss of function of PG lead to many skin and heart
diseases (Table 1.8). A C terminal truncation mutation in PG gene has been documented to cause
Naxos disease (a cardiocutaneous disease consisting of the heart disease ARVC/D and cutaneous
abnormalities like the palmoplantar keratoderma (PPK) and wooly hair) [193]. A novel dominant
mutation involving addition of one Serine at amino acid position 39 was found to cause only
ARVC/D without cutaneous abnormalities [194]. Nonsense mutations in the PG gene has been
known to cause diseases like cardiomyopathy with PPK and Alopecia totalis (total baldness)
[195] and also lethal congenital epidermolysis bullosa [196]. Auto-antibodies against PG are
known to cause the skin blistering pemphigus vulgaris [197, 198].
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Figure 1.11. Expression of PG in the different layers of the stratified epithelium. An
expression gradient of PG exists in the epidermis where PG expression increases in the upper
layers of the epidermis.
PG is a tumor suppressor (reviewed in [199]). PG expression at the mRNA/protein level
decreases in thyroid cancer [200], bladder cancer [201, 202], neuroblastoma [203], lung cancer
[204], oral cancers [205] and renal cancer [206]. Decrease in PG expression can also occur due
to LOH like in the cases of prostate cancer [207], ovarian cancer and breast cancer [208] (Table
1.9). Some of the tumor suppressor activities of PG have been correlated to its role in competing
with β-catenin for binding to the TCF/LEF transcription factors ( [186] and reviewed in [199]). It
has been demonstrated that in NSCLC cell line (where PG levels are very low or absent),
exogenous expression of PG decreased the β catenin/TCF signaling and consequently decreased
the anchorage independent growth of the NSCLC clones [209]. Thus, in addition to regulating
tissue integrity, PG also regulates the Wnt/β-catenin signaling pathway and acts as a tumor
suppressor in multiple cancers.
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Gene encoding
armadillo repeat
protein

Type of
knockout

PG

Global
knockout

PKP2

Global
knockout

PKP3

Global
knockout

Phenotypes
Embryos die between E10.5 and birth. Develop severe
heart defects, skin blistering and sub-corneal
acantholysis. The embryos also show defects in
desmosome number and morphology [188].
Embryos die at E11 due to altered heart morphogenesis
[210].
Normal at birth. Hair coat pelage occurrence was delayed
and the resulting hair follicles were morphologically
abnormal. In the stages P8 to P10, PKP3 null mice
showed increased cell proliferation of basal
keratinocytes, thus leading to increased thickness of the
suprabasal layers of the epidermis. But, in epidermis of
adult PKP3 null mice, no such changes were observed.
The number of desmosomes in the basal layers of the
epidermis was decreased to half, while in the suprabasal
cells, desmosome numbers were unaltered. PKP3 null
mice also had increased susceptibility to cutaneous
inflammation and showed phenotype similar to atopic
dermatitis [211].

Table 1.7. Phenotypes of mice having knockout of individual armadillo repeat protein
encoding genes. The table represents the phenotypes associated with global knockout or tissue
specific knockout of different armadillo repeat protein encoding genes in mice models.
Desmosomal
component

Disease name (cause of disease)

PG

Naxos disease (C terminal truncation mutation) [193]
ARVC/D without cutaneous abnormalities ( Addition of one Serine at
amino acid position 39) [194]
Cardiomyopathy with PPK and Alopecia totalis(Nonsense mutation)
[195]
Lethal congenital epidermolysis bullosa (Nonsense mutation) [196]
Pemphigus vulgaris (Auto-antibodies) [197, 198]

61

INTRODUCTION

Desmosomal
component

Disease name (cause of disease)

PKP1

Skin fragility ectodermal dysplasia syndrome (Frameshift/ Nonsense
mutations/ Splicing/ compound heterozygosity) [212, 213]

PKP2

ARVC/D (Frameshift/ Missense/Nonsense mutations/ Splicing) [214]

PKP3

Paraneoplastic pemphigus (Auto-antibodies) [215]

Table 1.8. Diseases associated with desmosomal proteins. The table represents the diseases
associated with desmosomal alterations and the experimentally validated causes of the disease

1.2.4.2. Plakophilins (PKPs):
PKPs belong to the p120 catenin (ctn) family of armadillo proteins. The p120ctn is further
classified into two classes: the plakophilins and the p120ctn related proteins [216, 217]. Three
isoforms of plakophilins exist, namely PKP1 (earlier known as the “band 6” protein), PKP2 and
PKP3 [218-220]. A protein called p0071 is sometimes classified into the PKP sub-family and is
called PKP4 although p0071 is more related to the p120ctn related proteins (Figure 1.9) [221].
PKPs have a central nine armadillo repeats flanked by a long N terminal and a very short C
terminal domains. Between the 5th and the 6th arm repeat PKPs have a polypeptide sequence
which causes a kink in the protein structure [222]. The N terminal domain of the PKP isoforms
is majorly non-conserved except for a highly conserved small region near the amino terminus
called the homologous region 2 (HR2) (Figure 1.9).

62

INTRODUCTION
Desmosomal
component

Types of cancers associated with:
Increased expression

PG

PKP1

PKP2
PKP3

Decreased expression

LOH

Thyroid cancer [200],
bladder cancer [201, 202],
neuroblastoma [203], lung
cancer [204], Oral cancers
[205], renal cancer [206]

Prostate
cancer
[207],
ovarian and
breast
cancer [208]

Oropharyngeal
SCC,
colon and pancreatic
adenocarcinoma
[223],
prostate cancer [224]
Bladder cancer [225], breast Colon cancer, gastric
cancer[226]
cancer [227],
Breast cancer [228], lung cancer Oropharyngeal
SCC
[229], prostate cancer [224]
[230], colon cancer [231233], gastric cancer [227],
bladder cancer [225]

Table 1.9. Cancers caused by alterations in armadillo repeat proteins. The table represents
the type of cancers associated with alterations in expression of armadillo repeat proteins.
1.2.4.2.1. PKP1
Two splice variants of PKP1 are formed due to alternative splicing of the respective gene
transcripts (Figure 1.12), the shorter form called “a” variant and the longer form called variant
“b”. The PKP1“b” variant has an addition of 22 amino acids. PKP1b localizes exclusively to the
nucleus while PKP1a has been found to localize to both the desmosomes and nucleus
[234].PKP1 is expressed only in the stratified and complex epithelia [219, 235]. In the epidermis,
PKP1 expression increases from the basal to the granular layer [235] (Figure 1.13).
PKP1 exhibits dual localization in cell cultures, it can either be desmosomal or nuclear [234].
The in-vivo role of PKP1 has not been deciphered because no knockout mice models of PKP1
are available. But in vitro, PKP1 plays an important role in desmosomal assembly. While the C
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terminus (686-726 amino acids) of PKP1 is required for its own localization to the cell-cell
border, the N terminal domain of PKP1(1-235 amino acids) binds to multiple desmosomal
proteins like DSG1, DSC1, DP and keratins and increases recruitment of these proteins to the
desmosome in cultured keratinocytes [164, 236, 237].
PKP1, at the cell border, also regulates actin cytoskeleton re-organization. The armadillo domain
of PKP1 (235-686 amino acids) has been demonstrated to indirectly bind to actin filaments and
induce the formation of lamellipodia and filopodia of skin keratinocyte cells [237].
PKP1 also localizes to the nucleus (except the nucleolus) in both epithelial and non-epithelial
cell lines [234]. Localization of PKP1 protein to the nucleus is regulated by two nuclear
localization signals present in its N terminal and armadillo domains. Using the human squamous
carcinoma derived A431 cell line, it was demonstrated that PKP1 binds
to chromatin and single stranded DNA. It was also observed that upon treatment with DNA
damaging agents like etoposide, the nuclear PKP1 partially redistributed to the nucleolus. In the
same cell line, PKP1 knockdown resulted in increased cell survival in response to DNA damage
[238].

Thus although the nuclear function of PKP1 was not established directly, it was

postulated that it may be important in regulating cell survival after DNA damage.
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Figure 1.12. Structural domains of PKPs and alternative splice variants of PKP1 and
PKP2. All PKPs have armadillo repeat domains flanked by N and C terminal domains but the
PKP subfamily proteins have a distinctive kink due to the presence of a polypeptide sequence in
between their armadillo repeat domain 5 and 6. The homology region 2 (HR2) is a highly
conserved region in the N terminal domain of all the PKPs. Spliced variants PKP1b and PKP2b
are formed by alternative splicing of the gene transcripts involving insertion of 21 amino acids
between exons 3 and 4 in the PKP1 protein and 44 amino acids between exons 2 and 3 in the
PKP2 protein (adapted from [51]).

65

INTRODUCTION

Figure 1.13. Expression of PKP isoforms in the different layers of the stratified epithelium.
Different expression gradients of PKP isoforms exist in the epidermis.
PKP1 and PKP3, but not PKP2, has also been found to localize to stress granules (sites for
stalled mRNA-protein complexes). It was postulated that PKP1 may regulate mRNA translation
[239]. Later, PKP1 was also shown to increase eIF4A dependent translation by binding to the
eukaryotic initiation factor (eIF4A1) and promote the adenosine triphosphate (ATP) activity of
eIF4A1. PKP1 was also shown to increase eIF4A dependent translation [240]. Thus, PKP1 is not
just an important component of the desmosome, it also regulates desmosomal assembly, actin
cytoskeleton organization, cell survival and eIF4A dependent translation.
Since PKP1 regulates multiple processes in the epidermis, loss of function mutations like
frameshift mutations, nonsense mutations or compound heterozygosity of the PKP1 gene, cause
the disease called skin fragility ectodermal dysplasia syndrome characterized by thickening of
skin on the palms and soles, abnormal nails and fragile, blistering skin [212, 213] (Table 1.8).
Loss of PKP1 has also been reported in multiple cancers (Table 1.9) like the oropharyngeal SCC,
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colon and pancreatic adenocarcinoma [223] and prostate cancer [224]. Thus PKP1acts as a tumor
suppressor just like PG.
1.2.4.2.2. PKP2
The PKP2 gene transcript undergoes alternative splicing to produce two splice variants (Figure
1.12), the shorter form called “a” variant and the longer form called variant “b”. The “b” variant
for PKP2 has addition of 44 amino acids in between arm repeats 3 and 4. Both PKP2a and 2b
variants show dual localization, they localize to the nucleus and desmosomes [218].
PKP2 is expressed in all simple, complex and stratified epithelium and is also expressed in some
non-epithelial tissues like cardiomyocytes (of the heart) and follicle cells of the lymph node
[218, 241]. In the epidermis, PKP2 expression decreases as keratinocytes differentiate and move
from the basal layer to the spinous layer [241] (Figure 1.13). PKP2, like PKP1 localizes to the
both the desmosomes and nucleus (except the nucleolus) of all cell lines derived from stratified
or simple epithelium, while in non-epithelial derived cell lines that lack desmosomes like SV80
fibroblasts, PKP2 localizes only to the nucleus [218].
PKP2 is the only plakophilin isoform expressed in the heart, so upon loss of PKP2, no other
plakophilin can compensate its function. The importance of PKP2 in the heart was understood
while trying to generate the PKP2 knockout mice. No transgenic mice were generated. It was
observed that the PKP2 null embryos died at E11 due to altered heart morphogenesis [210]
(Table 1.7). Analysis of the developing heart of the PKP2 null mice showed altered cytoskeletal
organization, ruptures of the cardiac walls, and blood leakage into the pericardiac cavity. It was
also found that DP of the embryonic myocardium did not localize to the cell border but formed
granular aggregates in the cytoplasm. DP was also found to co-localize with adherens junction
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proteins, thus making it difficult to distinguish the adherens junction and the desmosomal
junction. Surprisingly, the ultra structure of desmosomes of the epidermis and the stomach
mucosa were found to be unaltered. Therefore, it was demonstrated that PKP2 is essential for
cardiac junction formation and also for recruitment of DP to the desmosomes [210].
Consequently frameshift, missense or nonsense mutations in the PKP2 gene lead to the heart
disease ARVC/D [214] (Table 1.8).
PKP2 has been shown to play a very important role in the formation of the desmosome by
recruiting DP to the cell border. PKP2 performs this function by interacting with protein kinase
Cα (PKC-α). PKP2 binds to PKC-α and recruits it to the cytoplasmic pool of DP. PKC-α
phosphorylates DP at Ser 2849 and this phosphorylation causes DP to interact with intermediate
filaments and initiate nascent desmosome formation. Since PKP2 recruits PKC-α to the
cytoplasmic complexes consisting of DP and other desmosomal proteins, it prevents PKCα to
interact with other substrates. In absence of PKP2, PKC-α was shown to phosphorylate its
downstream targets more effectively. [242].

Thus, although PKP2 positively regulates

desmosome assembly by regulating PKCα activity, it negatively regulates the global PKCα
activity.
PKP2 localizes to the nucleus and it was demonstrated that Cdc25C associated kinase 1 (CTAK1) and the 14-3-3 family proteins regulate the nuclear localization of PKP2. C-TAK1
phosphorylates PKP2 at serine 82 residue, thus forming a 14-3-3 binding site. Binding of 14-3-3
proteins sequester PKP2 to the cytoplasm and prevent its nuclear localization. The mechanism
regulating the upstream C-TAK1 activation is not known [243].

68

INTRODUCTION
The functions of nuclear PKP2 are unclear but it has been demonstrated that PKP2 associates
with the DNA directed RNA polymerase III subunit C155 (RPC155), which is the largest subunit
of the RNA polymerase III holoenzyme. PKP2 was also found to be associated with other
subunits of the RNA polymerase III, RPC39, RPC82 and transcription factor IIIB (TFIIIB) but
not TFIIIC. Due to the absence of TFIIC, the PKP2-RPC155 complexes were postulated to be
inactive RNA polymerase complexes [244]. Another important function of nuclear PKP2 is its
regulation of the WNT signaling pathway. PKP2 can bind to β catenin (a central member of the
canonical WNT signaling pathway) and inhibit the association of β catenin with E-cadherin (of
the adherens junction). This allows more β catenin to move into the nucleus and activate the
transcription factors TCF and LEF.
PKP2 plays a dual role in cancer (Table 1.9). In the case of bladder cancer [225] and breast
cancer [226], increase in PKP2 is associated with increased neoplastic progression, while in case
of colon cancer and gastric cancer [227], PKP2 functions as a tumor suppressor. One of the
mechanisms by which PKP2 regulates breast cancer progression is by associating with EGFR
and activating EGFR in a ligand dependent and ligand independent manner which in turn
promotes tumor formation in breast cancer [226]. Thus, PKP2 functions not just as a
desmosomal protein but regulates multiple signaling pathways like WNT/β catenin, PKCα and
the EGFR signaling pathways.
1.2.4.2.3. PKP3
Alternative splice variants of PKP3 have recently been reported. In the case of PKP3, the known
variant is called PKP3a while the new variant is called PKP3b (Figure 1.14). The PKP3b variant
utilizes a new 1st exon upstream of the known gene. This new exon contains a functional
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translation start site which is used during translation of PKP3b protein. PKP3a is expressed in
most epithelial cells while PKP3b variant is expressed predominantly in stratified epithelial cells
and absent or heterogeneous in simple epithelial cells [245] .
PKP3 is ubiquitously expressed in most simple and stratified epithelial tissues with the exception
of hepatocytes [220]. PKP3 is also expressed uniformly in all the layers of the epidermis [220]
(Figure 1.13). PKP3 binds to multiple proteins like all isoforms of DSGs and DSCs. It is the first
protein found to bind to the “b” splice variant of all DSC isoforms. It also binds to PG, DP [246]
and cytokeratin 18 (K18) [232, 246].

Figure 1.14. Alternative splice variants of PKP3. The alternate spliced variant of PKP3
mRNA is generated by introduction of a new exon at the N terminal (exon 1b). This leads to the
splice variant protein having an alternate N terminal amino acid sequence [245]
PKP3, along with PG and E-cadherin play a crucial role in the initiation of desmosome
formation. To analyze the process of initiation of desmosomes in cell cultures, calcium switch
assays were performed. This assay is used to analyze cell junction disassembly and reassembly.
It is based on the concept that desmosomes and adherens junctions are calcium dependent
junctions and decreasing calcium concentrations (low calcium) or EDTA treatment to cells (for
chelating calcium) from the culture media may lead to disruption or internalization of
desmosomes. Thereafter, adding media having normal calcium concentrations lead to formation
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of nascent desmosomes [247, 248]. Calcium switch assays were performed in PKP3 knockdown
clones derived from the skin keratinocyte cell line, HaCaT and the colon carcinoma cell line
HCT116, along with their respective vector control clones. It was observed that PKP3, PG and
E-cadherin stayed at the cell border even after 16 to 18 hours incubation in low calcium
conditions, while other desmosomal proteins like DSC2/3, DP and PKP2 disassembled from the
desmosome both in the vector control and PKP3 knockdown clones. Upon addition of normal
calcium, DSC2/3, DP and PKP2 showed a time dependent increase in localization to the cell
border in the vector control clones but in the PKP3 knockdown clones, these proteins did not
localize to the cell border. The cell border localization of PKP3, PG and E-cadherin were found
to increase with time after addition of normal calcium medium in the vector control and PKP3
knockdown clones. Thus PKP3, PG and E-cadherin were proposed to be involved in initiation of
desmosome formation and presence of PKP3 was demonstrated to be essential for desmosome
formation. It was observed that in the PKP3 knockdown clones, PG and E-cadherin localization
at the cell border was not hampered but localization of DSC2/3, DP and PKP2 were altered.
Thereafter PG knockdown clones derived from HCT116 were generated. In the PG knockdown
cells it was observed that cell border localization of PKP3 was decreased. Localization of
DSC2/3, DP and PKP2 were also decreased but E-cadherin localization was unaltered. To
analyze the role of E-cadherin in desmosome formation, three HCT116 derived E-cadherin
knockdown clones were generated. In these E-cadherin knockdown clones, cell border
localization of PKP3, DP and PKP2 were decreased but localization of PG remained unaltered. It
was proposed that since PG can bind to both E-cadherin and P cadherin [249], E-cadherin loss
may allow PG to bind to P cadherin and thus stay at the cell border. It was also shown that PKP3
co-localizes with both PG and E-cadherin at the cell border. All these experiments proved that
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both PG and E-cadherin recruits PKP3 to the cell border and PKP3 is essential for initiation of
desmosome formation because only in the presence of PKP3, the other desmosomal proteins like
DP, DSC2/3 and PKP2 are recruited to the cell border [250].
Recently, PKP3 has been shown to collaborate with PKP2 for desmosome formation in the
squamous cell carcinoma 9 (SCC9) and HaCaT cell lines. It has been demonstrated that while
PKP3 assembles the cytoplasmic population of DP bound desmosomal proteins (precursors for
desmosome formation); PKP2 is required to transfer these precursors to the membrane. One of
the mechanisms by which PKP3 promotes desmosome assembly is by physically binding to and
activating the Rap1 GTPase protein. A calcium switch assay was performed to analyze the
activation of Rap1GTPase at different time intervals after addition of normal calcium to the
medium. Rap1 GTPase activity was found to increase with time in the vector control clones as
reported earlier [251], but it did not increase in the SCC9 and HaCaT derived PKP3 knockdown
clones. Thus, it was demonstrated that PKP3 is required for activation of Rap1GTPase and
expression of wild type Rap1GTPase in the PKP3 knockdown clones were able to efficiently
localize DP to the cell border. PKP3 was also shown to govern E-cadherin maturation. It was
demonstrated that the Rap1/PKP3 complex is required for formation of the Rap1/E-cadherin
complex which in turn is required for adherens junction formation because upon PKP3 loss,
Rap1GTPase was not able to bind to E-cadherin. To analyze if inability to bind Rap1GTPase
would alter E-cadherin mediated adherens junction formation, it was observed that in the PKP3
knockdown clones, the adherens junctions formed were highly disorganized and even the cell
border localization of E-cadherin was decreased as compared to the vector control clones [252].
Some of these observations are contradictory to [250]. Upon PKP3 loss, E-cadherin cell border
localization was not altered in [250] but in [252], it is decreased. Thus, even though there are
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some contradictions between [250] and [252] , both these articles demonstrate the importance of
PKP3 in desmosome formation.
Since PKP3 is very important in the formation and maintenance of desmosomal structure, loss of
PKP3 was expected to decrease the ability of cells to form desmosomes. This was exactly what
was observed in PKP3 knockout mice (Table 1.7). There was a decrease of approximately half of
the lateral desmosomes in between the basal cells of the epidermis of PKP3-null mice [211], but
desmosome numbers in the suprabasal cells were unaltered. It was demonstrated that the
phenotypes of the PKP3 null mice were not as severe as those of PKP2 or PG null mice because
in the PKP3 null mice, expression of PKP2 was found to increase and it was hypothesized that
PKP2 may partly compensate for the loss of PKP3. The PKP3 null mice were normal at birth,
but started showing abnormalities in the later stages. In these mice, hair coat pelage occurrence
was delayed and the resulting hair follicles were morphologically abnormal. In the stages
between postnatal day 8 (P8) to P10, PKP3 null mice showed increased cell proliferation of
basal keratinocytes, thus leading to increased thickness of the suprabasal layers of the epidermis.
This was ascertained to increased cell proliferation due to increased β catenin signaling in the
basal keratinocytes of PKP3null mice. Unexpectedly, in the epidermis of adult PKP3 null mice,
no such changes were observed. PKP3 null mice also showed increased susceptibility to
cutaneous inflammation. PKP3 null mice kept in specific pathogen free environment showed less
skin alterations but when kept in the conventional facilities (consisting ectoparasites), the PKP3
knockout mice developed inflammatory responses much stronger than the wild type mice [211].
Thus it was demonstrated that PKP3 is important for desmosome formation, maintaining normal
hair coat structure and for preventing skin inflammation.
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Supporting the role of PKP3 in prevention of inflammation, auto-antibodies that disrupt PKP3 at
the cell border, causes a precancerous skin blistering disease called Paraneoplastic pemphigus
[215] (Table 1.8) which is similar to the skin blistering disease PV. Interestingly, it has been
recently demonstrated that PV antibodies induce Src dependent tyrosine phosphorylation of
PKP3. This phosphorylation causes PKP3 detachment from the desmosome because of loss of
binding to DSG3 [253]. A similar tyrosine phosphorylation of PKP3 by Src which can cause
detachment of PKP3 from the desmosome has also been reported in cells subjected to oxidative
stress and the tyrosine residue was found to be at position 195 [254]. A detailed understanding of
the mechanisms and effects of Src mediated PKP3 phosphorylation during PV could probably
help in devising ways to treat paraneoplastic pemphigus. One of the mechanisms by which Src
regulates PV is by activating the downstream p38MAPK pathway. The Src/p38MAPK pathway
can be an efficient target against PV because inhibition of Src has been demonstrated to block
PV disease in vivo via inhibition of p38MAPK pathway [255, 256].
PKP3 loss is associated with multiple forms of cancer like oropharyngeal SCC [230], colon
cancer [231-233], gastric cancer [227], bladder cancer [225]. Surprisingly, increase in PKP3 has
also known to be associated with cancers like breast cancer [228], lung cancer [229], prostate
cancer [224] (Table 1.9). To analyze the effect of PKP3 in colon cancer tumorigenesis, PKP3
knockdown clones were generated in the simple epithelial cell line (HCT116) and two stratified
epithelial cell lines (HaCaT and FBM). It was demonstrated that PKP3 loss leads to decreased
cell-cell adhesion, increased anchorage independent growth and increased in-vitro cell migration.
The HCT116 and HaCaT derived PKP3 knockdown clones formed larger tumors in vivo and was
shown to have a higher ability to metastasize to the lungs as compared to the vector control
clones [233, 257, 258]. There were some cell type specific effects of PKP3 loss also reported. In
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HaCaT, PKP3 loss increased cell growth and proliferation while in HCT116, cell growth and
proliferation remained unaltered [233]. To understand the mechanisms regulating tumor
formation and metastasis upon PKP3 loss, it was hypothesized that PKP3 loss may cause
alterations in the normal functioning of its binding partners. Since one of the binding partners of
PKP3 was cytokeratin 18 (K18) [232, 246], it was hypothesized that loss of PKP3 may regulate
K18 function or stability. Since, keratins are always expressed in pairs of type I and type II
keratins [259-261], and in simple epithelia K18 (type I keratin) and K8 (type II keratin) are
known to form pairs [262], protein expression of K8 and K18 were analyzed in the HCT116
derived PKP3 knockdown clones and the vector control clone [232]. It was observed that both
K8 and K18 protein levels were higher in the PKP3 knockdown clones than the vector control
clones. Since, K8/K18 over-expression had been associated with squamous cell carcinoma
progression [263-266], metastasis [267] and poor prognosis [268], it was hypothesized that
increased K8 levels can regulate neoplastic progression upon PKP3 loss. To test this hypothesis,
two K8 double knockdown clones (K8 knockdown clones derived from a PKP3 knockdown
clone) were generated. In-vitro and in-vivo experiments were performed to compare the
neoplastic potential of these double knockdown clones with the corresponding vector control
clones. It was demonstrated that K8 loss causes decreased in vitro cell migration, decreased
lamellopodia formation in cells. Nude mice were subcutaneously injected with the K8 double
knockdown clones and its respective vector control clones and after 5 weeks, the percentage of
metastasis to the lungs were analyzed. It was observed that less number of mice in K8 double
knockdown group as compared to the vector controls showed greater than 30% metastasis in the
lung sections of mice. Thus, it was demonstrated that elevated K8 levels were required for
neoplastic transformation upon PKP3 loss. To understand the mechanism regulating increase in
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K8 protein levels upon PKP3 loss, K8 mRNA levels were analyzed and it was found that K8
mRNA levels were not altered. Thus, it was hypothesized that PKP3 loss may be causing
increased K8 protein stability by regulating post-translational modifications like phosphorylation
or dephosphorylation. Analysis of the known phosphorylation sites of K8 [269, 270]
demonstrated that K8 was dephosphorylated at Serine 473 residue in PKP3 knockdown clones. A
phosphatase associated with colon cancer metastasis called Phosphatase of Regenerating Liver3
(PRL-3) had been earlier reported to increase K8 protein stability [271]. PRL-3 expression has
been known to increase in colorectal cancer tissues and positively correlate with metastasis of
colon cancer cells to the lung and to the liver [272-275]. PRL-3 has also been demonstrated to
regulate tumor formation because in chemically induced colitis associated colon cancer model,
targeted deletion of the PRL-3 encoding gene (PTP4A3) was able to decrease incidence of tumor
formation [276]. Thus, since PRL-3 was known to dephosphorylate K8, it was hypothesized that
PRL-3 was the phosphatase that regulates K8 protein stability upon PKP3 loss. Inhibition of
PRL-3 in the PKP3 knockdown clones using a specific PRL-3 inhibitor (PRL-3i) was able to
decrease K8 protein levels, K8 S473 phosphorylation and also decrease in-vitro cell migration.
These experiments confirmed the above hypothesis. On analyzing PRL-3 protein and mRNA
expression, it was found that PRL-3 protein levels were higher in the PKP3 knockdown clones
than the vector control clones, but PRL-3 mRNA levels remain unaltered. The mechanism
regulating increased PRL-3 protein levels in the PKP3 knockdown clones is not known, but it
has been proposed that PKP3 may regulate translation of PRL-3 [232].
In support of the role of PKP3 regulating translation, it has been demonstrated that both PKP3
and PKP1 localize to stress granules (sites for stalled mRNA-protein complexes) and PKP3
forms complexes with RNA binding proteins like the Fragile X mental retardation autosomal
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homologue 1 (FXR1), GTPase activating protein binding protein 1 (G3BP1) and the poly A
binding protein Cytoplasmic 1 (PABPC1) [239]. It has also been demonstrated that binding of
PKP3 to FXR1 is mRNA independent, while binding to G3BP1, PABPC1 and another RNA
binding protein NMD factor up-frameshift 1(UPF1) is mRNA dependent. A functional role of
PKP3 in regulating translation was deciphered when it was shown that by virtue of binding to the
RNA binding proteins, PKP3 can regulate PKP2 mRNA stability in prostate cancer cell lines
[277].
1.3. Radio-resistance of cancer cells
Radiotherapy is one of the most widely used treatment modality for cancer. It can be used as a
single modality treatment or in combination with surgery and chemotherapy (Table 1.10).
Although, rapid progress has been made in radiotherapy due to advanced imaging technologies,
computerized treatment planning and improved radiation treatment machines, yet the outcome of
radiotherapy for metastatic cancers remain very poor. (reviewed in [278]). One of the major
reasons for this poor outcome is the phenomenon of local recurrence and distant metastasis.
Local recurrence of cancers after irradiation occurs due to a phenomenon called long term radioresistance. This is a property of tumor cells to withstand radiotherapy and retain the ability to
proliferate (i.e. clonogenic survival) ([279] and reviewed in [280]). It has been demonstrated that
there are two types of radio-resistance, intrinsic resistance and radiation induced resistance [281,
282].
1.3.1. Intrinsic radio-resistance
Intrinsic radio-resistance is a property of the inbuilt genetic makeup of cells to withstand DNA
damage and repair the damaged DNA after radiation exposure [283-286]. Since irradiation (both
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γ and X-ray irradiation) induces double stranded breaks, the double stranded DNA damage
sensing proteins like DNA-PKcs, ATM and ATR (reviewed in [287]) can bind to the damaged
DNA and activate cell cycle checkpoint pathways like the G1/S and G2/M checkpoints (Figure
1.15) (reviewed in [288, 289]).
Cell cycle checkpoints are non-essential regulatory pathways that prevent cell cycle progression
in response to stress such as DNA damage or incomplete S-phase [290]. Ataxia telangiectasia
mutated (ATM) and Ataxia telangiectasia and Rad3 related (ATR) proteins also recruit proteins
belonging to the double stranded DNA damage repair (dsDDR) mechanisms namely homologous
recombination (HR) and the non-homologous end joining (NHEJ) (Figure 1.16) ([291, 292] and
reviewed in [293]). HR uses an identical template for repairing DNA and thus the DNA repair is
error free. HR repair is active only in late S and G2 phases of the cell cycle of mammalian cells
because of the availability of sister chromatids at these stages (reviewed in [294, 295]). The
NHEJ repair does not use any homologous template and is therefore error prone. NHEJ repair
remains active throughout the cell cycle but is majorly important in the G1 phase of the cell
cycle when no sister chromatids are available for HR to work (reviewed in [295, 296]). Thus, a
coordination of the cell cycle checkpoint pathways along with the HR and NHEJ pathways
ensure dsDDR (reviewed in [297]). For cancer cells to be intrinsically radio-resistant, DNA
damage needs to be either repaired or tolerated before entering the M phase of the cell cycle;
because in the M phase, cells have compact chromatin and in this stage, cells are more prone to
DNA double stranded breaks [298].
It has been demonstrated that intrinsically radio-resistant cells show higher efficiency in DNA
double stranded break repair [299]. Glioblastoma Multiforme (GBM) tumors are known to be
highly radio-resistant tumors (reviewed in [300]). One of the reasons which cause radio78
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resistance in GBM tumors is the presence of Glioma initiating cells (GICs). GICs have been
demonstrated to have a highly efficient HR mechanism of DNA repair and an abnormal cell
cycle progression due to presence of low levels of p53 protein when
Early cancers curable with radiation
therapy alone

Cancers curable with radiation therapy in
combination with other modalities

Skin cancers (squamous and basal cell)

Breast carcinomas

Prostate carcinomas

Anal and rectal carcinoma

Lung carcinomas

Advanced cervical carcinoma

Cervix carcinomas

Bladder carcinoma

Lymphomas (Hodgkin’s and low grade Endometrial carcinoma
Non-Hodgkin’s)
Head and neck carcinomas

Tumors of the central nervous system
Soft tissue sarcomas
Colorectal Cancer
Pediatric tumors

Table 1.10. Some cancers can be cured with only radiation if detected early while others
require combination of other modalities. The table represents cancers curable with radiation
therapy alone and those requiring other modalities like surgery or chemo-radiotherapy [278, 301]
compared with neural progenitor cells but efficiency of the NHEJ pathway remains unaltered
[302] Another glioma stem cell type characterized by Cluster of differentiation 133 (CD133)
positivity known to be highly tumorigenic and radio-resistant as compared to the CD133- cells,
was demonstrated to have a high basal activity of DNA repair signaling including presence of
activated ATM, Checkpoint kinase 1 (Chk1) and Checkpoint kinase 2 (Chk2) proteins.
Treatment with Chk1/Chk2 inhibitors was able to decrease the radio-resistance of the CD133
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positive glioma stem cells [303]. Similar to GBMs, it has been demonstrated that efficiency of
DNA repair by HR is significantly elevated in breast cancer cells as compared to the normal
mammary cells [304]. Thus, abnormal cell cycle checkpoints and increased efficiency of the HR
pathway regulate intrinsic radio-resistance of tumor cells.

Figure 1.15. The cell cycle, the cell cycle checkpoints and the contribution of the HR and
NHEJ pathways in the cell cycle. There are four phases in the cell cycle namely G1, S, G2 and
M phase [305] There are two checkpoints: the G1/S checkpoint checks DNA integrity before the
DNA enters replication while the G2/M checkpoint checks DNA integrity before the DNA enters
the M phase. The NHEJ and the HR pathways are the main double stranded DNA repair
mechanisms present in mammalian cells. The NHEJ (dark grey color) predominates in the G1 to
early S phase while both NHEJ and HR (light grey color) contribute to repair DNA damage
during the late G2 phase (adapted from [305]).
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Figure 1.16. The double stranded DNA repair pathways: NHEJ and HR. The NHEJ repair
pathway utilizes DNA damage sensors complexes like the Ku70-Ku80 protein complex. This
complex is loaded onto the broken ends and this signals recruitment of the catalytic subunit of
DNA-dependent protein kinase (DNA-PKcs) and p53-binding protein 1 (53BP1). Ataxia
telangiectasia mutated (ATM)-mediated phosphorylation of histone H2A.X (γH2A.X) and the
recruitment of 53BP1 protects the broken DNA ends from being cleaved. The DNA-PKcs
regulates the stability of DSB ends through phosphorylation of Artemis and other substrates.
Artemis in turn facilitates the end processing and, subsequently, DNA ligase 4 (LIG4), X-ray
repair cross-complementing protein 4 (XRCC4) and XRCC4-like factor (XLF) ligate the broken
ends to complete repair. repair by the NHEJ pathway is error-prone (reviewed in [306]).
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HR utilizes the sister chromatids (being identical to the DNA to be repaired) and repairs the
double stranded break without any error. Double stranded breaks are recognized by MRN
complex composed of proteins Mre11, Rad50 and Nbs1. Recognition of DNA double stranded
break signals ATM and ATR proteins which rapidly phosphorylate multiple DNA repair factors
including H2A.X, CtBP-interacting protein (CtIP), breast cancer type 1 susceptibility (BRCA1)
and exonuclease 1 (EXO1). MRE11 induces endo-nucleolytic cleavage at double stranded breaks
allowing the resection of a part of the 5’ end of the damaged DNA region; this is mediated by
CtIP and EXO1 in the presence of BRCA1 and Bloom's syndrome helicase (BLM). In
addition, γH2A.X spreads around the damaged site, thereby stabilizing the DNA repair complex.
The single-stranded DNA generated by resection is rapidly coated by replication protein A
(RPA) protein and is subsequently replaced by RAD51 in the presence of BRCA2. RAD51
coated DNA invades the sister chromatid to search for a homologous DNA strand. The fidelity of
this process is maintained by anti-recombinases such as the PCNA-associated recombination
inhibitor (PARI). The invading strand is extended by DNA polymerase and ligates to form Dloop structures called Holiday junctions. The final product of the homologous recombinationmediated repair is then determined by the resolution of the D-loops leading to either DNA
undergoing crossover or no crossover (reviewed in [306]).

Intrinsic radio-resistance can be also be caused by constitutive activation of cell signaling
pathways that in turn activates the cell cycle checkpoints, HR or NHEJ signaling pathway. Some
of the key cell signaling pathways that are associated with intrinsic radio-resistance are the
Epidermal growth factor receptor (EGFR) [307], Insulin growth factor receptor (IGFR) [308]
and the Phosphoinositide 3-phosphate (PI3K)/AKT signaling pathways which work via
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activation of the three different Mitogen activated protein kinase pathways namely the extracellular signal regulated kinase (ERK), p38 Mitogen activated protein kinase (p38 MAPK) and
the Janus kinase (JNK) pathways. The N terminal deleted constitutively active mutant of EGFR
has also been demonstrated to cause increase in intrinsic radio-resistance by activation of both
the MAPK pathways and the PI3K/AKT signaling pathway [309]. The hepatocyte growth factor
receptor (c-Met) signaling has been shown to increase intrinsic radio-resistance by activating the
downstream nuclear factor light chain enhancer of activated B cells (NFκB) signaling pathway
[310].
Mutations in pro-apoptotic proteins can also lead to intrinsic radioresistance. The best example is
the transcription factor p53 protein; an essential pro-apoptotic protein in mammalian cells which
mediates cell cycle checkpoint activation upon DNA damage [311]. Mutations in the p53
encoding gene, TP53, which results in loss of function of the ability of p53 to induce the
expression of the pro-apoptotic protein p21 (BAX) expression has been associated with increased
intrinsic radio-resistance in glioblastoma [312]. Signaling pathways that lead to epithelial
mesenchymal transitions (EMT) are also known to cause intrinsic radio-resistance (reviewed in
[313]). In breast cancers, HOXB9 (a transcription factor) is over-expressed and is known to
increase the transcription of TGFβ, thus inducing autocrine TGFβ induced EMT [314]. It was
demonstrated that HOXB9 induces spontaneous DNA damage, thus leading to basal activation of
DNA damage response like activation of ATM, phosphorylation of histone 2AX (H2AX) and
foci formation of p53 binding protein 1 (53BP1) in the nucleus of cells. Probably this selection
pressure kept the cells ready for dsDDR and it was demonstrated that upon γ irradiation, the
HOXB9 overexpressing cells showed hyperactivation of ATM and faster accumulation of
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phospho-H2AX and 53BP1 at the DNA double stranded break. This ensured faster repair and
better cell survival.
The radio-resistance of these HOXB9 overexpressing cells was shown to depend on TGFβ
mediated EMT because inhibition of the TGFβ signaling pathway inhibited both EMT and
dsDDR responses [315]. Thus, activation of the EMT pathway can increase intrinsic radioresistance. Supporting this hypothesis, loss of E-cadherin mediated EMT has also been
demonstrated to increase intrinsic radio-resistance [316]. In this work, it was shown that
treatment of MCF7 (non transformed mammary epithelial cell line) and A549 (lung carcinoma
derived cell line) cells with hypoxia, TGFβ or EGFRvIII can induce EMT and radio-resistance.
In all three cases E-cadherin expression was lost and vimentin expression was increased. It was
hypothesized that loss of cell to cell adhesion during EMT due to E-cadherin loss may be
regulating radio-resistance. To assess this hypothesis, cells were seeded at high and low
confluences, irradiated at different doses of γ irradiation and cell survival analysis was
performed. It was demonstrated that at high confluences, E-cadherin showed extensive border
staining and when these cells were subjected to irradiation, they were more radiosensitive while
sparsely seeded cells were more radio-resistant. As controls, the E-cadherin levels were analyzed
and it was shown that in the densely and sparsely seeded cells, E-cadherin levels did not change.
To test whether E-cadherin restoration can decrease radio-resistance, E-cadherin was stably
expressed in the highly metastatic cell line MDA-MB-231 (breast carcinoma derived cell line
with very less endogenous E-cadherin expression). E-cadherin restoration caused reversion of
cells from mesenchymal (shown by parental MDA-MB-231 cells) to epithelial phenotype and the
E-cadherin restored clones were more radio-sensitive as compared to the mock transfected
MDA-MB-231 clones [316]. Thus, cell to cell adhesion was demonstrated to be important for
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regulation of regulate cell death and survival upon radiation treatment because loss of cell to cell
adhesion can lead to in intrinsic radio-resistance in cancer cells.
1.3.2. Radiation induced radio-resistance
Radiation induced radio-resistance develops only after radiation exposure and involves activation
of signaling pathways that induce cell survival and alterations in gene expression of antiapoptotic and radio-protective genes in cells that has been exposed to radiation [317] (Figure
1.17).Some of the mechanisms that lead to radiation induced radio-resistance are enrichment of
cancer stem cells, oxidative stress and activation of cell signaling pathways activated as a
consequence of the DNA damage by irradiation (reviewed in [318-320]).
Cancer stem cells (CSCs) are defined as cells within a tumor that possesses the capacity to selfrenew and to cause the heterogeneous lineages of cancer cells that comprise the tumor (reviewed
in [321]). Intrinsically cancer stem cells possess the ability of accelerated DNA repair and less
production of ROS which ,makes them intrinsically radio-resistant ([322] and reviewed in [323]).
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Figure 1.17. Radiation induced radio-resistance. Radiation therapy kills most cells but CSCs
and some residual non-CSCs survive. The CSCs undergo enrichment while non CSCs undergo
mutations, phenotypic plasticity mediated changes or radiation induced activation of signaling
pathways leading to repopulation of these cells thus causing cause cancer relapse [324].
Radiation therapy kills cancer cells and causes an apparent decrease of tumor cell mass. This
causes a survival pressure on the cancer cells to select radiation resistant CSCs, thus leading to
CSC enrichment (Figure 1.18). These enriched CSCs differentiate into cancer cells which are
more radio-resistant and aggressive leading to tumor recurrence (reviewed in [325]). The
hypothesis of CSC selection has been validated by treatment of non small cell like lung
carcinoma (NSCLC) derived cells to 5 Grays of irradiation and grown in ultra low adherent
plates to form spheres. As controls, the un-irradiated cells were also grown in the same type of
plates. It was demonstrated that the cells that formed spheres in the irradiated group had higher
expression of stem cell markers, Oct4, Sox2, CD44, Snail and PDGF-beta and were more radioresistant than the control cells [326].
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Figure 1.18. Radiation induced resistance is caused by CSC enrichment. Upon, radiation
treatment, most tumor cells get destroyed causing reduction in tumor volume, but CSCs are not
killed due to their intrinsic property of faster DNA damage repair. These CSCs undergo
enrichment under the selection pressure of hypoxia. Enrichment causes proliferation of CSCs,
increased hypoxia, quiescence, high DNA damage repair capacity, low ROS production, slow
progression through the cell cycle and high expression of antioxidant or scavenger proteins.
Moreover, during proliferation, CSCs undergo asymmetric division and differentiate into all cell
types that make up the tumor [325].
Thus selection of CSC upon irradiation seemed to be an important mechanism of radiation
induced radio-resistance. Radiation is also known to induce formation of CSCs or induce
phenotypic plasticity in tumor cells which have survived radiation treatment. This theory was
built on the consideration that the cells in any tumor are heterogeneous populations of clones
having different phenotypes and can exhibit phenotype plasticity upon alterations in tumor
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microenvironment. Thus, even non-CSCs tumor cells can dedifferentiation into CSC cells or into
cell types that are more radio-resistant (reviewed in [327-329]). Phenotypic plasticity allows
tumor cells to acquire a resilient, stress coping state and since this process does not require
selection process, it occurs very early after irradiation and can cause tumor recurrence (reviewed
in [330]). Ionizing radiation has been demonstrated to induce CSC induction in a hepatocellular
carcinoma cell lines HepG2 and Huh7 by increasing stem cell markers like Sox2 and Oct3/4
expression. This caused increase in spheroid formation (a cell biology technique to analyze stem
like phenotypes) and radio-resistance [331]. Even in breast cancer cells, ionizing radiation has
been demonstrated to cause radiation induced radio-resistance by inducing expression of stem
cell associated markers like Oct4, Nanog and Sox2 [332]. Thus, one of the mechanisms involved
in radiation induced radio-resistance is the dedifferentiation of non-CSCs into CSCs.
Irradiation also activates many cell signaling pathways which are involved in conferring intrinsic
radio-resistance to cells and are implicated to be involved in radiation induced radio-resistance
[318]. Radiation induced activation of the PI3K/AKT pathway has been demonstrated to cause
radioresistance in glioblastomas [333] and prostate cancer [334]. In medulloblastomas, radiation
induced activation of the Wnt/β catenin signaling pathway has been shown to cause
radioresistance. This signaling was demonstrated to be mediated by the increase in expression of
the urokinase plasminogen activator receptor (uPAR) [335]. Low dose clinically relevant
radiation exposure of 1 to 2 grays can cause activation of the EGFR (also called ErBb1) and
human epidermal growth factor receptor 3 (HER3, also known as ErBb3) pathway leading to
activation of the downstream kinases Raf, MEK, ERK [336].
Radiation induced radio-resistance can also be developed in neighboring cells which have not
been directly exposed to radiation treatment by the bystander effect. In this phenomenon, the
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cells exposed to radiation secrete cytokines that act in a paracrine manner to activate cell
signaling pathways that increase radio-resistance in the neighboring cells (Figure 1.19). Thus,
when these neighboring cells are exposed to radiation, they would be more radio-resistant than
their counterparts (reviewed in [337, 338]). This mechanism of radio-resistance utilizes cell
communicating junctions like gap junctions for cells attached to each other or secretion of
cytokines, hormones and other soluble factors in a paracrine or endocrine manner to activate
radio-protective signals in distant cells [337]. Bystander effects can cause either radio-resistance
or radio-sensitivity based on the cytokine profile of the secretome and also probably on the
relative concentration of the cytokines. Most bystander effects are carried out in cell cultures by
transferring conditioned medium (CM) from irradiated cells to non-irradiated cells, followed by
incubation and analysis of radio-sensitivity [337]. To identify proteins involved in the CM, mass
spectrometric analysis is performed. Using the above techniques, cytokines Interleukin 6 (IL6)
and Interleukin 8 (IL8) have been found to be associated in bystander effect signaling in
glioblastoma cells after treatment with γ irradiation. A similar study in multiple human tumor
cell lines HT1080, U373MG, HT29, A549 and MCF-7 showed that these cell lines endogenously
secreted cytokines IL-1β, IL-6, IL-8, GMCSF and VEGF in the CM and correlated with the
relative radio-resistivity of these tumor cell lines. On the basis of the order of radio-resistance,
the HT1080 was the most radio-resistant followed by U373MG, HT29, A549 and MCF-7 cell
lines. In all other cell lines used in this study except in the MCF7 cells, irradiation using acute
doses of 2 and 6 grays (Gy) caused increased secretion of these cytokines in the CM but
irradiation using fractionated doses of radiation (2 Gy given three times) did not change secretion
of the cytokines. When bystander A549 cells were treated with the CM obtained from irradiated
A549 cells, the cells showed decrease in clonogenic survival. Thus, the bystander effect on the
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A549 cells was demonstrated to result in radio-sensitivity and may be caused due to the presence
of less concentration of the radio-protective cytokines [339].

Figure 1.19. Schematic representation of the bystander effect. Chemical signals produced in
an irradiated cell (with red borderline) are passed on to the neighboring cells through gap
junctions. The irradiated cells also secrete hormones, proteins (cytokines) and other soluble
factors that can act in a paracrine or endocrine manner to transfer radio-protective signals to
distant cells or organs (adapted from [337]).
Thus, although radiation therapy has been used in treatment of cancers, there are multiple
mechanisms by which radio-resistance can be induced by the same radiation treatment leading to
local recurrence and poor prognosis of cancer.
1.4. PKP3 loss and radio-resistance
PKP3 loss causes decrease in cell to cell adhesion and loss of cell adhesion in EMT and
metastatic cancers has been known to cause both intrinsic and radiation induced radio-resistance
([316, 340-342] and reviewed in [325]). To analyze if PKP3 loss can cause radio-resistance,
HCT116 derived vector control and PKP3 knockdown clones were subjected to 4 Gy of γ
irradiation or left un-irradiated. Twenty four hours post-irradiation, cells were trypsinized and
10,000 cells of each clone were plated onto 10cm plates and allowed to grow for 14 days. During
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this time cells formed visible colonies which were stained with crystal violet and images of the
plates were taken. It was demonstrated semi-quantitatively that irradiated PKP3 knockdown
clones formed more colonies as compared to the irradiated vector control clones [257].
Thus, multiple mechanisms may exist by which PKP3 loss can regulate tumor formation and
metastasis. PRL-3 mediated K8 de-phosphorylation leading to K8 protein stability and increase
in K8 protein levels is just one of the mechanisms by which PKP3 loss in HCT116 cells can
regulate neoplastic progression. But it still does not explain all the phenotypes found in HCT116
derived PKP3 knockdown clones like even though cell proliferation was not altered, what causes
increased anchorage independent growth in vitro and increased size of tumors in vivo. More
work is also required to understand the cell type specific effects of PKP3 loss in HaCaT,
HCT116 and FBM cell lines. Further, as the mechanisms regulating radio-resistance observed
upon PKP3 loss were not clear, experiments needed to be performed to identify the mechanisms
underlying
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1. To determine the alterations in the transcriptome of cells lacking PKP3 and their
relevance to neoplastic progression.
2. To determine if PKP3 loss leads to radio-resistance and to identify the mechanisms
regulating increase in radio-resistance upon PKP3 loss.
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3.1. Plasmids and constructs.
The shRNAs against ΔNp63α, LCN2, p38α MAPK, p38β MAPK, ELK1 and MMP7 were
cloned in the multi-cloning site (MCS) of pLKO.1 EGFP-f-puro vector [343, 344] using AgeI
and EcoRI restriction sites. The sequences for the oligonucleotides are in Table 3.1. The
luciferase reporter assays were performed using the pGL3 basic vector and the pRL-TK vector.
The pGL3 basic vector has a MCS region just upstream of a firefly luciferase reporter gene while
the pRL-TK has a constitutively active thymidine kinase vector driving a Renilla luciferase
reporter gene. Overlapping fragments of the LCN2 promoter were cloned into the MCS in the
KpnI and XhoI sites. The sequences of the oligonucleotides used for cloning these promoter
fragments are in Table 3.2.. The pRL-TK vector was used as a transfection control. The wild
type (WT) p38β and C terminal deletion mutants (V345 and F348) of p38β were cloned in the
pCEFL vector and was a kind gift from Dr. Engelberg’s laboratory (National University of
Singapore).
shRNA to target gene

Sequence (5’ to 3’)

shRNA Np63 Forward

CCGGAATGCCCAGACTCAATTTAGTCTCGAGACTA
AATTGAGTCTGGGCATTTTTTTG

shRNA Np63 Reverse

AATTCAAAAAAATGCCCAGACTCAATTTAGTACTA
AATTGAGTCTGGGCATT

shRNA LCN2.X forward

CCGGAAGATGTATGCCACCATCTATCTCGAGATAG
ATGGTGGCATACATCTTTTTTTG

shRNA LCN2.X reverse

AATTCAAAAAAAGATGTATGCCACCATCTATCTCG
AGATAGATGGTGGCATACATCTT

shRNA LCN2.Y Forward

CCGGAACTACAACCAGCATGCTATGCTCGAGCATA
GCATGCTGGTTGTAGTTTTTTTG

shRNA LCN2.Y reverse

AATTCAAAAAAACTACAACCAGCATGCTATGCTCG
AGCATAGCATGCTGGTTGTAGTT
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shRNA to target
Sequence (5’ to 3’)
gene
shRNA
Forward

p38α1 CCGGAAATTCTCCGAGGTCTAAAGTCTCGAGACTTTAACCTCGGA
GAATTTTTTTTG

shRNA
Reverse

p38α1 AATTCAAAAAAAATTCTCCGAGGTCTAAAGTCTCGAGACTTTAGA
CCTCGGAGAATTT

shRNA
Forward

p38α2 CCGGAACAGGATGCCAAGCCATGAGCTCGAGCTCATGGCTTGGCA
TCCTGTTTTTTTG

shRNA
Reverse

p38α2 AATTCAAAAAAACAGGATGCCAAGCCATGAGCTCGAGCTCATGGC
TTGGCATCCTGTT

shRNA
Forward

p38β1 CCGGAAGCACCTGAAGCACGAGAACCTCGAGGTTCTCGTGCTTC
AGGTGCTTTTTTTG

shRNA
Reverse

p38β1 AATTCAAAAAAAGCACCTGAAGCACGAGAACCTCGAGGTTCTCG
TGCTTCAGGTGCTT

shRNA
Forward

p38β2 CCGGAACAACATCGTCAAGTGCCAGCTCGAGCTGGCACTTGACG
ATGTTGTTTTTTTG

shRNA
Reverse

p38β2 AATTCAAAAAAACAACATCGTCAAGTGCCAGCTCGAGCTGGCAC
TTGACGATGTTGTT

shRNA
Forward

ELK1 CCGGAACATCATCCGCAAGGTGAGCCTCGAGGCTCACCTTGCGG
ATGATGTTTTTTTG

shRNA
Reverse

ELK1 AATTCAAAAAAACATCATCCGCAAGGTGAGCCTCGAGGCTCACC
TTGCGGATGATGTT

shRNA1
Forward

MMP7 CCGGAACAGGCTCAGGACTATCTCACTCGAGTGAGATAGTCCTG
AGCCTGTTTTTTTG

shRNA1
Reverse

MMP7 AATTCAAAAAAACAGGCTCAGGACTATCTCACTCGAGTGAGATA
GTCCTGAGCCTGTT

Table

3.1. List of oligonucleotides used for generating shRNA constructs in pLKO.1

EGFP-f puro vector. The table represents name of the shRNA made against the indicated gene
and the corresponding oligonucleotides used for cloning these oligonucleotides into the pLKO.1
EGFP-f puro vector.
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Promoter region

Sequence (5’ to 3’)

− 1138 LCN promoter Forward

TAGGTACCCAAGCAGCACGTAGGCAGAG

-417 LCN promoter Forward

AAGGTACCCAGGAAACAGCACATGATCT

-153 LCN2 promoter Forward

TAGGTACCCTGTCTTGCCCAATCCTGAC

LCN2 promoter Reverse

ATCTCGAGTCAGGGCCGAGGAAGCAGGC

Table

3.2. List of oligonucleotides used for generating LCN2 overlapping promoter

fragements. The table represents the oligonucleotides used to generate overlapping fragments of
the LCN2 promoter: -1138 to +64 bps (L1), -417 to +64 bps (L2) and -153 to +64 bps (L3).
3.2. Cloning of oligonucleotides encoding shRNAs into pLKO.1 EGFP-f-puro vector
The oligonucleotides encoding shRNAs were designed using the Addgene pLKO.1 TRC cloning
protocol. The oligonucleotides were designed to have sticky ends for AgeI and EcoRI sites so
that the annealed oligonucleotides could be cloned into pLKO.1 based vectors digested with
AgeI and EcoRI. The oligonucleotides were synthesized by Integrated DNA technologies (IDT)
or Eurofins Scientific and delivered as high purity salt free (HPSF) oligonucleotides in a
lyophilized form. The final concentration of the oligonucleotide stock solutions was 100pM in
water as mentioned in the manufacturer’s protocol and the stock solutions were stored at -200C
for further use.
For oligonucleotide annealing, 9μl each of the Forward and Reverse oligonucleotides were
mixed with 2μl of Polynucleotide kinase Buffer (PNK Buffer, New England Biosciences). This
mixture was then incubated at 95ºC for 4 minutes followed by an incubation at 70ºC for 10
minutes. Both these incubations were performed in a PCR machine. Thereafter, these
oligonucleotides were transferred to a 70ºC water bath and the water bath was switched off and
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during the gradual cooling,, the oligonucleotide pairs anneal to each other. The annealed
oligonucleotides can be stored at -20ºC or used for cloning.
The next step in the cloning of shRNA is the phosphorylation of the annealed oligonucleotides.
For this step, 2μl of the annealed oligonucleotides are mixed with 2μl of PNK Buffer, 1μl of
10mM ATP, 1μl of T4 PNK enzyme and 4μl distilled water (autoclaved MilliQ water as
mentioned in 3.17). This reaction mixture was incubated in a 37ºC water bath for 30 minutes and
heat inactivated at 70ºC for 10 minutes. The resultant solution of annealed and phosphorylated
oligonucleotides was diluted 1:5 with sterile distilled water and used for ligation reactions.
The plasmid, pLKO.1 EGFP-f-puro was digested with AgeI and EcoRI and run on a 1% agarose
gel. The band corresponding to the vector backbone was cut using a new scalpel
Reagents

control

Dilution of annealed oligonucleotide mix
undiluted

1:5 dilution

Vector backbone (100ng)

2 μl

2 μl

2 μl

Annealed oligonucleotides

0 μl

1 μl

1 μl

T4 DNA ligase buffer

2 μl

2 μl

2 μl

T4 DNA ligase

1 μl

1 μl

1 μl

Distilled water

15 μl

14 μl

14μl

20 μl

20 μl

Total volume

Table 3.3. Reaction mix for ligation of oligonucleotides to the pLKO.1 EGFP-f-puro vector
backbone. The table lists the reagents and volumes required for ligation of the phosphorylated
and annealed oligonucleotide pairs with the pLKO.1 EGFP-f-puro vector.
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and eluted using the Qiagen Gel Elute Kit. Thereafter ligation of the phosphorylated and
annealed oligonucleotides with the pLKO.1 EGFP-f-puro vector backbone was performed using
the reaction mentioned in Table 3.3.
3.3. Cell lines, Transfections and Inhibitors.
Human colon carcinoma derived cell line, HCT116 (ATCC CCL-247), Human immortalized
keratinocyte cell line, HaCaT [345] and Human embryonic kidney cell line, HEK293 (ATCC
CRL-1573), were cultured in Dulbecco’s modified Eagles medium (DMEM) (GIBCO), while the
Fetal buccal mucosa, FBM [346] cells were cultured in Iscove’s modified DMEM (GIBCO).
Both the DMEM and IMDM media were supplemented with 10% Fetal bovine Serum (FBS)
(JRH/GIBCO). Both types were media were supplemented with 100U of penicillin (Nicholas
Piramal), 100μg/ml of streptomycin (Nicholas Piramal) and 2μg/ml of amphotericin B
(HiMedia) [232, 233, 250]. The HCT116 and HaCaT derived PKP3 knockdown clones and the
respective vector control clones were maintained in selection media containing 5μg/ml of
blasticidin, while the FBM derived PKP3 knockdown and the vector control clones were
maintained in media containing 0.5μg/ml puromycin as described [233]. Transient transfection of
pLKO.1 EGFP-f-puro ΔNp63 shRNA vector in the HEK293 cells or FBM cells were performed
using the calcium phosphate precipitation method [347] or by using Lipofectamine LTX reagent
(Life Technologies). Transfection of the pCEFL p38β MAPK wild type and C terminus truncated
mutants in the HCT116 cells were performed using Lipofectamine LTX reagent.
For calcium phosphate mediated transient DNA transfection, the total amount of DNA, distilled
water (D/W) and calcium phosphate required has been mentioned in Table 3.4. The composition
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of the reagents used for calcium phosphate based transfection is described in the reagents
section. Sterile D/W and a working aliquot of Calcium chloride
Diameter of

Volume of DNA

Amount Amount of

Amount of

Total Volume

culture dish

(concentration
1μg/μl)

of D/W

0.5 M CaCl2

2X BBS

35mm

5μl

45μl

50μl

100μl

200μl

60mm

10μl

90μl

100μl

200μl

400μl

100mm

25μg

225μl

250μl

500μl

1000ul

Table 3.4. Calcium phosphate transfection mix. The table mentions the volume of the reagents
required to be mixed for transfection of DNA into cells grown in different culture dishes.
for transfection were stored at 4ºC for not more than a month. BES buffered saline (BBS) was
stored at -20ºC. About half an hour prior to use, calcium chloride and D/W were warmed to 37ºC
and BBS was thawed at room temperature (RT) just prior to use. The reagents were mixed and
added to cell culture plates maintained at 50 to 70% confluency. The plates were then kept in an
incubator maintained at 37ºC and 5% CO2 for 16 hours. Thereafter, the media of the plates were
removed and the cells were washed with phosphate buffered saline (PBS) two times and fresh
media was added. The cells were incubated further for 48 hours and thereafter cell lysates were
either prepared for Western blotting or for immuno-precipitation experiments.
For Lipofectamine mediated transient transfection, the total amount of DNA, Lipofectamine Plus
reagent, Optimum Minimum Essential Media (OPTI-MEM) and Lipofectamine LTX required
has been mentioned in Table 3.5. The DNA and Lipofectamine Plus reagent was added in OPTIMEM and incubated at RT for five minutes. This was followed by addition of Lipofectamine
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LTX reagent and incubation for thirty minutes. This transfection mix was added to the cells (at
50 to 70% confluency) having been newly fed with OPTI-MEM+10% FBS. The cells were then
kept in an incubator maintained at 37ºC and 5% CO2 for 16 hours.
Diameter of

Volume of DNA

Amount

Amount of

culture dish

(concentration
1μg/μl)

of OPTI- Lipofectamine Plus Lipofectamine
MEM
reagent
LTX

35mm

5μl

450μl

5μl

Amount of

12.5 μl

Table 3.5. Lipofectamine LTX transfection mix. The table mentions the volume of the
reagents required to be mixed for lipofectamine mediated transfection of DNA into cells grown
in 35mm culture dishes.
Thereafter, the media of the plates were removed and the cells were washed with phosphate
buffered saline (PBS) two times and fresh media was added. The cells were incubated further for
24 hours, trypsinized and re-plated into a 100mm plate. The cells were again incubated for 24
hours and thereafter cell lysates were either prepared for Western blotting or for immunoprecipitation experiments.
Lentivirus mediated transduction was also performed to analyze if the pLKO.1 EGFP-f-puro
vector could be transduced into the FBM cells. The lentiviral vector pLKO.1.EGFP-f-puro was
co-transfected with the lentiviral packaging vectors p-PAX2 (Addgene plasmid number: 12260)
and p-MD2.G (Addgene plasmid number: 12259) into HEK293-T cells and the virus containing
cell supernatant were harvested after 24 and 48 hours. The media were filtered using 0.45μM
filters to remove the cell debris and added to FBM cells maintained at 50-70% confluency.
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Thereafter the transduced FBM cells were incubated for 24 to 48 hours to analyze for expression
of EGFP under a fluorescence microscope.
To generate HCT116 derived stable double knockdown clones for PKP3+LCN2; the PKP3
knockdown clone, shpkp3-2 was transfected with the pLKO.1 EGFP-f-puro vector expressing an
shRNA targeting LCN2 using Lipofectamine LTX reagent. The protocol followed was the same
as for transient transfection; however, 48 hours post transfection the transfected cells were
trypsinized and re-plated into 100mm culture dishes in DMEM media containing 5μg/ml
blasticidin and 0.5μg/ml puromycin to obtain single cell clones. Similarly, double knockdown
clones derived from shpkp3-2 for p38α MAPK, p38β MAPK, ELK1 and MMP7 were generated
using shRNAs against p38α MAPK, p38β MAPK, ELK1 and MMP7 respectively.
To assay the contribution of p38MAPK to LCN2 expression and PRL-3 to MMP7 expression,
the p38MAPK inhibitor SB203580 (catalogue number 8307, Sigma) was added to cells at 1μM
concentration for 24 hours and the PRL-3 inhibitor-1 (catalogue number P0108, Sigma) was
added to cells in culture at a concentration of 5μM or 10μM for 24 hours. For treatment with
different inhibitors, cells at 50 to 70% confluency were washed twice with PBS and then fresh
media containing either the inhibitor or DMSO (solvent for the inhibitor) were added to the cells.
The cells were incubated at 37ºC and 5%CO2 till the indicated time points and thereafter RNA or
protein or cell supernatants were harvested from the treated cells.
3.4. Microarray analysis
RNA isolated from the FBM derived vector control and PKP3 knockdown cells and HCT116
derived vector control and PKP3 knockdown cells were Cy3 labeled and processed for the
Sureprint G3 Human GE 8x60k microarray by single color hybridization. The results obtained
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from the microarray were analyzed using the Agilent Feature Extraction software. Using
normalized signal intensities (g-processed signal) obtained from the microarray, the fold changes
of genes altered in FBM derived PKP3 knockdown clone (shpkp3-2) has been compared to the
vector control clone (vec). Similarly, the HCT116 derived derived PKP3 knockdown clone
(shpkp3-2) has been compared to the vector control clone (vec).A functional classification of the
differentially regulated genes was performed using GeneSpring GX 11.0 software and gene
ontology browser. The significant pathway list for differentially regulated genes was obtained
using the GeneSpring GX 11.0 and Biointerpretersoftware (Genotypic, Bangalore, India).The
data for the FBM derived clones has been deposited in the NCBI GEO database (Accession
number GSE61512), while the data for the HCT116 derived clones have been deposited in the
NCBI GEO database (Accession number GSE64580). Functional classification of genes altered
upon PKP3 loss was performed using the PANTHER Classification System software [348, 349].
3.5. Semi-quantitative reverse transcriptase coupled PCR reaction (sqRT-PCR) and real
time PCR or quantitative RT-PCR (qRT-PCR) reactions.
Cells were collected in RLT buffer and total RNA isolated using the Qiagen RNeasy Kit,
following the manufacturer’s protocol and 2μg of RNA was reverse transcribed to cDNA using
the Applied Biosystems (ABI) High Capacity Reverse Transcriptase Kit (Life Technologies).
The cDNA obtained was used for sqRT-PCR or SYBR Green based qRT-PCR. The sqRT-PCRs
were performed using 500ng cDNA per reaction and Taq DNA polymerase (Fermentas, Thermo
Scientific or New England Biolabs) for amplification of the PCR product. The qRT-PCRs were
performed using 10ng cDNA per reaction and the ABI SYBR Green PCR Master mix (Applied
Biosystems, Life Technologies) as per the manufacturer’s protocol. The forward and reverse
oligonucleotides used for sqRT-PCR and qRT-PCR in this study are shown in Table 3.6.
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Common sqRT-PCR and qRT-PCR primers were generated using the Oligo explorer software
(GeneLink). A few parameters were followed in making the primers:
1) Primers were designed between exon boundaries.
2) The melting temperature (Tm) value of the primers were between 60ºC to 65ºC.
3) The Tm difference between these primers was not be more than 5ºC.
4)The self annealing and loop formation within the primers were minimum or none.
5) Primer dimer formation was minimum or none.
6) Primers were designed in such a way that the PCR product size was not more than 200 bps
and was normally kept between 80 to 150 bps.
7) The primer length ranged between 19 to 25 bps.
8) The Gibb’s free energy (ΔG) value for primer dimer interactions or for primer looping should
be preferably positive and should not be less than -5 kilo calories/moles. A negative value of ΔG
indicates a thermodynamically favourable reaction, thus if primer dimer formation or primer
looping or primer self annealing has a negative ΔG, then the primers will have a greater tendency
to form dimers or loop or self anneal than to bind to the template cDNA provided in the reaction
mixture. This leads to failure of RT-PCR reactions. Thus, primers were selected such that the ΔG
value for primer dimerization, looping and self annealing was either 0 or +ve.
The primers obtained with this criteria was verified using the BiSearch software [350] to ensure
that the PCR product obtained is specific for the mRNA and doesnot amplify any part of the
chromosome and by Primer BLAST [351] to ensure that the primers amplify only the specific

104

Materials and Methods
target cDNA. The primers were synthesized by Integrated DNA technologies (IDT) or Eurofins
Scientific and delivered as High purity salt free (HPSF) oligonucleotides in a lyophilized form.
The concentration of the primers were made up to 100pM by adding the required amount of
water as mentioned by the manufacturer’s protocol and stored for further use. A primer
concentration of 20pM was required for sqRT-PCR while a primer concentration of 10pM was
used for qRT-PCR.
Name of gene

Sequence (5’ to 3’)

GAPDH Forward

TGCACCACCAACTGCTTAGC

GAPDH Reverse

GGCATGGACTGTGGTCATGAG

PKP3 Forward

TGATGAGCTTCGCAAAAATG

PKP3 Reverse

CTGAGAGGCTGAGCTGAGGT

IL6 Forward

GCCACTCACCTCTTCAGAACGAATTG

IL6 Reverse

CCAGATTGGAAGCATCCATC

SAA1 Forward

CTGCAGAAGTGATCAGCG

SAA1 Reverse

ATTGTGTACCCTCTCCCC

S100A8 Forward

CAGTATATCAGGAAAAAGGGTGC

S100A8 Reverse

GCCACGCCCATCTTTATCA

S100A9 Forward

TCATCAACACCTTCCACCAA

S100A9 Reverse

TTTGTGTCCAGGTCCTCCAT

CCL2 Forward

GTCTCTGCCGCCCTTCTGTGC

CCL2 Reverse

AACAGCAGGTGACTGGGGCAT

CBS Forward

AAGTTGGCAAAGTCATCTACA

CBS Reverse

CAGCAAGTCAATGGCGGTG

SAA4 Forward

GTTCGTTTTTCAAGGAGGCT

SAA4 Reverse

TCCCTGAAGATAGACCCTGG
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EPPK1 Forward

AGCTGGTGAGGATGTATAGAACACAC

EPPK1 Reverse

TGTTTGTTGCTGGTTTCCTGC

ARHGEF5 Forward

GCCAACAAGCACAAGGGCTGGA

ARHGEF5 Reverse

AGCTGGGAGGAGTTGATGAGTTTGG

MMP9 Forward

GGGGGAAGATGCTGCTGTT

MMP9 Reverse

GGCTTTCTCTCGGTACTGGA

MOBKL2B Forward

GTTCTGCACCGAGCGGACCTG

MOBKL2B Reverse

GGGAACACCCACGCATGTTGGA

Np63 Forward

CTGGAAAACAATGCCCAGAC

Np63 Reverse

GGGTGATGGAGAGAGAGCAT

NR2F1 Forward

CATCGTGCTGTTCACGTCAGACGCC

NR2F1 Reverse

GGGCAGTCGCAGCAGCAGTTT

IGFBP3 Forward

TGACGTGCGCACTGAGCGAG

IGFBP3 Reverse

GCTCACCTGGAGCTGGCGG

TAp63 Forward

TGGTGCGACAAACAAGATTG

TAp63 Reverse

ATAGGGACTGGTGGACGAGG

Pan p63 Forward

GACAGGAAGGCGGATGAAGATAG

Pan p63 Reverse

TGTTTCTGAAGTAAGTGCTGGTGC

LCN2 Forward

CCTCTACGGGAGAACCAAGGAGC

LCN2 Reverse

ACCTGTGCACTCAGCCGTCG

MMP7 Forward

ACAGTGGGAACAGGCTCAGGACT

MMP7 Reverse

TCTGGCACTCCACATCTGGGC

ELK1 Forward

TCCTACGCATACATTGACCC

ELK1 Reverse

CACTGGATGGAAACTGGAAG
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Table 3.6. List of oligonucleotides used for sqRT-PCRs and qRT-PCRs. The table represents
name of the genes and the corresponding oligonucleotides used for determining the expression of
these genes by sqRT-PCR or qRT-PCR.
The reaction mix and PCR cycling conditions of a typical sqRT-PCR has been mentioned in
Table 3.7 while the reaction mix for qRT-PCR using SYBR Green has been mentioned in Table
3.8 and in the following text.

Table 3.7. Reaction mix and PCR conditions for sqRT-PCR. The table represents all the
volumes and concentrations of the different components required to set up a sqRT-PCR (A) and
the PCR conditions that can be used (B). The annealing temperature (Tannealing)can be varied on
the basis of the primers used.
Reagents

Volume

For
Total
duplicates volume

2X SYBR Green Master mix

2.5μl

x2

5 μl

Forward primer (10pM)

0.25 μl

x2

0.5 μl

Reverse primer (10pM)

0.25 μl

x2

0.5 μl

Total volume

6 μl
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Table 3.8. Reaction mix of SYBR green and primers used for qRT-PCR. The table
represents volumes and concentrations of SYBR Green master mix and the primers required to
set up a sqRT-PCR.
The 6 μl (SYBR Green Master mix + primers) solution was mixed with 4 μl of cDNA
(concentration 10ng/μl) to make a total volume of 10 μl. This 10 μl was divided equally and
added into two wells of a ABI MicroAmpR Optical 384 well Reaction plate. After adding the
reaction mixes (of all the genes needed to be analyzed) into the wells of the Reaction plate, the
plate was covered using the ABI MicroAmpR Optical adhesive film. Thereafter the adhesive fim
was smoothened on top of the plate using the MicroAmpR Optical adhesive film applicator.All
these above steps were performed in low light conditions because SYBR green is sensitive to
light. The plate was finally wrapped with a cling wrap and then in an aluminium foil and
centrifuged for 2 minutes at 2500 rpm (1139xg). Multiple rounds of centrifugation followed by
tapping of the wells from the bottom was done (if required) to ensure that no bubbles were
present in the wells before setting up the qRT-PCR reaction. The thermal cycling conditions used
for the qRT-PCR can be standardized in the 7900HT Fast Real time PCR system or in the
QuantStudioTM12K Flex Real-Time PCR System (Life Technologies). As an example, the
Thermal cycling protocol for a primer pair having annealing temperature (T.anneal) of 60ºC has
been shown in Figure 3.1 (Life technologies). The Tannealing can vary according to the primers
designed for qRT-PCR.
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Figure 3.1. Thermal cycling conditions for a typical qRT-PCR. The figure represents the
PCR conditions required for qRT-PCR in the 7900HT Fast Real time PCR system.
SYBR Green based qRT-PCR is based on principle of SYBR Green I being an intercalating
agent like ethidium bromide (ETBR). SYBR Green intercalates with double stranded DNA The
resulting DNA-dye-complex absorbs blue light (λmax = 497 nm) and emits green light (λmax =
520 nm). The emitted light can be captured using a sensitive flourescence detector and
quantitated [352, 353].
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Figure 3.2. Principle of SYBR green based qRT-PCR. SYBR Green binds to double-stranded
DNA and emits a fluorescent signal. SYBR green does not fluoresce when it is in the unbound
state. Therefore amplification of the template DNA is measured in each thermal cycle by the
corresponding increase in fluorescence intensity [354].
The fluorescence intensity for every gene in the SYBR Green assay increases per cycle as shown
in Figure 3.2. The qRT-PCR machine sets an arbitrary threshold florescent intensity value (or
cut-off value). The time taken for the florescence intensity to surpass this threshold value is
called the Ct value. For a target gene it is represented as Ct

target gene

while for the control gene

(used for normalization), it is called the Ct control gene. The difference between the Ct values (ΔCt)
of Ct

target gene

and Ct

control gene

determines the relative expression of any target gene. When the

relative expression of a target gene is analyzed within two different clones (suppose 1 and 2),
then the measure of ΔΔCt is used:
ΔΔCt = ΔCt clone2 - ΔCt clone1.
The fold change in expression of any target gene in clone 2 relative to the expression of the same
gene in clone 1 can be calculated by using the 2(-∆∆Ct) method [355] where:
Fold change= 2(-∆∆Ct) = 2(-(ΔCt clone2 - ΔCt clone1)).
In the qRT-PCRs, a change in expression of two-fold either way was considered significant.
3.6. Antibodies and Western blot analysis.
For Western blots, the mouse monoclonal β actin antibody (clone AC74, catalogue number
A5316, Sigma) was used at a dilution of 1:5000, the mouse monoclonal PKP3 antibody (clone
23E34, catalogue number 35-7600, Invitrogen) at a dilution of 1:2000, rabbit polyclonal P110
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cadherin antibody (clone H-105, catalogue number sc-789, Santa Cruz) was used at a dilution of
1:500, mouse monoclonal ΔNp63 antibody (clone 4A4, catalogue number sc8431, Santa Cruz)
was used at a dilution of 1:500, goat polyclonal LCN2 antibody (catalogue number AF1757,
R&D Systems) was used at a dilution of 1:2000 (made in 5% milk), rabbit monoclonal phosphop38MAPK (Threonine 180/Tyrosine 182) antibody (clone D3F9, catalogue number 4511, Cell
Signaling technology) was used at a dilution of 1:1000, rabbit polyclonal p38MAPK antibody
(catalogue number 9212, Cell Signaling technology) was used at a dilution of 1:1000, rabbit
monoclonal phospho-p44/42 (ERK1/2) (Threonine 202/ Tyrosine 204) antibody (clone
D13.14.4E, catalogue number 4370, Cell Signaling technology) was used at a dilution of 1:1000,
rabbit polyclonal p44/42 (ERK1/2) antibody (catalogue number 9102, Cell Signaling
technology) was used at a dilution of 1:3000, rabbit polyclonal p38α MAPK antibody (catalogue
number 9218, Cell Signaling technology) was used at a dilution of 1:1000, rabbit monoclonal
p38β MAPK antibody (clone C28C2, catalogue number 2339, Cell Signaling technology) was
used at a dilution of 1:1000, rabbit monoclonal phospho-ATF2 (Threonine 71) antibody
(catalogue number 9221, Cell Signaling technology) was used at a dilution of 1:1000, rabbit
monoclonal ATF2 antibody (clone 20K1, catalogue number 9226, Cell Signaling technology)
was used at a dilution of 1:1000, rabbit polyclonal phospho-MSK1 (Threonine 581) antibody
(catalogue number 9595, Cell Signaling technology) was used at a dilution of 1:1000, rabbit
polyclonal phospho-ELK1 antibody (Serine 383) (catalogue number 9181, Cell Signaling
technology) was used at a dilution of 1:1000, rabbit polyclonal ELK1 antibody (catalogue
number sc-22804, Santa Cruz Biotechnology) was used at a dilution of 1:1000 (made in 2%
BSA), mouse monoclonal haemagglutinin (HA) antibody (clone 12CA5, purified cell
supernatant) was used at a dilution of 1:50, rabbit polyclonal phospho-PKC α/β II (Threonine
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638/641) (catalogue number 9375, Cell Signaling technology) was used at a dilution of 1:1000,
rabbit polyclonal PKCα antibody (catalogue number 2056, Cell Signaling technology) was used
at a dilution of 1:1000, rabbit polyclonal phospho-EGFR (Tyrosine 845) antibody (catalogue
number 2231, Cell Signaling technology) was used at a dilution of 1:1000, rabbit monoclonal
phospho-EGFR (Tyrosine 1068) antibody (clone D7A5, catalogue number 3777, Cell Signaling
technology) was used at a dilution of 1:1000, rabbit monoclonal EGFR antibody (clone 15F8,
catalogue number 4405, Cell Signaling technology) was used at a dilution of 1:1000, rabbit
monoclonal phospho-MEK1/2 (Serine 217/221) antibody (clone 41G9, catalogue number 9154,
Cell Signaling technology) was used at a dilution of 1:1000, rabbit monoclonal MEK1/2
antibody (clone 30C8, catalogue number 9146, Cell Signaling technology) was used at a dilution
of 1:1000, mouse monoclonal MMP7 antibody (clone JL07, sc-80205, Santa Cruz,) at a dilution
of 1:100; Lamin A antibody (Abcam, ab26300) at a dilution of 1:500 and α-tubulin (Abcam,
ab7291) at a dilution of 1:500. For detection of phosphorylation of proteins, Western blots were
performed using cell lysates made in EBC lysis buffer containing protease inhibitor mix (as
mentioned in 3.17) while for total proteins, cell lysates made in either EBC lysis buffer
containing protease inhibitor mix or 1X sample buffer was used. Goat anti-mouse secondary
antibody (catalogue number 31430, Life Technologies) was used at a dilution of 1:2500, goat
anti-rabbit secondary antibody (catalogue number G-21234, Life Technologies) was used at a
dilution of 1:2500 while donkey anti-goat secondary antibody (catalogue number sc2020, Santa
Cruz) was used at a dilution of 1: 250. The blots were developed using Supersignal West Pico
Chemiluminescent Substrate (Pierce) according to the manufacturer’s instructions.
Cells were lysed in 1X sample buffer as described [233] and protein concentration quantitated
using Folin-Lowry’s method. 75 μg of the extract was resolved on 10% SDS-PAGE gels and
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transferred to nitrocellulose membranes (Mdi, Membrane Technologies) followed by Western
blotting with the indicated antibodies. Western blots for LCN2 and MMP7 were performed as
follows. The cell supernatant from plates having cells growing in serum containing media with
or without any inhibitor (PRL-3 inhibitor or p38MAPK inhibitor) were harvested and centrifuged
for 10 mins at 5000 rpm (7500xg) to remove any cell debris. Three volumes of acetone were
added to the supernatant and the reaction incubated at -20°C for 24 hours and then centrifuged at
3000rpm (4500xg) for 15 minutes at 4°C. The precipitate obtained was washed twice with
acetone and the pellet air dried at RT for 16 hours. The precipitate was boiled in 1X SDS lysis
buffer (2% SDS, 50mM Tris pH 6.8), then diluted ten-fold in 1X SDS lysisbuffer and the protein
concentration was measured using Folin-Lowry’s method. 100μg of the lysate was resolved on
12% SDS-PAGE gels and transferred to nitrocellulose followed by Western blots with antibodies
to LCN2 or MMP7. The blot was stained with Ponceau-S (Sigma) to demonstrate equal loading.
3.7. Immuno-flourescence assays
Immuno-flourescence assays were performed to determine intracellular localization of
p38MAPK in the HCT116 derived PKP3 knockdown clones and the vector control clones. The
cells were cultured on glass coverslips at 50-70% confluency. The cells were washed carefully
twice with 1X PBS followed by fixation in 4% paraformaldehyde for 20 minutes at room
temperature or overnight at 4ºC. Thereafter the cells were washed thrice or more with PBS till
the smell of paraformaldehyde gets removed. The cells were then permeabilized using 0.3%
Triton-X100 in 1X PBS for 20 minutes at room temperature. Primary antibodies were prepared
in 3% BSA in 1X PBS + 0.1% NP-40 solution. The p38MAPK antibody was used at 1:50
dilution for immuno-flourescence. 50μl of the primary antibody solution was added on a
parafilm and the coverslips were inverted onto the solution. These parafilms with the coverslips
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were then kept inside a humidified chamber for 16 hours (overnight) at 4ºC for incubation.
Thereafter the coverslips were inverted to have the cells facing upwards. The cells were then
washed with 1X PBS and 1X PBS + 0.1% NP-40 four times alternatively. Secondary antibodies
were prepared in 3% BSA in 1X PBS + 0.1% NP-40 solution. The secondary antibody, Alexa
Alexa 488 conjugated anti rabbit IgG (Invitrogen) was used at a dilution of 1:100. 50μl of
secondary antibody was placed on a fresh piece of parafilm and the coverslips were inverted onto
it and incubated for half hour at room temperature in a humidifying container. The coverslips
were re-inverted followed by six alternate washes of 1X PBS and 1X PBS + 0.1% NP-40.
Thereafter 50μl of DAPI was placed on a fresh piece of parafilm and the coverslips were
inverted onto it and incubated for exactly 1 minute at room temperature. The coverslips were reinverted followed by four washes of 1X PBS. The coverslips were then mounted on chromic acid
treated, clean glass slides using 10-20 μl of Vectashield mounting agent (Vector Laboratories).
Confocal images were obtained by using a LSM 510 Meta Carl Zeiss Confocal system with an
Argon 488 nm and Helium/Neon 543 nm lasers. The intensity of staining for the p38MAPK in
the nucleus was measured using the Axiovision software.
3.8. Immuno-precipitation assays
To analyze if PKP3 binds to p38β MAPK, pCEFL vectors encoding the HA tagged wild type
p38β MAPK and the C terminal truncated mutants of p38β MAPK were transiently transfected
in HCT116 cells. As a control for HA tag, HA-pcDNA3 vector was also transfected. For each
plasmid, transfection was performed in two 100mm plates. 48 hours after transfection, the cell
culture medium was decanted from both the plates and 1ml of cold PBS (pre-cooled to 4ºC) was
added to each plate. The cells on each plate were scraped using a cell scraper and collected in
separate 1.5 ml eppendorfs kept on ice. The cells were then pelleted down by centrifugation at
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2500 rpm for 2 minutes and the PBS was decanted. 500μl PBS was again added and the cells
from both the eppendorfs were pooled, centrifuged again and PBS removed. Thereafter, 1ml of
EBC lysis buffer containing protease inhibitors (as mentioned in 3.17) was added to the cells and
incubated for 15 minutes on ice. This was followed by centrifugation at 10,000 rpm for 15
minutes at 4ºC. The supernatant was transferred to a new 1.5 ml eppendorf. 100μl of this
supernatant was kept separately and represented as 10% whole cell extract. To this 50μl of 3X
sample buffer (mentioned in 3.17) was added, boiled in a water bath for 7 minutes and stored in 80ºC. To the remainder of the supernatant, 200μl of the anti-HA antibody (clone 12CA5, purified
cell supernatant) was added and the eppendorfs were kept on a rocker for two hours at 4ºC. Next,
30μl of Protein G Sepharose (GE Healthcare) was added to the reaction mixture and the reactions
were incubated at 4ºC for one hour on a rocking platform. Thereafter the eppendorfs were
centrifuged at 3000rpm for 1 minute. The supernatant was removed and the immuno-precipitates
were washed with NET-N buffer. The eppendorfs were centrifuged at 3000rpm for 15 seconds
and the supernatant was removed. Two more NET-N washes were given in the same manner
followed by addition of 50ul of 3X sample buffer and boiling. These immunoprecipitated
samples and the 5% whole cell extracts were then resolved on a SDS-PAGE gel and Western
blotting was performed to detect HA and PKP3.
3.9. Scratch wound healing assays
Scratch wound healing assays were performed as described [232]. Briefly, in each well of a 6
well plate, cells were grown to 90% confluency, followed by treatment with 10 μg/ml of
mitomycin C (Sigma) for three hours. Mitomycin C inhibits cell proliferation, thus the rate of
wound healing will only depend on the migration rate of cells and not on cell proliferation [356].
Three hours after the addition of mitomycin C, the cells were washed and a linear scratch wound
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was made on the bottom of plate per well. The wells of this plate were then visualized under an
Axiovert 200M Inverted microscope (Carl Zeiss) fitted with a cell incubator stage maintained at
37°C and 5% CO2. Cells were observed by time lapse microscopy and images taken every 10
minutes for 20 hours using the AxioCamMRm Camera (Zeiss) with a 10X phase I objective.
Axiovision software version 4.8 (Ziess) was used to measure the cell migration. Three
independent experiments were performed in triplicates for each clone.
3.10. Matrigel invasion assays.
Matrigel invasion assays were performed as described [357, 358]. Briefly, 2x105 cells
resuspended in 200μl of serum free media were added to the upper chambers and 400μl of serum
containing media was added in the lower chamber. The inner side of the insert was pre-coated
with 5μg of Matrigel (BD Biosciences). After 24 hours, cell culture inserts were then removed
from the wells and the cells attached to the inner side of the insert were removed using cotton
buds. The inserts with cells on the outer side of the membrane were fixed with 4% paraformaldehyde, stained with 1% crystal violet and mounted on slides using DPX mountant
(Qualigens). Images were taken using Olympus SZ61 stereo microscope using a 10X objective
lens. Three independent experiments were performed for each clone.
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3.11. Soft agar colony formation assays
The soft agar colony formation assay determines the anchorage independent growth property of
cells [233]. Briefly, low melting point (LMP) agarose of two different concentrations were
prepared, 1.6% and 0.8%, and autoclaved to maintain sterility. After autoclaving, both the LMP
agarose solutions were kept on a float in a water bath set at 40ºC to prevent the agarose from
forming a gel. The 1.6% LMP agarose was then mixed with equal volumes of 2X DMEM +
antibiotic +FBS mix (a mixture of sterile 2X concentrated DMEM solution, 2X concentrated
relevant antibiotic and 20% FBS). Upon mixing, the final concentration of agarose became 0.8%,
the concentration of DMEM and antibiotic becomes 1X and concentration of FBS became 10%
(which is the concentration required for optimal growth of cells). Now 2 ml of this solution was
poured onto 35mm cell culture plates slowly and allowed to form a thick solid layer on the plate.
This was called the lower layer of the soft agar plate. Next, the cells of the relevant clones were
trypsinized and resuspended in 1ml of 2X DMEM media. The cells are then counted using a
haemocytometer to determine the concentration of the cells in the solution. Meanwhile, the 0.8%
LMP agarose was mixed with equal volumes of the 2X DMEM + antibiotic + FBS mix to make
a final volume of 0.4% LMP agarose + DMEM solution. To 1 ml of this solution, 2500 cells
were resuspended slowly to form a homogenous suspension and spread evenly on top of the
lower layer of soft agar plate and allowed to settle down and form a semi-solid upper layer.
Thereafter, the plates were kept in a tissue culture incubator maintained at 37ºC, 5% CO2, for
three weeks. A volume of 150μl to 200μl of fresh DMEM media with the relevant antibiotics
were added on top of the soft agar plates every 2 days during these three weeks of incubation.
Thereafter the total number of colonies formed on the soft agar plate was counted by making
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grids at the bottom of the soft agar plate. Three independent experiments were performed in
triplicates for each clone.
3.12. Growth Curves
2x105 cells were plated in 35mm dishes and fed every two days during the course of the
experiment. At various intervals, the cells were harvested by trypsinization and counted in
triplicate using a haemocytometer. The number of cells obtained at different time points was
plotted against time to generate the growth curves.
3.13. Luciferase reporter assays
Luciferase reporter assays were used to determine the promoter activity of the overlapping
fragments of LCN2 promoter (mentioned in Table 3.2) in the HCT116 derived PKP3 knockdown
clones and the vector control clone. These assays were also used to determine if LCN2 promoter
activity could be altered upon ELK1 knockdown (See Results section). The reagents required for
the luciferase assay was provided in the Dual Luciferase reporter assay system (Promega). The
major components of this kit were the LARII reagent (the substrate for firefly luciferase), Stop
and Glo reagent (a mixture of the inhibitor of luciferase and coelentrazine (the substrate for
Renilla luciferase) and Passive lysis buffer (required for cell lysis). The luciferase reporter assay
was performed according to the manufacturer’s protocol (Promega). Briefly, cells were grown in
12 well plates to 50 to 70% confluence. Thereafter the cell culture media was decanted and cells
were washed two times with 1X PBS. 100μl of passive lysis buffer was added to the cells and the
plate was placed on a rocker for 15 minutes for cell lysis. The lysed cells were then pipetted out
into a 1.5ml eppendorf tube and centrifuged to 13,000 rpm for 30 seconds at 4ºC to remove the
cell debris. The supernatant was collected in a fresh eppendorf tube. The supernatant was then
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used for protein estimation by Bradford’s method and luciferase reporter assay by the Dual
luciferase reporter assay kit (Promega).
Bradford’s method uses the property of the Bradford’s dye which can bind to proteins
specifically causing a shift of the absorption maximum of the dye from 465 to 595nm. Briefly,
5μl of the cell lysate was added to different wells of a 96 well plate. Five standard solutions (with
known protein concentrations) containing 0, 10, 20, 30, 40 and 50 μg/ml of Bovine serum
albumin (BSA) were also made and 5μl of these solutions were added to new wells of the same
96 well plate as above. Thereafter 250μl of the Bradford’s reagent was added to these wells. The
plate was then placed inside an ELISA plate reader and readings were taken at 595nm. The
readings obtained were used for determining the protein concentration of the cell lysates.
For luciferase reporter assays, 50μl of the LARII reagent was added into the required number of
wells of 96-well plate and 10μl of cell lysates were aliquoted into these wells. The LARII reagent
was also added in a well with no lysate and was designated as a Blank well. These cell lysates
and the LARII solutions were mixed properly with pipette tips and the plate was inserted into a
luminometer (Berthold). The chemiluminescence intensity for each of the luciferase reactions
were measured for a period of 1 minute per well. This value was the measurement for the firefly
luciferase intensity and designated as FL. The FL value for the blank well was used for
normalization of the FL values for the cell lysates. Thereafter the plate was ejected out of the
luminometer and 50μl of the Stop and Glow reagent was added immediately to all the wells in
use. This plate was inserted back into the luminometer and chemiluminescence intensity was
measured for 1 minute per well. This value was the Renilla luciferase intensity and designated as
RL. The RL value for the blank well was used for normalization of the RL values for the cell
lysates. Finally the ratio of the FL value to the RL value of the cell lysates were calculated and
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divided by the amount of protein concentration of the corresponding cell lysate. The value of the
(FL/RL)/Protein concentration so obtained was plotted on the Y axis and the name of the
corresponding clones were plotted on the X axis of a histogram.

3.14. Nuclear cytoplasmic fractionation:
Nuclear and cytoplasmic fractions were isolated from HCT116 derived PKP3 knockdown clones
and the vector control clone as per the manufacturer’s instructions using the NE-PER kit from
Promega. Total cell lysates obtained from the above cell lines were used as controls for the
experiment.

3.15. Tumor formation in nude mice
BALB/c Nude mice (CAnN.Cg-Foxn1nu/Crl) of 6-8 weeks old, provided by the ACTREC
animal house facility, was used for the study. 1 x 106 cells of the HCT116 based shpkp3-2
derived vector control and double knockdown clones were resuspended in 100μl of PBS and
injected sub-cutaneously in the dorsal flank of mice. Six mice were injected for each clone.
Tumor formation was monitored at intervals of 2 to 3 days and tumor size was calculated weekly
for 5 weeks using the formula (0.5x LV2)where L is the largest dimension and V its
perpendicular dimension [233].The maximum tumor volume of 1045.421 mm3was obtained 5th
week post-injection for a mouse injected with shpkp3-2+vec.No surgical procedure was involved
in the present study and therefore no anesthetic or analgesic was employed during these
experiments. During injections, the animals were handled by trained, certified animal technicians
and were injected by thein-house veterinarian with minimum distress to animals. Mice were
sacrificed 5 weeks post injection. Animals were euthanized as per in-house Standard Operating
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Procedure (SOP) approved by the attending veterinarian (AV) of the ACTREC animal house
facility. Carbon dioxide (CO2), an inhalant euthanasia agent recommended by the Committee for
the Purpose of Control and Supervision of the Experiments on Animals (CPCSEA), Government
of India, was used for euthanasia of mice. Euthanasia was performed under the supervision of the
attending veterinarian and according to the American Veterinary Medical Association (AVMA)
guidelines for the euthanasia of animals (2013 Edition). Briefly, a compressed CO2cylinderwas
used as a source for carbon dioxide to control the inflow of gas, which was connected to a
euthanasia chamber. The mice were kept in the chamber and an optimal flow rate was
maintained to fill 20% of the chamber volume. After keeping the mice in the chamber, the CO2
cylinder supply valve was turned on to deliver the gas in the chamber so that animals were
exposed to the gas slowly and steadily. After sufficient exposure like for 2 to 3 minutes, mice
showed cessation of respiration and heart beats. The chamber was not prefilled with CO2 and
was vented out post sacrifice and before the next animal was introduced into the chamber.
Thereafter, the mice were removed from the chamber and a cervical dislocation performed to
ensure that the mice were dead.
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3.16. Ethics statement
Animals were maintained in the ACTREC animal house facility following the national
guidelines mentioned by the Committee for the Purpose of Control and Supervision of the
Experiments on Animals (CPCSEA), Ministry of Environment and Forest, Government of India.
A controlled environment was provided to the animals with a temperature of 22±2°C and relative
humidity maintained at 40-70%. A 12 hours day night cycle was maintained (7:00 to 19:00 day
and 19:00 to 7:00 night). The animals were given autoclaved balanced diet prepared in house and
sterile water. Individually ventilated Cage system (IVC, M/S Citizen, India) was used to house
mice used in the experiments. These IVCs were provided with autoclaved corn cob as bedding
for the mice. Animal euthanasia was done under the guidelines of AVMA as mentioned above
using CPCSEA recommended euthanizing agent, carbon dioxide. The Institutional Animal
Ethics Committee (IAEC) of the Advanced Centre for Treatment Research and Education in
Cancer (ACTREC) approved all the protocols used in this report. The project number for the
study is 16/2008 and was approved in November 2008.
3.17. Clonogenic survival assays
For all radiation experiments, the source used for irradiation is the radioactive Cobalt 60 isotope
(60Co27), a clinically used radiation source [359].

60

Co27 is not a naturally occurring element

because of its high reactivity, but it can be generated when the nucleus of the naturally occurring
cobalt isotope, cobalt-59 (59Co27) is bombarded with a photon. The resultant

60

Co27 is an highly

unstable isotope, it decays to Nickel-60, (60Ni28) by the emission of beta particle. The activated
nickel nucleus emits two γ ray photons (γ irradiation) with an average energy of 1.35 megaelectron-volts (MeV). This energy is used to kill cancer cells. To determine if PKP3 loss leads to
increased radio-resistance, PKP3 knockdown clones derived from different cell types and their
respective vector control clones or double knockdown clones derived from the HCT116 derived
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PKP3 knockdown clones and the vector control clones were grown to 75% confluency in 35mm
cell culture plates. For radiation treatment, the sides of these plates were wrapped in parafilms
and taken carefully to the BHABHATRON facility at the Department of Radiation Oncology,
TMC-ACTREC. The BHABHATRON machine (an indigenous telecobalt machine developed by
Bhabha Atomic Research Centre) was used for irradiating cells to 0, 2, 4 and 8 Gy of γ
irradiation. The time of exposure to the

60

Co27 source, required for the cells to receive the

required doses, was determined by radiation physicists of the Department of Radiation
Oncology, TMC-ACTREC. Thereafter the cell culture plates with irradiated cells were brought
into the tissue culture hood, the parafilms were removed and the cells were kept in a tissue
culture incubator maintained at a temperature of 37ºC and having CO2 level of 5%. After 8 hours
incubation, the cells were trypsinized and counted. As indicated in the Results section, different
number of cells for the different γ irradiation doses was seeded into 60mm plates. These plates
were incubated into the tissue culture incubators. Colonies were allowed to be formed for 21
days. Thereafter, these colonies were fixed using 4% paraformaldehyde. Thereafter the cells
were washed thrice or more with PBS till the smell of paraformaldehyde gets removed. The cells
were then stained with 1% crystal violet for 1 hour. The plates were then washed with tap water
to remove the excess crystal violet dye. The individual colonies that had been formed got stained
with crystal violet. Thereafter the plates were inverted and left to dry. On the next day, the
number of colonies were counted and used to generate the survival curves for each clone. The
survival curves were plotted using the values obtained for the survival fraction on the Y axis (log
scale) and the corresponding irradiation doses on the X axis [360] where :
Survival fraction (SF) = (number of colonies formed after treatment)/(number of colonies seeded
x Plating efficiency)
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In this equation Plating efficiency (PE) = number of colonies formed from un-irradiated cells/
number of un-irradiated cells seeded.
The p value for the assays was calculated using the ANOVA analysis feature of the SPSS
software as mentioned in [360].

3.17. Reagents for different experiments
(a) Calcium phosphate transfection
i. 2X BBS (BES-buffered solution), pH6.95
Component
BES (Sigma)
Sodium chloride (NaCl) (HiMedia)
Sodium phosphate dibasic dihydrate (Na2
HPO4.2 H2O)
(Sigma)
MilliQ water

Final concentration
required
50mM
250mM
1.5mM

Amount
1.066g
1.636g
0.0267g

Make up volume to 100ml

In this reaction, MilliQ water was used. MilliQ water is the name given to double distilled water
obtained from the MilliQ Integral Water Purification System (EMD Millipore) installed in
ACTREC. After ensuring that all the components added had mixed completely, the pH of the
BBS solution was carefully adjusted to exactly 6.95 with 5N NaOH (SD Fine Chemicals) and
then filtered using a 0.22μM membrane filter. BBS solution was divided into multiple aliquots
and stored in -20ºC.
ii. 0.5M Calcium Chloride (CaCl2) solution for transient transfection
18.375g of CaCl2 was dissolved in 250ml of distilled water. This was filter-sterilized into sterile
50 ml tubes and stored at -20ºC. Only one vial was assigned for immediate use and kept at 4ºC.
iii. Distilled water
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MilliQ water was autoclaved in glass bottles and kept at room temperature (for regular use) or
stored at 4ºC. This autoclaved sterile MilliQ water is called distilled water and used for
molecular biology reactions like PCR ligation reactions and for transfection.
(b) For bacterial growth and selection
i. Luria Bertoni (LB) media
LB media is required for optimal bacterial growth. For 1 litre of LB media, the reagents required
are:
Component
Tryptone (HiMedia)
Yeast extract (HiMedia)
NaCl
1M Tris pH 7.5
MilliQ water

Volume or Amount
10g
5g
10g
10ml
make up volume to 1litre

The LB media was divided into multiple 50 ml conical tubes and autoclaved. After autoclaving
these tubes were either kept at room temperature for immediate use or stored at 4ºC.
ii. Ampicillin
Ampicillin was used as a selection antibiotic for bacteria transformed with plasmids having the
ampicillin resistant gene along with the gene or shRNA coding sequence of interest. 100mg of
Ampicillin (Sigma) was dissolved in 1 ml of distilled water to make a stock concentration of
100mg/ml. Ampicillin is added to the LB media or while making LB plates for bacterial
antibiotic selection. The final working concentration for ampicillin required in an LB broth is
100μg/ml.
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iii. LB Agar plates.
Component
Tryptone (HiMedia)
Yeast extract (HiMedia)
NaCl
1M Tris pH 7.5
MilliQ water

Volume or Amount
10g
5g
10g
10ml
make up volume to 1litre

After these components were completely mixed, the solution was added into a plastic or glass
beaker containing 20g Agar. These components were then autoclaved. After autoclaving the
solution was allowed to cool to about 37ºC and 1ml ampicillin was added for 1 litre of LB Agar
solution so that the final concentration of ampicillin becomes 100μg/ml. This solution was now
poured slowly onto plastic bacterial culture plates to form a thick layer of LB agar. These LB
agar plates were then allowed to cool at room temperature.

(c) Protein Estimation
i. Copper tartarate carbonate (CTC) Solution
CTC solution is a mixture of 0.4% hydrated copper sulphate (CuSO4. 5H2O), 0.4% potassium
sodium tartarate and 20% sodium carbonate. To make the CTC solution, first, 0.1g of potassium
sodium tartarate was dissolved in 25 ml MilliQ water in a small beaker. Thereafter, 0.1g of
copper sulphate was dissolved in 25ml MilliQ water, separately in another beaker. Now in a
glass bottle, 10g of sodium carbonate was added to 50ml of MilliQ water and dissolved. After
the sodium carbonate got dissolved completely, the potassium sodium tartarate solution and the
copper sulphate solution was added at the same time, but slowly and with stirring. This reaction
is light sensitive, so it is better to do all make these solutions in dark or in low light. After all the
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reagents got dissolved, the glass bottle was wrapped with aluminum foil and labeled as CTC
solution. This solution was stored at room temperature and not used for more than a month.
ii. 10 % Sodium Dodecyl Sulphate (SDS)
10g SDS was dissolved in 50ml MilliQ water and the volume was made up to 100ml.
iii. 0.8 N Sodium hydroxide (NaOH)
3.2g Sodium hydroxide was dissolved in 50ml of MilliQ water and make volume to100ml.
iv. Folin’s Solution A
For any given volume of Folin’s solution A, half of the volume was made of a mixture of CTC
solution, 0.8N NaOH, 10% SDS and MilliQ water mixed in 1:1:1:1 ratio. The second half of the
volume was made up with MilliQ water.
v. Folin’s Solution B
The commercially available Folin-Ciocalteau reagent (SD Fine Chemicals) was mixed with
MilliQ water in 1:4 ratios.
vi. Bradford’s reagent
The commercially available Bradford’s reagent (Sigma) was used.

(d) SDS PAGE and Western Blotting
i. 10X Running buffer (10X Electrode buffer)
Component

Final concentration
required

Volume

Tris base (Sigma)
Glycine (Sigma)
SDS (Sigma)
Heated MilliQ water/ Reverse osmosis (RO)
water

250mM
2.5M
10%

30g
187.7g
10g
750ml
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After all the components were mixed, the volume of the solution was increased to 1 litre by
adding more heated MilliQ water.
ii. Transfer buffer
Component
Tris base (Sigma)
Glycine (Sigma)
10% SDS
Methanol
RO water

Final amount
12.1g
57.6g
4ml
800ml
1000 ml

After the components were mixed, the volume was made up to 4 litres using MilliQ water and
stored at 4ºC. It can be reused at least for 10 mini-SDS PAGE gels and 5 maxi-SDS PAGE gels.
iii. Tris buffered saline with Tween-20 (TBS-T)
Component
1M Tris pH8.0 (Sigma)
2.5M NaCl
Tween-20
MilliQ water

Final
concentration
10mM
150mM

Volume
10ml
60ml
1ml
930ml

The components are mixed by vigorous stirring either manually or by a magnetic stirrer.
iv. 2.5M NaCl
146.1 grams of NaCl was added to 950ml of MilliQ or Reverse osmosis (RO) water.
v. 30% Acrylamide
Dissolve 29.2g of acrylamide (Sigma) and 0.8g of Bis-acrylamide (Sigma) in 100ml of MilliQ
water. The pH of the solution was maintained at less than 7.0. Thereafter, the solution was
filtered and stored in a dark bottle at room temperature or kept at 4ºC for long term storage.
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(e) Immunofluorescence
i. 1X PBS
Component

Volume or Amount

NaCl (HiMedia)
8g
Potassium di-hydrogen phosphate (KH2PO4) (SD Fine 0.2g
Chemicals)
Potassium chloride (KCl)
0.2g
(SD Fine Chemicals)
Sodium phosphate dibasic anhydrous (Na2HPO4)
2.18g
MilliQ water
make up volume to 1litre
After mixing all the components, the 1X PBS was poured into glass bottles and autoclaved
before use.
Potassium di-hydrogen phosphate (KH2PO4) (SD Fine Chemicals)
ii. 4% paraformaldehyde in PBS
Four grams of paraformaldehyde (Sigma) was added in 90ml 1X PBS kept in a glass bottle. This
mixture is now heated at 70ºC in a water bath and stirred manually till the paraformaldehyde gets
dissolved. Only when the paraformaldehyde gets completely dissolved, the volume of the
solution was made up to 100ml with PBS and filtered through a filter paper. This solution of 4%
paraformaldehyde can be stored at 4ºC for about a month.
iii. 0.3% Triton X-100 in PBS
0.3ml Triton-X-100 (Sigma) was dissolved in 100ml PBS and filtered through a filter paper.
iv. 4’, 6-diamidino-2- phenylindole (DAPI)
5μg of DAPI (Sigma) was dissolved in 2 ml of 1X PBS to make a concentration of 2.5μg/ml of
DAPI and stored in a dark bottle at 4ºC. Just prior to use, this solution was diluted 1: 5 times
with 1X PBS in a 1.5ml eppendorf and centrifuged for 2 minutes at room temperature to remove
debris.
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(f) Co-immuno-precipitation experiments
i. EBC lysis buffer
Component
1M Tris pH 8.0
2.5M NaCl
NP-40 (or Igepal) (Sigma)
MilliQ water

Final concentration required
0 50mM
125mM
0.5%

Volume
50ml
50ml
5ml
895ml

The EBC lysis was stored at 4ºC. Just before use, protease inhibitors were added to it.

iii. Protease Inhibitors (per 10 ml EBC lysis buffer)
Inhibitor
Leupeptin
Aprotinin
Sodium fluoride (NaF)
Sodium orthovanadate (Van)
Ethylenediaminetetraacetic acid (EDTA)
Pepstatin A
Phenylmethanesulfonylfluoride (PMSF)

Stock
concentration
1mg/ml
2mg/ml
1M
0.2M
0.5M
10mg/ml
500mM

Final
concentration
10μg/ml
20μg/ml
50mM
1mM
1mM
10μg/ml
1mM

Volume
100μl
100μl
500μl
50μl
20μl
10μl
20μl

These protease inhibitors are stored at -20ºC for long term storage and thawed before use. These
inhibitors have target different proteases and phosphatases like Leupeptin is a Serine and
Threonine protease inhibitor while Aprotinin is a Serine protease inhibitor. NaF is an inhibitor
of Serine/Threonine and acidic phosphatases, Van is an inhibitor of Tyrosine and alkaline
phosphateases while EDTA chelates cations and is thus a good metalloprotease inhibitor.
Pepstatin A is an inhibitor of aspartic acid proteases and PMSF is an inhibitor of Serine
proteases. A cocktail of these proteases is added to EBC lysis buffers to ensure that during the
lysis or storage of cell lysates in EBC buffer, none of the proteins get degraded and all proteins
retain their original post-translational modifications.
iv. NET-N
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Component

Final concentration
required
20mM
100mM
1mM
0.5%

1M Tris pH 8.0
2.5M NaCl
0.5M EDTA pH 8.0
NP-40 (or Igepal) (Sigma)
MilliQ water

Volume
20ml
40ml
2ml
5ml
933ml

v. 3X Laemmli’s buffer
Component
1M Tris pH 6.8
Glycerol (Sigma)
SDS
Bromophenol blue (Sigma)
MilliQ water

Final concentration
required
150mM
30%
6%
0.3%

Volume or Amount
15ml
30ml
6g
0.3g
Make up volume to 85ml

(g) Clonogenic survival assays.
i. Crystal violet (1%)
1g of crystal violet was dissolved in 100ml methanol. The crystal violet solution can be stored at
room temperature and reused multiple times.
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4.1. PKP3 loss leads to alterations in transcriptome of multiple cell types.
Earlier studies from our laboratory have demonstrated that PKP3 knockdown clones derived
from HaCaT, HCT116 and FBM cell lines show increased neoplastic progression as compared to
the vector control clones both in vitro and in vivo. To identify mechanisms governing neoplastic
progression upon PKP3 loss, single hybrid gene expression microarray analysis was performed
to compare the transcriptomic profiles of the PKP3 knockdown clones derived from the HCT116
and FBM cell lines with the transcriptomic profiles of the respective vector control clones. The
microarray for each cell line was performed in duplicates and the average values of the two sets
of data were used for analysis. The raw data and the analyzed microarray datasets for FBM
derived clones and HCT116 derived clones were uploaded to NCBI GEO (Accession numbers
GSE61512 and GSE64580 respectively). Upon PKP3 loss in FBM cells, 428 genes were found
to be up-regulated more than 2 fold while 430 genes were down-regulated more than 2 fold. The
list of these altered genes has been provided in Annexure I and functional classification for the
genes up-regulated or down-regulated upon PKP3 loss has been represented as Venn diagrams in
Figure 4.1 and Figure 4.2 respectively. Loss of PKP3 in the HCT116 cell line caused 1.5 folds
up-regulation of 92 genes and 1.5 folds down-regulation of 65 genes. The list of these altered
genes has been provided in Annexure II and functional classification of the genes up-regulated
and down-regulated upon PKP3 loss have been represented as Venn diagrams in Figure 4.3 and
Figure 4.4 respectively. The microarray data demonstrated that expression of PKP3 was more
than two folds lower in the FBM and HCT116 derived PKP3 knockdown clones as compared to
their respective vector control clones, thus confirming the previously reported results [233].
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Figure 4.1 Functional classification of the genes up-regulated upon PKP3 loss in FBM cells.
Genes found to be up-regulated in the FBM derived PKP3 knockdown clones as compared to the
vector control clones in the microarray dataset has been classified on the basis of their
association with different biological processes (A), molecular functions (B) and cell signaling
pathways (C). (Note: Only genes with well defined gene ontologies (GO) has been considered
for analysis)
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(B)

(C)

Figure 4.2 Functional classification of the genes down-regulated upon PKP3 loss in FBM
cells. Genes found to be down-regulated in the FBM derived PKP3 knockdown clones as
compared to the vector control clones in the microarray dataset has been classified on the basis
of their association with different biological processes (A), molecular functions (B) and cell
signaling pathways (C). (Note: Only genes with well defined gene ontologies (GO) has been
considered for analysis)
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Figure 4.3 Functional classification of the genes up-regulated upon PKP3 loss in HCT116
cells. Genes found to be up-regulated in the HCT116 derived PKP3 knockdown clones as
compared to the vector control clones in the microarray dataset has been classified on the basis
of their association with different biological processes (A), molecular functions (B) and cell
signaling pathways (C). (Note: Only genes with well defined gene ontologies (GO) has been
considered for analysis)
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Figure 4.4 Functional classification of the genes down-regulated upon PKP3 loss in
HCT116 cells. Genes found to be down-regulated in the HCT116 derived PKP3 knockdown
clones as compared to the vector control clones in the microarray dataset has been classified on
the basis of their association with different biological processes (A), molecular functions (B) and
cell signaling pathways (C). (Note: Only genes with well defined gene ontologies (GO) has been
considered for analysis)
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To validate this data, expression of PKP3 was analyzed in the HaCaT, HCT116 and FBMderived
PKP3 knockdown clones and the respective vector control clones by performing semiquantitative RT-PCRs (sqRT-PCRs) (Figure 4.5 (A)) and Real time PCRs or quantitative RTPCRs (qRT-PCRs) (Figure 4.5 (B)). It was observed that PKP3 expression was decreased in all
PKP3 knockdown clones as expected. These experiments also confirmed the results of the
microarray.

(A)

(B)

Figure 4.5. Validation of the HaCaT, HCT116 and FBM derived PKP3 knockdown clones.
mRNA was prepared from the vector controls (vec) or PKP3 knockdown clones (sh-pkp3-1 and
shpkp3-2) derived from either HaCaT, HCT116 or FBM cells as indicated. (A) sqRT-PCRs and
(B) qRT-PCRs were performed using oligonucleotides specific to PKP3 and GAPDH. Relative
expression of PKP3 in the HaCaT, HCT116 and FBM derived PKP3 knockdown clones (shpkp31 and shpkp3-2) was compared to the respective vector control clones (vec). Expression of
GAPDH has been used for normalization. The PCR product size has been indicated in base pairs.
The Y-axis in the qRT-PCR panels reflects the fold change in transcription, which is calculated
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as described in the Materials and Methods. The X-axis indicates the clone name. The PCR
product size in sqRT-PCR panels has been indicated in base pairs.
The expression of genes which were found to be altered more than two-fold in the FBM derived
PKP3 knockdown clone was assessed using sqRT-PCRs and qRT-PCRs to validate the results of
the microarray and to analyze if the same genes were altered upon PKP3 knockdown in the
HCT116 and HaCaT cell lines. A change in expression of two-fold either way was considered
significant. A set of genes which included inflammation associated genes such as Interleukin 6
(IL6), Serum amyloid A1 (SAA1), Chemokine (C-C Motif) Ligand 2 (CCL2), S100A8, S100A9
and CBS, were found to be up-regulated in HaCaT and FBM derived PKP3 knockdown clones
by sqRT-PCR (Figure 4.6 (A)) and qRT-PCR analysis (Figure 4.6 (B)). None of these genes
were expressed in HCT116 cells (data not shown for qRT-PCRs). The expressions of all the
genes were normalized using the expression of GAPDH as a control. Thus, PKP3 loss leads to
the generation of an inflammation associated signature in cell lines derived from stratified
epithelia, which is consistent with the observation that inflammation is observed in the epidermis
of mice lacking PKP3 [211]. By performing sqRT-PCR, some genes were found to be altered
specifically in the FBM derived PKP3 knockdown clones while their expression was not altered
in the HaCaT and HCT116 derived PKP3 knockdown clones. The genes which up-regulated in
this group were Epiplakin (EPPK1), Rho Guanine Nucleotide Exchange Factor (ARHGEF5),
Matrix metalloprotease 9 (MMP9) and MOB kinase activator 3B (MOBKL2b) while expression
of Nuclear receptor subfamily-2 group-F member-1 (NR2F1) and Insulin like growth factor
binding protein 3 (IGFBP3) were found to be down-regulated (Figure 4.7). Expression of
GAPDH was used as a loading control. These results suggested that PKP3 loss leads to varying
alterations in the transcriptome in the three cell types studied.
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Figure 4.6. PKP3 loss in HaCaT and FBM cells leads to up-regulation of inflammation
associated genes. (A) sqRT-PCRs and (B) qRT-PCRs were performed using oligonucleotides
specific for IL6, SAA1, S100A8, S100A9, CCL2, CBS and GAPDH in HaCaT and FBM derived
PKP3 knockdown clones and the respective vector controls. Expression of GAPDH has been
used for normalization. The Y-axis in the qRT-PCR panels reflects the fold change in
transcription, which is calculated as described in the Materials and Methods. The X-axis
indicates the clone name. The standard errors are plotted and student’s t test was performed (*
indicates a p value<0.01). The PCR product size in sqRT-PCR panels has been indicated in base
pairs.
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Figure 4.7. Cell type specific alterations in FBM derived PKP3 knockdown clones. sqRTPCRs were performed using oligonucleotides specific for EPPK1, MOBKL2b, MMP9, NR2F1,
∆Np63, IGFBP3, ARHGEF5 and GAPDH, in HaCaT, HCT116 and FBM derived PKP3
knockdown clones and the respective vector controls. Expression of GAPDH has been used for
normalization. The PCR product size has been indicated in base pairs.
4.2. PKP3 loss in FBM cells lead to cell type specific alterations of ∆Np63 target genes.
Upon PKP3 loss in FBM cells, there were a group of genes identified in the microarray data,
which are regulated by a transcription factor named, N terminal deleted p63 alpha (Np63).
These genes have been listed in Table 4.1. Among these genes, expression of IGFBP3 (Figure
4.7) and P cadherin (Figure 4.8 (A)) were up-regulated upon PKP3 loss in FBM cells. Expression
of P cadherin was increased at the protein level (Figure 4.8 (B)). Thus, it was hypothesized that
∆Np63α may be regulating IGFBP3 and P cadherin expression upon PKP3 loss in FBM cells
leading to increased neoplastic progression.
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Gene symbol

Gene Name

Average fold
change

IGFBP3

Homo sapiens insulin-like growth factor binding
protein 3 (IGFBP3)
Homo sapiens Fraser syndrome 1 (FRAS1)

-7.7

3.79

KRT5

Homo sapiens cadherin 3, type 1, P-cadherin
(placental) (CDH3)
Homo sapiens intercellular adhesion molecule 1
(CD54),
Homo sapiens keratin 5 (KRT5)

2.091

KRT14

Homo sapiens keratin 14 (KRT14)

3.75

IRF6

Homo sapiens interferon regulatory factor 6
(IRF6)

4.23

FRAS1
CDH3
CD54

6.9

2.26

Table 4.1. Np63 target genes were up-regulated upon PKP3 loss in FBM cells. List of
known Np63 target genes found to be altered upon PKP3 loss in the gene expression
microarray data.
(A)

(B)

Figure 4.8. P cadherin RNA expression levels and protein expression levels are higher in
FBM derived PKP3 knockdown clones. RNA and protein lysates were obtained from FBM
derived vector control (vpTU6) and PKP3 kd clone (P2). (A) sqRT-PCR was performed with P
cadherin, pkp3 and GAPDH (loading control) primers. The PCR product size has been indicated
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in base pairs. (B) Western blot was performed loading 100 μgs of the cell lysates and probing
with antibodies against pkp3, P cadherin and  actin (loading control).
∆Np63α is one of the six isoforms of p63. There are two major isoforms: trans-activating
(TA)p63 and ΔNp63 (transcribed from an alternate promoter). The gene transcript of each of
these two isoforms undergo alternative splicing at the C terminus to give to three new splice
variants named alpha, beta and gamma variants. Thus there are a total of six isoforms of p63
(Figure 4.9) [361].

Figure 4.9. Schematic representation of p63 isoforms encoded by the TP73L gene by
alternate promoter usage and alternate splicing. This figure is a cartoon representing the
various types of alternative splicing that can occur in the TP73L gene transcript. Alternate
promoter usage gives rise to the TA and ∆N isoforms of p63 while alternative exon splicing at
the C terminus generates the alpha, beta and gamma variants. This figure also depicts the
structural domains of the p63 protein and the distribution of these domains in each of the p63
isoforms. The trans-activation domain is a characteristic feature of the TAp63 isoforms. Other
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structural domains are the DNA binding domain, the oligomerization domain, the Steril α-motif
(SAM) and the post-SAM domain [361].

Since the microarray was not able to distinguish between the different isoforms of p63, isoform
specific sqRT-PCRs for the two major p63 isoforms were performed. In the FBM derived PKP3
knockdown clones, the expression of ΔNp63 increased while TAp63 expression decreased, while
total p63 levels increased. GAPDH was used as the loading control (Figure 4.10(A)).

Figure 4.10. Cell type specific alterations of ∆Np63 in FBM derived PKP3 knockdown
clones. (A) sqRT-PCRs were performed using oligonucleotides specific for pkp3, pan p63,
∆Np63, TAp63 and GAPDH in FBM derived PKP3 knockdown clones and the respective vector
controls. Expression of GAPDH has been used for normalization. The PCR product size has been
indicated in base pairs. (B) sqRT-PCRs were performed using oligo-nucleotides specific for
∆Np63 and GAPDH, in HaCaT, HCT116 and FBM derived PKP3 knockdown clones and the
respective vector controls. Expression of GAPDH has been used for normalization. The PCR
product size has been indicated in base pairs.
When mRNA expression of ∆Np63 was analyzed in the HaCaT and HCT116 cells, it was found
that ∆Np63 was not altered upon PKP3 loss in HaCaT cells while there was no endogenous
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∆Np63 detected in the HCT116 cells. The expression of ∆Np63 was found to increase in the
FBM derived PKP3 knockdown clones as compared to its vector control clone (Figure 4.10(B)),
thus validating the results of the microarray. To analyze the expression of ∆Np63 at the protein
level, Western blots were performed using cell lysates of the HaCaT and HCT116 derived PKP3
knockdown clones and their respective vector controls (Figure 4.11). It was demonstrated that
∆Np63 expression was unaltered in the HaCaT cells upon PKP3 loss, while ∆Np63 was not
present in HCT116 cells supporting our sqRT-PCR data (Figure 4.7) and earlier reports showing
absence of ∆Np63 in normal colon tissues and colon carcinomas [362].

Figure 4.11. PKP3 loss does not alter ∆Np63 expression in HaCaT cells, while in HCT116,
∆Np63 is not expressed. Western blots were performed using the ΔNp63, pkp3 and β actin
antibodies. It was found that that ΔNp63 expression was unaltered upon PKP3 knockdown in the
HaCaT cells but HCT116 cells did not express ΔNp63. β actin was used as the loading control.
Since ∆Np63 expression was increased in the FBM derived PKP3 knockdown clones and
increased ∆Np63 is associated with poor prognosis and radio-resistance in oral squamous
carcinomas [363], it was hypothesized that ∆Np63 may be mediating increased neoplastic
progression and radio-resistance in FBM cells upon PKP3 loss. Thus, oligonucleotides encoding
shRNA against ∆Np63 were made and cloned downstream of the U6 promoter in pLKO.1EGFP-f-puro vector (Figure 4.12(A)), a modified version of the commercial pLKO.1-puro vector
[343, 344]. Three clones of this plasmid were transfected into the easy-to-transfect human
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embryonic kidney cell line (HEK293) to analyze for expression of farnesylated enhanced green
flourescent protein (EGFP-F) under a flourescence microscope. Farnesylation allows GFP to be
expressed at the plasma membrane of cells [364]. It was demonstrated that the three clones
expressed efficiently in the HEK 293 cells showing green flourescence at the cell membrane. As
controls, the HEK293 cells were transfected with a positive control plasmid (pLKO.1-EGFP-fpuro) and a negative control plasmid (pLKO.1 puro) (Figure 4.12(B)). These pLKO.1-EGFP-fpuro ∆Np63 shRNA constructs were thereafter transiently transfected in FBM derived PKP3
knockdown cells, but the transfection was not successful. Since pLKO.1 based plasmids are
lentiviral plasmids [344], so lentivirus mediated infection of the pLKO.1-EGFP-f-puro plasmid
DNA was performed but this again was unsuccessful. Further, experiments need to be performed
to determine the contribution of ΔNp63 to the tumor progression observed upon PKP3 loss in
FBM cells.

Figure 4.12. Cloning of Np63 shRNA in pLKO.1 EGFP-f-puro vector and analysing
EGFP-f expression. (A) Schematic representation of the cloning strategy used to clone a shRNA
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against ΔNp63 into the pLKO.1 EGFP-f-puro vector (a vector generated form pLKO.1 puro
containing a farnesylated EGFP reporter gene) using the AgeI and EcoRI cloning sites. (B)
HEK293 cells were transiently transfected with the negative control plasmid, pLKO.1 puro and
the positive control plasmid for EGFP-f expression, pLKO.1 EGFP-f-puro. EGFP-f expression
was visualized under a flourescence microscope and images were obtained. Similarly, three
plasmid clones of pLKO.1 EGFP-f-puro ΔNp63 shRNA vector named clone 4, 5 and 6 were
individually transfected transiently in HEK293 cells and analyzed for expression of EGFP-F
under a flourescence microscope and images were obtained. Note that the positive control and all
the three clones showed green flourescence confirming that these clones can be used for
generating Np63 knockdown clones using EGFP-F expression as a marker for selecting
positive clones. The negative control did not show EGFP-F expression.
4.3. PKP3 loss leads to up-regulation of Lipocalin2 (LCN2) and Matrix metalloprotease7
(MMP7) in three different cell lines.
Upon thorough analysis of the microarray data, followed by its validation by sqRT-PCR and
qRT-PCR, it was demonstrated that PKP3 loss in HaCaT, HCT116 and FBM cells leads to upregulation of mRNA expression of two genes: LCN2 (Figure 4.13) and MMP7 (Figure 4.14). For
both sqRT-PCR and qRT-PCR, the expression of GAPDH was used as for normalization.
LCN2 also known as NGAL (neutrophil gelatinase associated lipocalin) is a secreted
glycoprotein and also an iron binding protein, which regulates iron homeostasis in cells
(reviewed in [365, 366]). It was discovered as a component of natural immunity in mice [367]
where LCN2 was found to bind bacterial siderophores. Siderophores, such as enterobactin, are
proteins that carry Fe3+ as a soluble Fe3+ -protein complex and distribute iron to cells. Bacteria
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secrete siderophores to sequester iron from the intracellular pools of their host organisms. LCN2
can bind to bacterial siderophores as well as human siderophores like ferritin and transferrin to
sequester iron from the intracellular pool and transport iron into the cells via the LCN2 receptor
(Megalin) [368-370].

Figure 4.13. PKP3 loss leads to up-regulation of LCN2 in multiple cell types. (A) sqRTPCRs and (B) qRT-PCRs were performed using oligonucleotides specific for LCN2 and
GAPDH, in HaCaT, HCT116 and FBM derived PKP3 knockdown clones and the respective
vector controls. Expression of GAPDH has been used for normalization. The Y-axis in the qRTPCR panels reflects the fold change in transcription, which is calculated as described in the
Materials and Methods. The X-axis indicates the clone name. The standard errors are plotted and
student’s t test was performed (* indicates a p value<0.01).The PCR product size in sqRT-PCR
panels has been indicated in base pairs.
LCN2 is often over-expressed in many types of cancers (reviewed in [365, 371]). LCN2 upregulation has also found in patients suffering from colorectal carcinoma in multiple clinical
studies and is an indicator of colon cancer progression from adenoma to carcinoma [372-374]
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and is also known to increase tumor formation in xenograft mouse models of colon cancer [373].
Increased expression of LCN2 is also associated with human papillomavirus mediated cutaneous
squamous cell carcinoma [375]. LCN2 also associated with both radiation induced and intrinsic
radio-resistance. Its expression is known to be increased in radio-resistant cancer cell lines
established by continuous fractionated γ irradiation [376] and is also associated with radioresistance against X-ray irradiation in oral cancer and lung cancer [377].

Figure 4.14. PKP3 loss leads to up-regulation of MMP7 in multiple cell types. (A) sqRTPCRs and (B) qRT-PCRs were performed using oligonucleotides specific for MMP7 and
GAPDH, in HaCaT, HCT116 and FBM derived PKP3 knockdown clones and the respective
vector controls. Expression of GAPDH has been used for normalization. The Y-axis in the qRTPCR panels reflects the fold change in transcription, which is calculated as described in the
Materials and Methods. The X-axis indicates the clone name. The standard errors are plotted and
student’s t test was performed (* indicates a p value<0.01).The PCR product size in sqRT-PCR
panels has been indicated in base pairs.
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Matrilysin (MMP7) is one of the smallest members of the MMP family. It is a highly potent
metallo-protease which can degrade fibronectin, collagen III/IV/V/IX/X/XI, type gelatins type
I/II/IV/ V, casein, laminin, elastin and proteoglycans [378, 379]. It is secreted from salivary
glands, skin epithelia and the glandular epithelial cells of the intestine, liver, pancreas, breast,
and urino-genital tract [380-383]. In the intestine, MMP7 and the matrix metalloprotease MT1MMP are exclusively produced by the epithelial cells of the colon while the rest of the matrix
metalloproteases like MMP9 and MMP11 are produced by the colonic stroma [384-387]. In nonpathogenic conditions, MMP7 is important for repair of wounded epithelial tissues ([388] and
reviewed in [389]), while in pathogenic conditions MMP7 serves as a very important antibacterial agent produced by epithelial cells as it can cleave and convert pro-alpha-defensins into
active alpha-defensins ([390] and reviewed in [391]). MMP7 expression is increased in cystic
fibrosis [392], gastro-intestinal ulcers [393] and upon bacterial infections [394].
MMP7 up-regulation has also been associated with poor prognosis and metastasis in many
cancers like colorectal cancer [395-397], gastric cancer [398], oral cancer [399] and bladder
cancer [400]. It has been demonstrated that down-regulation of MMP7 either by knockdown in
colorectal cancer cell lines or by knockout in APC min/+ mice leads to decreased tumor
incidence [401, 402], while an increase in MMP7 expression in colorectal cancer cell lines
causes increased tumor formation [403]. MMP7 is also known to be associated with increasing
intrinsic radio-resistance because knockdown of MMP-7 enhances sensitivity to 5FU and X-ray
irradiation in SW480 colon cancer cell line [404].
Since both LCN2 and MMP7 are individually known to be associated with increased neoplastic
progression, metastasis and radio-resistance in cancers, it was hypothesized that up-regulation of
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LCN2 or MMP7 or both may regulate increased neoplastic progression and radio-resistance upon
PKP3 loss.
4.4. LCN2 is required for neoplastic transformation upon PKP3 loss.
To determine whether the increase in LCN2 levels is required for tumor formation upon PKP3
loss, double knockdown clones were generated where LCN2 was knocked down in the PKP3
knockdown clone shpkp3-2 using vector driven RNA interference. Two separate shRNAs were
used and named X and Y. The oligonucleotides sequences of these shRNAs are available in
Materials and Methods. Two double knockdown clones were obtained from each of these
shRNAs. The clones shpkp3-2+shlcn2-1 and shpkp3-2+shlcn2-2 were obtained from shRNA X
while the shRNA Y yielded two clones: shpkp3-2+shlcn2-3 and shpkp3-2+shlcn2-4. The vector
control clone (shpkp3-2+vec) was generated by transfection of the empty vector in the shpkp3-2
clone (Figure 4.15).

Figure 4.15. Cloning of 2 different LCN2 shRNAs (A and B) in pLKO.1 EGFP-f-puro
vector and generation of stable double knockdown clones of LCN2 derived from the
HCT116 based PKP3 knockdown clone shpkp3-2. (A) Schematic representation of the cloning
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strategy used to clone two shRNAs (X and Y) against LCN2 into the pLKO.1 EGFP-f-puro
vector using the AgeI and EcoRI cloning sites. (B) HCT116 derived PKP3 knockdown clone,
shpkp3-2 was transfected with two clones each of pLKO.1 EGFP-f- puro LCN2 shRNA, A and
B plasmids. The cells were maintained in media containing 5μg/ml blasticidin and 0.5μg/ml
puromycin to obtain single cell clones thus generating two clones shpkp3-2+shlcn2-1 and 2
(from X) and two more clones shpkp3-2+shlcn2-3 and 4 (from Y). Similarly, the pLKO.1 EGFPf-puro plasmid was transfected in shpkp3-2 cells and selected in blasticidin and puromycin to
generate the vector control clone. All clones cells were analyzed for expression of EGFP-F under
a flourescence microscope and images were obtained. The shpkp3-2 cells served as a negative
control for the EGFP-F expression. Note that all double knockdown clones and vector control
clones except the negative control clone showed EGFP-F expression at the cell border.

Figure 4.16. Validation of LCN2+PKP3 double knockdown clones by qRT-PCR and
Western blotting (of acetone precipitated cell supernatant). (A) mRNA prepared from
HCT116 derived PKP3 knockdown clone (shpkp3-2), its vector control clone (vec), the
LCN2+PKP3 double knockdown clones (shpkp3-2 + shlcn2-1, shpkp3-2 + shlcn2-2, shpkp3-2
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+sh lcn2-3 and shpkp3-2 + shlcn2-4) and the corresponding vector control clone (shpkp3-2 +
vec) was used as a substrate for reverse transcriptase followed by real time PCR reactions using
oligonucleotides specific for LCN2. All expression was normalized to the levels of GAPDH. The
fold change is graphed on the Y-axis and the clone name is on the X-axis. Note that LCN2 levels
are higher in the PKP3 knockdown clones as compared to its vector control clone, while LCN2
expression is decreased in the LCN2+PKP3 double knockdown clones as compared to the
corresponding vector control. The standard errors are plotted and student’s t test was performed
(* indicates a p value<0.01).(B) 100μg of acetone precipitated cell supernatants were resolved on
12% SDS PAGE gels followed by Western blotting with antibodies specific to LCN2. Note that
LCN2 levels are higher in supernatants prepared from the PKP3 knockdown cells as compared to
the vector controls and the levels are lower in the double knockdown clones. The same blot was
stained with Ponceau stain to demonstrate equal loading of proteins (lower panels).

The expression of LCN2 in the vector control and the double knockdown clones was validated
by qRT-PCR (Figure 4.16 (A)). Since LCN2 [405-407] is a secreted protein, cells were grown in
the absence of serum and the supernatant collected for the indicated cell types. The proteins in
the supernatant were precipitated using acetone as described in the Materials and Methods and a
Western blot performed for LCN2. It was demonstrated that PKP3 knockdown led to an increase
in the expression of LCN2 while knockdown of LCN2 causes a decrease in the expression of
LCN2 as expected (Figure 4.16 (B)). The blot was stained with Ponceau-S to show equal protein
loading for the cell supernatants. To determine if PKP3 loss in HaCaT cells also leads to
increased LCN2 secretion, the HaCaT derived PKP3 knockdown clones and vector control
clones were grown in the absence of serum and the supernatant was collected followed by
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Western blotting for LCN2. It was observed that like in HCT116, PKP3 loss in HaCaT also leads
to an increase in expression of LCN2 (Figure 4.17).

Figure 4.17. PKP3 loss in HaCaT cells lead to increased
protein expression of the secreted protein LCN2. 100μg of
acetone precipitated cell supernatants from HCT116 derived
PKP3 knockdown clones shpkp3-1 and shpkp3-2, and its vector
control clone (vec) were resolved on 12% SDS PAGE gels
followed by Western blotting with antibodies specific to LCN2.
Note that LCN2 levels are higher in supernatants prepared from
the PKP3 knockdown. The same blot was stained with Ponceau
stain to demonstrate equal loading of proteins (lower panels).

PKP3 loss in HCT116 cells lead to increased cell migration as assayed by scratch wound healing
assay [233]. To determine if LCN2 knockdown in the PKP3 knockdown clone shpkp3-2 can
decrease cell migration, scratch wound healing assays were performed and it was demonstrated
that loss of LCN2 decreased cell migration (Figure 4.18 (A) and (B)). PKP3 loss has also been
demonstrated to increase metastasis which indicated that it may increase cell invasion [233]. In
vitro cell invasion was analyzed using the Matrigel invasion assay for two PKP3 knockdown
clones (shpkp3-1 and shpkp3-2). It was demonstrated that loss of PKP3 leads to an increase in
invasion as shown in Figure 4.19. The increase in invasion observed upon PKP3 loss was
reversed when LCN2 expression was inhibited (Figure 4.19). These results suggested that LCN2
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is required for the increased cell migration and invasion observed upon PKP3 knockdown in
HCT116 cells.

Figure 4.18. LCN2 loss leads to a decrease in migration. Scratch wound healing assays were
performed on the HCT116 derived vector control (vec), PKP3 knockdown clone shpkp3-2,
shpkp3-2 derived vector control clone (shpkp3-2+vec) and shpkp3-2 derived LCN2 knockdown
clones (shpkp3-2+shlcn2-1, shpkp3-2+shlcn2-2 and shpkp3-2+shlcn2-3) as described. Phase
contrast images of wound healing at 0 hours (start) and 20 hours (end of experiment) have been
shown (A). The mean and standard deviation of the distance migrated in 20 hours has been
plotted in Y axis. The p value was calculated using student’s t test (* indicates a p value < 0.01)
(B). Note that migration is increased in the pkp3 knockdown clones, while it is decreased in the
double knockdown clones.
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Figure 4.19. LCN2 loss leads to a decrease in cell invasion. Matrigel invasion assays were
performed in Boyden’s chambers for HCT116 derived vector control cells, PKP3 knockdown
clones and the LCN2 double knockdown clones. The number of cells observed in ten random
fields of the membrane for each clone was determined as described in Materials and Methods,
representative images for each clone are shown. The mean and standard deviation of three
independent experiments are plotted. The p value was calculated using a student’s t-test (*
indicates a p value < 0.01). Note that loss of PKP3 leads to an increase in invasion as compared
to the vector control and this phenotype is reversed in the double knockdown clones.

PKP3 loss leads to an increase in anchorage independent growth and an increase in tumor
formation and metastasis in vivo [233]. To determine if loss of LCN2 can reverse the phenotype
of anchorage independent growth, soft agar assays were performed on the HCT116 derived
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PKP3 knockdown clones, LCN2+PKP3 double knockdown clones (shpkp3-2+shlcn2-1, shpkp32+shlcn2-2, shpkp3-2+shlcn2-3 and shpkp3-2+shlcn2-4) and the corresponding vector control
clones vec and shpkp3-2+vec respectively. It was demonstrated that while pkp3 loss increased
anchorage independent growth, knockdown of LCN2 reversed the phenotype (Figure 4.20).

Figure 4.20. LCN2 loss leads to a decrease in anchorage independent growth. Soft agar
colony formation assay was performed with the HCT116 derived vector control and pkp3
knockdown clones, the shpkp3-2 derived LCN2+PKP3 double knockdown clones and the
shpkp3-2 derived vector control clone. Representative differential interference contrast (DIC)
images were taken of the soft agar colonies (A). The number of soft agar colonies formed in
three plates each of three independent experiments (total nine plates) was counted and the mean
and standard error plotted. The p value was calculated using a student’s t-test and was found to
be <0.05. Note that loss of PKP3 leads to an increase in anchorage independent growth as
compared to the vector control and this phenotype is reversed in the double knockdown clones.

157

Results
It has been reported earlier that HCT116 derived pkp3 knockdown clones form larger tumors and
show increased metastasis in vivo [233]. The vector control, shpkp3-2+vec and the PKP3+LCN2
double knockdown clones were injected subcutaneously in nude mice as previously described
[232, 233]. The mice were observed for 5 weeks and tumor size was measured at regular
intervals. Five of the six mice injected with the vector control developed large tumors. In
contrast, only one out of six mice injected with shpkp3-2+shLCN2-3 and none of the six mice
injected with shpkp3-2+shLCN2-4 were able to develop tumors at the site of injection (Figure
4.21). The average volume of the tumor formed in the mice was analyzed using the formula
mentioned in Materials and Methods.

Figure 4.21. Tumor formation is inhibited in the PKP3 knockdown cells upon LCN2
knockdown. 1x106 cells of the shpkp3-2 derived vector control or LCN2+PKP3 double
knockdown clones were injected sub-cutaneously into nude mice and allowed to develop tumors.
Representative images of mice have been shown (A). The table shows the number of mice
injected with the respective clones and the number of mice among them which were able to
develop tumors (B).
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To determine whether ectopic expression of LCN2 in HCT116 cells can increase neoplastic
progression, the cDNA of LCN2 was cloned into pcDNA3, a mammalian expression vector
along with 2 time hemagglutinin (HA) tag. Stable LCN2 over-expressing clones were generated
[408, 409] and validation was done by performing sqRT-PCR using oligonucleotides specific to
LCN2 and GAPDH (loading control) and Western blotting using antibody specific to HA and β
actin (loading control) [408].
4.5. LCN2 up-regulation upon PKP3 loss is regulated by p38MAPK
To determine whether LCN2 up-regulation upon PKP3 loss was regulated at the transcriptional
level, three overlapping regions of the LCN2 promoter [410, 411] containing promoter regions 1138 to+64, -417 to +64 and -153 to +64 were named L1, L2 and L3 respectively were PCR
amplified from HCT116 genomic DNA and cloned into the pGL3 basic vector using Kpn1 and
Xho1 sites present in the MCS (Multiple cloning site) region of the pGL3 vector (Figure
4.22(A)) [409].
The pGL3 basic vector has the MCS region just upstream of a firefly luciferase reporter gene.
Firefly luciferase is a 61kDa monomeric protein that does not require posttranslational
processing for enzymatic activity. Thus, it functions as a genetic reporter immediately upon
translation [412, 413]. In addition to the reporter plasmids, a control for transfection, pRL-TK, is
included in these assays. The plasmid, pRL-TK has a constitutively active thymidine kinase
vector driving a Renilla luciferase reporter gene. The Renilla luciferase is a 36 kDa monomeric
protein and like firefly luciferase, post- translational modification is not required for its activity.
The enzyme functions as a genetic reporter immediately following translation [414, 415].
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Figure 4.22. LCN2 promoter activity is higher in PKP3 knockdown clones. (A) Schematic
representation of the overlapping promoter fragments (L1, L2 and L3) of the LCN2 promoter
which were cloned in pGL3 vector (encodes firefly luciferase). The + ve or – ve sign indicates
the position of the nucleotide base relative to the transcription start site (TSS) which has been
denoted as 0. The translation start site is at position +69 relative to TSS. The location of the
promoter fragments on the actual LCN2 promoter has been indicated in base pairs. (B) The
LCN2 promoter driven luciferase reporter vectors were transiently transfected in vector control
and PKP3 knockdown clones and luciferase reporter assay was performed. CMV promoter
driven renilla luciferase encoding vector pRLTK was used as transfection control. The
promoterless pGL3 basic vector has been used as a negative control. In the graph, FL represents
Firefly luciferase activity based luminescence while RL represents Renilla luciferase activity
based luminescence. The ratio of FL/RL/protein concentration of the different promoter
constructs in the corresponding cells has been plotted in Y axis. The p value was calculated using
a student’s t-test and plotted (* indicates p value <0.01).
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The Luciferase reporter assays (reviewed in [416]) demonstrated that promoter activity of only
the L1 fragment is higher in the PKP3 knockdown clones than the vector control. For the L2 and
L3 fragments although there was an increase in the basal luciferase promoter activity compared
to the pGL3 basic vector, the increase was observed in both the vector control and PKP3
knockdown clones. Thus the non-overlapping region of the L1 promoter, i.e. -1138 to -417 was
hypothesized to have the enhancer elements required for increased transcriptional activity upon
PKP3 loss (Figure 4.21(B)). The L1 fragment of 720 bases between -1138 and -417 was named
as the region of interest (ROI). A prediction of transcription factor binding sites on the ROI using
JASPAR and ALLGEN PROMO software at stringency levels of 95% and 90% respectively
suggested that among the most potential transcription factors having binding affinity to this
sequence are the Activator protein1 (AP1), GATA binding protein 2 (GATA2), Ying Yang1
(YY1), V-Ets Avian Erythroblastosis Virus E26 Oncogene homolog 1 (ETS1) and ETS1 like
protein (ELK1) (data shown later). Since the common upstream kinases of AP1, ETS1 and ELK1
are the p38 Mitogen activated protein kinase (MAPK) and Extracellular signal regulated kinase
(ERK)1/2 and previous reports suggested that activation of p38 MAPK and ERK1/2 signaling
can up-regulate LCN2 expression [417, 418], the degree of activation of p38 MAPK or ERK1/2
was determined in the PKP3 knockdown clones by Western blotting with antibodies against
phospho-p38 MAPK, total p38 MAPK, phospho-ERK1/2 and total ERK1/2 in HCT116 derived
PKP3 knockdown clones and the vector control. These experiments demonstrated that PKP3 loss
in HCT116 cells result in increased p38MAPK phosphorylation (Figure 4.23 (A)) but not
ERK1/2 activation (Figure 4.23 (B)).
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Figure 4.23. Phosphorylation of p38MAPK increases while ERK phosphorylation is not
altered in HCT116 derived PKP3 knockdown clones.75μg of a whole cell extract (WCE) was
resolved on 12% SDS PAGE gels followed by Western blotting with antibodies specific to
PKP3, phospho-p38MAPK (Threonine180/ Tyrosine 182) and total p38MAPK in (A) and PKP3,
phospho-ERK1/2 (Threonine202/ Tyrosine 204) and total ERK1/2 in (B). Note that PKP3 levels
are lower in clones with a PKP3 knockdown. also note that p38MAPK phosphorylation increases
upon PKP3 loss. Western blots for β actin served as a loading control (upper panels).
Since phosphorylation leads to activation of p38MAPK and also stimulates its translocation into
the nucleus [419], immuno-flourescence assays were performed using antibodies specific to
p38MAPK to analyze localization of p38MAPK in the HCT116 derived PKP3 knockdown and
vector control clone. It was observed that PKP3 loss resulted in an increase in the nuclear
localization of p38MAPK as determined (Figure 4.24). Nuclear cytoplasmic fractionation was
performed using the HCT116 derived vector control and PKP3 knockdown clones. The results of
the fractionation experiment demonstrated that nuclear p38MAPK levels were higher in PKP3
knockdown clones as compared to the vector control clones (Figure 4.25). Thus PKP3 loss leads
to increased phosphorylation of p38MAPK as well as increased nuclear localization of
p38MAPK in the nucleus.
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Figure 4.24. Nuclear localization of p38MAPK increases upon PKP3 knockdown in
HCT116 cells. Immuno-flourescence for p38MAPK was performed on HCT116 derived vector
control and PKP3 knockdown clones. Images were taken in a confocal microscope. The
representative images have been shown in (A). The intensity of p38MAPK in the nucleus was
quantitated for a 30 cells each in four independent experimets using LSM software and the ratio
of the average median intensity to the total area of the nuleus has been plotted. The p value was
calculated using a student’s t-test and was found to be <0.05 and indicated as *.
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Figure 4.25. Localization of p38MAPK in the nucleus increases upon PKP3 loss: Nuclear
cytoplasmic fractionation. 50μg of total cell lysate, 50ug of cytoplasmic extract and 25ug of
nuclear extract were resolved on 10% SDS PAGE gels followed by Western blotting with
antibodies specific to PKP3, p38MAPK, LaminA (marker for nuclear fraction) and αtubulin
(marker for cytoplasmic fraction). Note that p38MAPK levels in the nuclear fraction are higher
in the PKP3 knockdown clones as compared to the vector control clone.
Four isoforms of p38 MAPK exists in mammalian cells: p38α, p38β, p38γ and p38δ. The p38α
and β isoforms are ubiquitously expressed while the γ and δ isoforms show tissue specific
expression. These isoforms share high structural homologies: p38α and β are 75% homologous
[420]. The p38γ and δ have 62% and 61% homology to p38α respectively; while p38 γ and δ
share approximately 70% homology ([421] and reviewed in [422]). Another major difference
between the isoforms is that p38α and β are inhibited by the small concentrations of the pyridinyl
imidazol compounds like SB203580, while p38γ and δ are unaffected [423, 424]. Most of the
knowledge about p38α and β has been derived using SB203580 or its derivatives. Unfortunately,
isoform specific effects of p38α or β cannot be delineated by use of such inhibitors, so additional
studies involving knockdown and knockout of the individual isoforms are needed for this
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purpose. To determine if PKP3 loss leads to alteration in expression of p38 MAPK isoforms,
sqRT-PCR was performed (Figure 4.26) [408]. It was demonstrated that expression of p38
MAPK isoforms were not altered upon PKP3 loss in HCT116 cells.
Figure 4.26. PKP3 loss in HCT116 cells doesnot alter
expression of any of the p38MAPK

isoforms. Four

isoforms of p38MAPK exists namely p38α, p38β, p38γ and
p38δ. SqRT-PCRs were performed using oligonucleotides
specific for each individual isoforms and GAPDH in HCT116
derived PKP3 knockdown clones and the vector control clone.
Expression of GAPDH has been used as a loading control.
The PCR product size has been indicated in base pairs.
Since, p38 MAPK activation was higher in PKP3 knockdown clones; it was hypothesized that at
least one of the four isoforms of p38MAPK may get phosphorylated upon PKP3 loss, which may
in turn cause an increase in LCN2 expression. To identify which p38 isoform is activated upon
PKP3 loss, HCT116 derived PKP3 knockdown and vector control clones were treated with 1uM
SB203580 (the specific inhibitor for p38α and p38β isoforms). It was demonstrated that
inhibition of p38α/β MAPK activity was able to decrease LCN2 expression in PKP3 knockdown
clones (Figure 4.27 (A)) but MMP7 expression was not altered (Figure 4.27 (B)). Thus either one
or both p38α/β MAPK may be important for LCN2 up-regulation upon PKP3 loss in HCT116
cells.
To determine whether p38α or p38β are required for the increase in LCN2 expression upon
PKP3 loss, their expression was inhibited in the PKP3 knockdown clone shpkp3-2 using vector
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driven RNA interference. Two separate shRNAs were used for each isoform and cloned into the
pLKO.1-EGFP-f-puro vector. The oligonucleotides sequences of these shRNAs are available in
Materials and Methods. Three p38α MAPK+PKP3 double knockdown clones were generated
using the shRNAs p38α1 and p38α2. Two clones shpkp3-2+shp38α1.1 (validated positive by
Western blotting but not used in the further experiments)

and

shpkp3-2+shp38α1.2 was

obtained from shRNA p38α1 while the shRNA p38α2 yielded two clones: shpkp3-2+shp38α2.2
and shpkp3-2+shp38α2.4 [408].

Figure 4.27. Inhibition of the activity of p38α/β results in a decrease in LCN2 but not
MMP7 expression in PKP3 knockdown cells. Real time PCR for LCN2 (A) and MMP7(B)
was performed using cDNA obtained from vector control and PKP3 knockdown clones after
treatment with 10μM SB203580 (p38MAPK inhibitor) or DMSO (solvent control) for 24 hours.
All expression was normalized to the levels of GAPDH. The fold change is graphed on the Yaxis and the clone name is on the X-axis. The standard errors are plotted and student’s t test was
performed (* indicates a p value<0.01).
Four p38β MAPK+PKP3 double knockdown clones were generated using the shRNAs p38β1
and p38β2. Two clones designated shpkp3-2+shp38β1.1 and shpkp3-2+shp38β1.4 were obtained
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from shRNA p38β1 while the shRNA p38β2 yielded two clones: shpkp3-2+shp38β2.4 and
shpkp3-2+ shp38β2.5. The clone shpkp3-2+vec was used as the vector control. The expression
of p38α and p38β MAPKs in the HCT116 derived vector control, PKP3 knockdown clones and
p38α or p38β double knockdown clones were validated by Western blotting (Figure 4.28) and
qRT-PCR (Figure 4.29).. It was demonstrated that p38α+PKP3 double knockdown clones
showed decrease in expression of p38α MAPK but p38β levels remained unaltered.
Correspondingly, p38β+PKP3 double knockdown clones showed decrease in expression of p38β
MAPK but p38α levels remained unaltered.

Figure 4.28. Validation of p38α+PKP3 double knockdown clones and p38β+PKP3 double
knockdown clones by Western blotting. 75μg of a whole cell extract (WCE) was resolved on
12% SDS PAGE gels followed by Western blotting using antibodies specific for the p38α, p38β
MAPK isoform and β actin (loading control) in HCT116 derived PKP3 knockdown clones
(shpkp3-1 and shpkp3-2), its vector control clone (vec), the shpkp3-2 derived vector control
clone (shpkp3-2 + vec), the p38βα +PKP3 double knockdown clones (shpkp3-2 + shp38α1.1,
shpkp3-2 + shp38α1.2, shpkp3-2 + shp38alpha2.2 and shpkp3-2 + shp38α2.4) (A), and the p38β

167

Results
+PKP3 double knockdown clones (shpkp3-2 + shp38β1.1, shpkp3-2 + shp38β1.4, shpkp3-2 +
shp38β2.4 and , shpkp3-2 + shp38β2.5) (B). Note that p38α expression decreases while p38β
expression is unchanged in the p38α+PKP3 double knockdown clones, while in the p38β+PKP3
double knockdown clones p38β expression decreases and p38α expression is not altered.

Figure 4.29. Validation of p38α+PKP3 double knockdown clones and p38β+PKP3 double
knockdown clones by qRT-PCR. qRT-PCRs were performed using oligonucleotides specific
for p38α MAPK isoform (A), p38β MAPK isoform (B) and GAPDH in HCT116 derived PKP3
knockdown clones (shpkp3-1 and shpkp3-2), its vector control clone (vec), the shpkp3-2 derived
p38α +PKP3 double knockdown clones (shpkp3-2 + shp38α1.2, shpkp3-2 + shp38alpha2.2 and
shpkp3-2 + shp38α2.4) , p38β +PKP3 double knockdown clones (shpkp3-2 + shp38β1.1,
shpkp3-2 + shp38β1.4, shpkp3-2 + shp38β2.4 and , shpkp3-2 + shp38β2.5) and the
corresponding vector control clone (shpkp3-2 + vec). All expressions were normalized to the
levels of GAPDH. The fold change is graphed on the Y-axis and the clone name is on the X-axis.
The standard errors are plotted and student’s t test was performed (* indicates a p value<0.01).
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Note that p38α expression decreases in the p38α+PKP3 double knockdown clones while it is
unchanged in the p38β+PKP3 double knockdown clones, while p38β expression decreases in the
p38αβ+PKP3 double knockdown clones while it is unchanged in the p38βα+PKP3 double
knockdown clones.
To determine if LCN2 expression is altered upon loss of p38α or p38β MAPK in PKP3
knockdown clones, qRT-PCR was performed in the HCT116 derived PKP3 knockdown clones,
its vector control clone, p38α+PKP3 double knockdown clones, p38β+PKP3 double knockdown
clones and their vector control clone shpkp3-2. As expected, LCN2 expression was increased
upon PKP3 loss in HCT116 cells but upon p38α loss in the PKP3 knockdown clone, LCN2
expression was further increased while upon p38β loss, LCN2 expression was reduced more than
two fold (Figure 4.30). These experiments suggest that p38β activation regulated LCN2 upregulation upon PKP3 loss in HCT116 cells.

Figure 4.30. p38β knockdown in HCT116 derived PKP3 knockdown clones decreases
LCN2 expression but p38α knockdown highly inceases LCN2 expression. qRT-PCRs were
performed using oligonucleotides specific for LCN2 and GAPDH, in PKP3 knockdown clones,
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its vector control, the p38α +PKP3 double knockdown clones, the p38β +PKP3 double
knockdown clones and the respective vector control clone. Expression of GAPDH has been used
for normalization. The Y-axis in the qRT-PCR panels reflects the fold change in transcription,
which is calculated as described in the Materials and Methods. The X-axis indicates the clone
name. The standard errors are plotted and student’s t test was performed (* indicates a p
value<0.01).The PCR product size in sqRT-PCR panels has been indicated in base pairs.
p38MAPK is activated by environmental stress, oxidative stresses and inflammatory cytokines.
The p38MAPK signaling pathway involves phosphorylation and activation of transcription
factors like Activating transcription factor 2 (ATF2) [425], Nuclear Mitogen- And StressActivated Protein Kinase (MSK1) [425], ETS1 [426] and ELK1[427] (Figure 4.31).
Figure 4.31. The p38MAPK signaling pathway.
Schematic representation of the p38MAPK regulating
ELK1 activation upon PKP3 loss. Note that
p38MAPK enters the nucleus upon phosphorylation
mediated activation and this in turn activates
transcription factors like ATF2, MSK1, ETS1 and
ELK1.
To determine if PKP3 loss leads to alterations in
phosphorylation status and total protein levels of these transcription factors, Western blotting
was performed using specific antibodies to these proteins. Phosphorylation of ATF2 and MSK1
was unaltered (Figure 4.32) but phosphorylated ELK1 and total ELK1 protein levels were
increased upon PKP3 loss (Figure 4.33 (A)). Subsequently, qRT-PCR for ELK1 was performed
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in the HCT116 derived PKP3 knockdown clones and the vector control clones and it was
demonstrated that the mRNA expression of ELK1 was also increased (Figure 4.33 (B)).

Figure 4.32. No alteration in activation of ATF2 and MSK1 upon PKP3 loss. 75μg of a
whole cell extract (WCE) was resolved on 12% SDS PAGE gels followed by Western blotting
with antibodies specific to PKP3, phospho-ATF2 (Threonine 71), total ATF2 and β actin in (A)
and PKP3, phospho-MSK1 (Threonine 581) and β actin in (B). In both Western blots β actin has
been used as the loading control. The molecular weights of the proteins analyzed by Western
blotting have been indicated as kilo Daltons (kDa).

Figure 4.33. ELK1 expression and activation increases upon PKP3 loss in HCT116 cells.
(A) 75μg of a whole cell extract (WCE) was resolved on 10% SDS PAGE gels followed by
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Western blotting with antibodies specific to PKP3, phospho-ELK1 (Ser 383), total ELK1 and β
actin (loading control). Note that both phospho-ELK1 and ELK1 levels are higher in the PKP3
knockdown clones. (B) qRT-PCRs were performed using oligonucleotides specific for ELK1 and
GAPDH, in HCT116 derived PKP3 knockdown clones and the vector control clone. Expression
of GAPDH has been used for normalization. The standard errors are plotted and student’s t test
was performed (* indicates a p value<0.01).
4.6. ELK1 is required for the increase in LCN2 expression observed upon PKP3 loss.
ELK1 is a member of the Ets family of transcription factors and of the ternary complex factor
(TCF) subfamily (Figure 4.34). Proteins of the TCF subfamily form a ternary complex by
binding to the serum response factor (SRF) ([428] and reviewed in [429]). ELK1 is a
downstream target of p38 MAPK [427, 430, 431]. Since ELK1 is a well studied transcription
factor, its consensus binding sites on promoters are known [432, 433] and thus can be predicted
using transcription factor binding site prediction software such as ALLGEN PROMO [434, 435]
and JASPAR [436, 437] which can detect the consensus binding motif of many transcription
factors including ELK1. ELK1 can also bind to ETS1 binding sites on promoter sequences [438]
and can also collaborate with Serum Response Factor (SRF) to bind to certain promoters [439].

Figure 4.34. ELK1 is a member of the ETS family of transcription factors. A schematic
representation of the different members of the ETS1 family proteins and its structural domains.
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ELK1 belongs to the T cell factor (TCF) subfamily of the ETS family of transcription factors. It
has the same DNA binding domain as ETS1 (ETS DBD represented as blue box) [429].
To determine if the ROI of the LCN2 promoter has any ELK1 or ETS1 binding sites, the ROI
sequence was submitted to the ALLGEN-PROMO and JASPAR analysis softwares. Five ETS1
sites and one consensus ELK1 site was detected in the ROI sequence (Figure 4.35). To analyze if
ELK1 regulates LCN2 over-expression upon PKP3 loss, ELK1 was

Figure 4.35. ELK1 and ETS1 binding sites are present in the LCN2 promoter region of
interest (ROI). JASPAR and ALLGEN-PROMO software analysis of transcription factor
binding sites in the LCN2 promoter ROI identified presence of multiple ETS1 binding sites and
one ELK1 binding site.The positions of these sites have been indicated (highlighted green) on
the promoter sequence of ROI depicted in the box.
knocked down in a HCT116 derived PKP3 knockdown clone generating ELK1 double
knockdown clones (shpkp3-2+shelk1-3 and shpkp3-2+shelk1-5). ELK1 knockdown in these
clones at the mRNA and protein levels were validated using qRT-PCR (Figure 4.36 (A)) and
Western blotting (Figure 4.36 (B)) respectively.
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Figure 4.36. Validation of ELK1+PKP3 double knockdown clones by qRT-PCR and
Western blotting. qRT-PCRs were performed using oligonucleotides specific for ELK1 and
GAPDH in the HCT116 derived PKP3 knockdown clones, the vector control clone (vec), the
shpkp3-2 derived ELK1+PKP3 double knockdown clones and the corresponding vector control
clone (shpkp3-2 + vec). All expressions were normalized to the levels of GAPDH. The standard
errors are plotted and student’s t test was performed (* indicates a p value<0.01). (B) 75μg of a
whole cell extract (WCE) was resolved on 10% SDS PAGE gels followed by Western blotting
with antibodies specific to PKP3, phospho-ELK1 (Serine 383), total ELK1 and β actin (loading
control). Note that ELK1 expression decreases in the ELK1+PKP3 double knockdown clones
both at mRNA and protein level.

Subsequently, qRT-PCR assays were performed to determine if LCN2 expression was altered
upon ELK1 knockdown in the PKP3 knockdown clones. It was demonstrated that LCN2 levels
were indeed decreased in the ELK1+PKP3 double knockdown clones than their corresponding
vector control clone (Figure 4.37). Thereafter, luciferase reporter assays were performed to
analyze if the decrease in LCN2 upon ELK1 loss in the PKP3 knockdown clones was due to
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decreased transcription of LCN2. It was demonstrated that ELK1 was required for increased
LCN2 promoter activity in the PKP3 knockdown clones (Figure 4.38). As the knockdown of
both p38β and ELK1 resulted in a decrease in LCN2 transcription and p38MAPK is known to
phosphorylate and activate ELK1 [427], it was hypothesized that probably p38β activates ELK1
and this in turn regulates LCN2 up-regulation.

Figure 4.37. ELK1 regulates LCN2 expression upon PKP3 loss in HCT116 cells. (A) qRTPCRs were performed using oligonucleotides specific for ELK1 and GAPDH, in HCT116
derived PKP3 knockdown clones, its vector control clone, shpkp3-2 derived ELK1+PKP3
knockdown clones and its respective vector control shpkp3-2+vec. Expression of GAPDH has
been used for normalization. The standard errors are plotted and student’s t test was performed (*
indicates a p value<0.01). Note that both LCN2 levels are higher in the PKP3 knockdown clones
but decreases upon ELK1 knockdown.
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Figure 4.38. LCN2 promoter activity is decreased upon ELK1 knockdown in PKP3
knockdown cells. The LCN2 promoter driven luciferase reporter vector L1 was transiently
transfected in HCT116 derived vector control, PKP3 knockdown clones, ELK+PKP3 double
knockdown clones and the corresponding vector control clone. The cells were lysed after 24
hours using the prescribed lysis buffer (Promega). The lysates were collected and luciferase
reporter assay was performed along with protein estimation. CMV promoter driven renilla
luciferase encoding vector pRLTK was used as transfection control. The promoterless pGL3
basic vector has been used as a negative control. The ratio of FL/RL/protein concentration of the
L1 in the corresponding cells has been plotted in Y axis. The p value was calculated using a
student’s t-test and plotted (* indicates p value <0.01).
Since ELK1 expression was higher in the PKP3 knockdown clones and was found to be
important in up-regulating expression of LCN2 upon PKP3 loss, it was hypothesized that some
other targets of ELK1 may also be increased in the PKP3 knockdown clones. It has been
demonstrated that ELK1 (upon activation by the nuclear factor of activated T cells (NFAT)
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pathway) can cause activation of the c-myc promoter thus causing increase in c-myc expression
and promote c-myc induced growth in pancreatic cancer cells [440]. To determine if ELK1 can
regulate increased c-myc expression in HCT116 derived PKP3 knockdown clones, Western
blotting was performed using cell lysates obtained from HCT116 derived vector control clones,
PKP3 knockdown clones, the ELK1+PKP3 double knockdown clones and the corresponding
vector control clone. It was demonstrated that c-myc expression was higher in the PKP3
knockdown clones than the vector control clones but its expression did not decrease upon ELK1
knockdown [441]. Thus, ELK1 mediated transcriptional activation upon PKP3 loss is specific to
the LCN2 promoter.
4.8. p38β MAPK and ELK1 independently regulates increase in LCN2 expression upon
PKP3 loss.
As the loss of both p38β and ELK1 resulted in a decrease in LCN2 transcription and p38MAPK
is known to phosphorylate and activate ELK1
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, it was hypothesized that the increased activity

of p38β results in an increase in ELK1 levels and ELK1 activation leading to an increase in
LCN2 expression. Western blotting was also performed to analyze the expression and
phosphorylation of ELK1 in the p38β+PKP3 double knockdown clones. It was demonstrated that
ELK1 expression and phosphorylation was unaltered upon p38β loss in the PKP3 knockdown
clones. As controls, Western blotting experiments demonstrated that the levels of ELK1 and
phosphorylated ELK1 were diminished in the ELK1 knockdown cells (Figure 4.39 (A)).
Western blotting was also performed to analyze if p38MAPK activity can be regulated by ELK1
and it was demonstrated that p38β activity was not altered upon ELK1 knockdown (Figure 4.39
(B)). Thus, PKP3 loss leads to an increase in both ELK1 expression and p38β activation and
both events independently regulate LCN2 activity.
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Figure 4.39. Activation of p38β MAPK and ELK1 upon PKP3 loss is independent of each
other. (A) 75μg of a whole cell extract obtained from HCT116 derived PKP3 knockdown
clones, its vector control, the p38β+PKP3 double knockdown clones and the respective vector
control clone was resolved on 10% SDS PAGE gels followed by Western blotting with
antibodies specific to PKP3, phospho-ELK1 (Serine 373), total ELK1 and β actin (loading
control). Note that both phospho-ELK1 and ELK1 levels are higher in the PKP3 knockdown
clones but remain unaltered when p38β is knocked down in the PKP3 knockdown clones (B)
75μg of a whole cell extract obtained from HCT116 derived PKP3 knockdown clones, its vector
control, the ELK1 +PKP3 double knockdown clones and the respective vector control clone was
resolved on 10% SDS PAGE gels followed by Western blotting with antibodies specific to
PKP3, phospho- p38 MAPK (Threonine 180/ Tyrosine 182), total p38MAPK, p38β MAPK and
β actin (loading control). Note that p38MAPK phosphorylation increases upon PKP3 loss but
remain unaltered when ELK1 is knocked down in the PKP3 knockdown clones.
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4.8. PKP3 binds to p38β MAPK.
It has been demonstrated that PKP3 loss leads to activation of the p38β MAPK and/or activation
and up-regulation of ELK1 which in turn up-regulates LCN2 expression in HCT116 cells, but
the mechanism regulating p38β activation upon PKP3 loss is not known. It has been
hypothesized that PKP3 may bind to p38β thus inhibiting phosphorylation and activation of
p38β. Thus, when PKP3 is lost, p38β MAPK gets activated which leads to LCN2 upregulation
probably via ELK1 mediated increase in transcription of LCN2.
p38β MAPK (p38β), one of the four isoforms of p38MAPK,. Although p38β shares 75%
homology with p38α [420], a comparison between the structures of p38α and p38β showed a
difference in the orientation of the N and C terminal lobes (domains) in p38β. This caused a
reduction in the size of its ATP binding pocket [442]. p38β gets phosphorylated by MAPK
kinase 4 (MKK4) and MAPK kinase 6 (MKK6) at residues Threonine180 and Tyrosine182
present as the dual phosphorylation motif characteristic of all p38MAPKs [420]. Unlike all other
p38MAPK isoforms, p38β can be auto-phosphorylated in vitro, but in vivo, its autophosphorylation is inhibited by the interaction of its C terminal domain and an N terminal lobe.
This interaction is strengthened by interaction of some unknown p38β regulatory proteins [443].
It was hypothesized that PKP3 may bind to the C terminal domain of p38β and inhibit its autoactivation in vivo. A model for this hypothesis has been shown in Figure 4.40. To address this
hypothesis, cDNA encoding p38β MAPK wild type and C terminal truncated mutants V345 and
F348 cloned into the mammalian expression vector pCEFL and containing 3 times HA tag [443]
was obtained as a kind gift from Dr. Engelberg’s laboratory (National University of Singapore).
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Figure 4.40. PKP3 may inhibit auto-phosphorylation of p38β MAPK by binding its C
terminus. The figure is a cartoon of the PKP3 protein superimposed on the three dimensional
secondary structure of p38β MAPK. It has been hypothesized that in human cells PKP3 may
bind to the C terminal of p38β MAPK and inhibit its auto-phosphorylation.

Figure 4.41. Schematic representation of the wild type (WT) and C terminal truncated
mutants of p38β MAPK. The figure is a cartoon representing the protein structure of the WT
and the C terminal deletion mutants of p38β MAPK. Since the cDNA encoding these constructs
has been cloned in pCEFL vector with 3 times HA tag, and each HA tag protein is 1kDa in size,
the figure also indicates the molecular weight of the protein and its mutants before and after
addition of three HA tags.
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A schematic representation of the wild type and truncated mutants of p38β has been shown in
Figure 4.41. These cDNA encoding plasmids were transiently transfected into HCT116 cells and
immuno-precipitation experiments were performed using an antibody specific to the HA tag. The
immuno-precipitated samples and 5% input whole cell lysates were run on a 10% SDS PAGE
gel and probed for PKP3. It was observed that PKP3 co-immuno-precipitated with the HA
tagged wild type p38β as well as with the C terminal truncated mutants of p38β (Figure 4.42).
Thus, it was demonstrated that PKP3 physically binds to p38β but not at the C terminal regions
that had been truncated.

Figure 4.42. PKP3 binds to p38β but not via the C terminus of p38β MAPK. Plasmid vectors
encoding HA tagged WT p38β MAPK, HA tagged C terminal deletion mutants of p38β MAPK
and HA pcDNA3 (negative control) were transiently transfected in HCT116 cells. Immunoprecipitation experiments were performed using HA antibody. The immune-precipitated samples
along with 5% input of the whole cell extracts(collected before immune-precipitation) were run
on 10% SDS PAGE gel followed by Western blotting using PKP3 and HA antibodies. The heavy
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chain and light chain of the antibody used for immune-precipitation has been indicated. Note that
in the uppermost panel, PKP3 binds to both the WT and C terminal deletion mutants of p38β
MAPK.
To determine if endogenous p38β MAPK binds to the endogenous PKP3, cell lysates obtained
from HCT116 derived vector control and PKP3 knockdown clones were used for immunoprecipitation experiments using an antibody specific to p38β MAPK. The immuno-precipitated
samples and 5% input whole cell lysates were run on a 7.5% SDS PAGE gel and probed for
PKP3 (Figure 4.43 (A)). A similar immuno-precipitation experiment was also performed using
an antibody specific to p38α MAPK and again the immuno-precipitated samples and 5% input
whole cell lysates were run on a 7.5% SDS PAGE gel and probed for PKP3 (Figure 4.43 (B)).
Thus PKP3 binds to both p38β and p38α MAPK and thus it can be postulated that PKP3 may
prevent phosphorylation of p38MAPK by preventing its interaction with its upstream kinases
like MKK3/4/6.

Figure 4.43. PKP3 interacts with both p38β and p38α MAPK. (A) Whole cell extracts were
collected from HCT116 derived PKP3 knockdown and vector control clones and immunoprecipitation experiments were performed using p38β MAPK antibody. The immuno182
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precipitated samples along with 5% input of the whole cell extracts(collected before immuneprecipitation) were run on 7.5% SDS PAGE gel followed by Western blotting using PKP3 and
p38β MAPK antibodies. The heavy chain of the antibody used for immune-precipitation has
been indicated. Note that PKP3 immuno-precipitates out with p38β and in PKP3 knockdown
cells, co-immuno-precipitation of PKP3 decreases. (B) Whole cell extracts were collected from
HCT116 derived PKP3 knockdown and vector control clones and immuno-precipitation
experiments were performed using p38α MAPK antibody. The immuno-precipitated samples
along with 5% input of the whole cell extracts(collected before immune-precipitation) were run
on 7.5% SDS PAGE gel followed by Western blotting using PKP3 and p38α MAPK antibodies.
The heavy chain of the antibody used for immune-precipitation has been indicated. Note that
PKP3 co-immuno-precipitates with p38α and in PKP3 knockdown cells, co-immunoprecipitation of PKP3 decreases.
4.8. MMP7 is necessary for neoplastic transformation upon PKP3 loss.
Similar to LCN2, PKP3 loss leads to increase in expression of MMP7 across all three cell types
tested (Figure 4.14). To determine whether the increase in MMP7 levels is also required for
tumor formation upon PKP3 loss, shpkp3-2 derived MMP7+PKP3 double knockdown clones
were generated using the pLKO.1-EGFP-f puro vector driven RNA interference. The
oligonucleotides sequences of these shRNAs are available in Materials and Methods. Two
double knockdown clones were generated and named shpkp3-2+shmmp7-1 and shpkp32+mmp7-2 (Figure 4.44). The clone shpkp3-2+vec was used as the vector control clone. The
expression of MMP7 in the vector control and the double knockdown clones was analyzed by
qRT-PCR (Figure 4.45 (A)). Since MMP7 [444-446] is a secreted protein, cells were grown in
the absence of serum and the supernatant collected for the HCT116 derived PKP3 knockdown
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clones shpkp3-1 and shpkp3-2, the vector control clone vec, the shpkp3-2 derived MMP7
knockdown clones shpkp3-2+shmmp7.1 and shpkp3-2+shmmp7.2. The proteins in the
supernatant were precipitated using acetone as described in the Materials and Methods and a
Western blot performed for MMP7. It was demonstrated that PKP3 knockdown led to an
increase in the expression of MMP7 while knockdown of MMP7 causes a decrease in
MMP7expression of as expected (Figure 4.45 (B)). The blot was stained with ponceau-S to show
equal protein loading for the cell supernatants.

Figure 4.44. Cloning of MMP7 shRNA in pLKO.1-EGFP-f-puro vector and generation of
stable double knockdown clones of MMP7 derived from the HCT116 based PKP3
knockdown clone shpkp3-2. (A) Schematic representation of the cloning strategy used to clone
a shRNA against MMP7 into the pLKO.1 EGFP-f-puro vector. The sites AgeI and EcoRI
cloning were used for this purpose. (B) HCT116 derived PKP3 knockdown clone, shpkp3-2 was
transfected with two clones each of pLKO.1 EGFP-f- puro LCN2 shRNA, A and B plasmids.
The cells were maintained in media containing 5μg/ml blasticidin and 0.5μg/ml puromycin to
obtain single cell clones thus generating two clones shpkp3-2+shLCN2-1 and 2 (from A) and
two more clones shpkp3-2+shLCN2-3 and 4 (from B). Similarly, the pLKO.1 EGFP-f-puro
plasmid was transfected in shpkp3-2 cells and selected in blasticidin and puromycin to generate
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the vector control clone. All clones cells were analyzed for expression of EGFP-f under a
flourescence microscope and images were obtained. The shpkp3-2 cells served as a negative
control for the EGFP-f expression. Note that all double knockdown clones and vector control
clones except the negative control clone showed EGFP-F expression at the cell border.

Figure 4.45. Validation of MMP7+PKP3 double knockdown clones by qRT-PCR and
Western blotting (of acetone precipitated cell supernatant). (A) qRT-PCR was performed
using oligonucleotides specific for MMP7 and GAPDH, in the MMP7+PKP3 double knockdown
clones (shpkp3-2 + shmmp7-1, shpkp3-2 + mmp7-2) and the vector control (shpkp3-2 + vec).
All expression was normalized to the levels of GAPDH. The standard errors are plotted and
student’s t test was performed (* indicates a p value<0.01).Note that MMP7 levels are decreased
in the MMP7+PKP3 double knockdown clones as compared to the corresponding vector control.
(B) 100μg of acetone precipitated cell supernatants of the HCT116 derived vector control (vec),
PKP3 knockdown clones shpkp3-1 and shpkp3-2, the MMP7+PKP3 double knockdown clones
and its vector control clone were resolved on 12% SDS PAGE gels followed by Western blotting
with antibodies specific to MMP7. Note that MMP7 levels are higher in supernatants prepared
from the PKP3 knockdown cells as compared to the vector controls while the MMP7 levels are
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lower in the double knockdown clones. The same blot was stained with Ponceau stain to
demonstrate equal loading of proteins (lower panels).
To determine if MMP7 knockdown in the PKP3 knockdown clone shpkp3-2 can decrease cell
migration, scratch wound healing assays were performed and it was demonstrated that loss of
MMP7 indeed decreased cell migration (Figure 4.46 (A) and (B)).

Figure 4.46. MMP7 loss leads to a decrease in cell migration. Scratch wound healing assays
were performed on the HCT116 derived vector control(vec), PKP3 knockdown clones (shpkp3-1
and shpkp3-2), shpkp3-2 derived vector control clone (shpkp3-2+vec) and shpkp3-2 derived
MMP7 knockdown clones(shpkp3-2+shmmp7-1 and shpkp3-2+shmmp7-2) as described. Phase
contrast images of wound healing at 0 hours (start) and 20 hours (end of experiment) have been
shown. The mean and standard deviation of the distance migrated in 20 hours has been plotted.
Note that migration is increased in the pkp3 knockdown clones, while it is decreased in the
double knockdown clones.
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Matrigel invasion assays using Bowden’s chambers demonstrated that the increase in invasion
observed upon PKP3 loss can be reversed by MMP7 knockdown (Figure 4.47). These results
suggested that MMP7 is required for the increased migration and invasion observed upon PKP3
knockdown in HCT116 cells. The HCT116 derived PKP3 knockdown clones have been reported
to grow to higher saturation densities in culture due to loss of contact inhibition but without
change in cell proliferation [233] unlike in HaCaT cells where PKP3 loss leads to increased cell
proliferation. Interestingly MMP7 over-expression has also been shown to increase growth of
cells to higher saturation densities [447]. Thus to analyze if MMP7 down-regulation can reverse
the phenotype of loss of contact inhibition, a growth curve analysis was performed for the
shpkp3-2+vec and the MMP7+PKP3 double knockdown clones. It was demonstrated that MMP7
knockdown indeed decreased the phenotype of growth to high density in cell cultures (Figure
4.48) and thus MMP7 may regulate loss of contact inhibition in PKP3 knockdown clones.

Figure 4.47. MMP7 loss leads to a decrease in cell invasion. Matrigel invasion assays were
performed in Boyden’s chambers for HCT116 derived vector control cells, PKP3 knockdown
clones and the MMP7+PKP3 double knockdown clones. The number of cells observed in ten
random fields of the membrane for each clone was determined as described in Materials and
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Methods, representative images of for each clone are shown. The mean and standard deviation of
three independent experiments are plotted. The p value was calculated using a student’s t-test (*
indicates a p value < 0.01). Note that loss of PKP3 leads to an increase in invasion as compared
to the vector control and this phenotype is reversed in the double knockdown clones.

Figure 4.48. MMP7 loss leads to a decrease in cell growth to higher density. HCT116
derived vector control cells, PKP3 knockdown clones and the MMP7+PKP3 double knockdown
clones were plated in 35 mm dishes. At various times, cells were counted in
triplicate and the mean and standard deviation plotted on the Y-axis and the number of days on
the X-axis (* p < 0.05 by students t-test )

One of the mechanisms by which MMP7 decreases contact inhibition is by cleavage of the
transmembrane protein E-cadherin [447]. Since E-cadherin regulates contact inhibition by
modulating the Hippo signaling pathway ([448] and reviewed in [449]), loss of E-cadherin at the
cell border (due to cleavage by MMP7) causes decrease in contact inhibition and increased cell
proliferation at higher densities [447]. To determine the expression of E cadherin upon MMP7
knockdown, Western blotting was performed using antibodies specific for E-cadherin and β actin
(loading control). It was observed that E cadherin expression increased upon MMP7 loss in the
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PKP3 knockdown clones [450]. Thus it was hypothesized that increased E-cadherin levels may
increase contact-inhibition upon MMP7 knockdown and decrease cell proliferation in high
density cultures. Further work is needed to validate this hypothesis.
To determine if loss of MMP7 can reverse the phenotype of anchorage independent growth, soft
agar colony formation assays were performed for the HCT116 derived PKP3 knockdown clones,
MMP7+PKP3 double knockdown clones (shpkp3-2+shmmp7-1 and shpkp3-2+shmmp7-2) and
the corresponding vector control clones, vec and shpkp3-2+vec.

Figure 4.49. MMP7 loss leads to an increase in anchorage independent growth. Soft agar
colony formation assay was performed with the HCT116 derived vector control and pkp3
knockdown clones, the shpkp3-2 derived MMP7+PKP3 double knockdown clones and the
shpkp3-2 derived vector control clone. Representative DIC images were taken of the soft agar
colonies (A). The number of soft agar colonies formed in three plates each of three independent
experiments (total nine plates) was counted and the mean and standard error plotted. The p value
was calculated using a student’s t-test and was found to be <0.05. Note that loss of PKP3 leads to
an increase in anchorage independent growth as compared to the vector control and this
phenotype is increased even more in the double knockdown clones.
189

Results
As reported earlier, PKP3 loss causes increased anchorage independent growth but surprisingly
MMP7+PKP3 double knockdown clones formed more colonies in soft-agar than the vector
control clones (Figure 4.49). Since this result was in contrast to the results obtained in the
migration and invasion assays, it was proposed that some pathway was being activated in MMP7
+PKP3 double knockdown clones which could specifically increase anchorage independent
growth of cells.
To rule out the possibility of a crosstalk between MMP7 and LCN2 in regulating this increased
anchorage independent growth, sqRT-PCRs and qRT-PCRs were performed for LCN2 in the
MMP7+PKP3 double knockdown clones and for MMP7 in the LCN2+PKP3 double knockdown
clones (Figure 4.50).

Figure 4.50. MMP7 loss leads to a huge increase in LCN2 levels but LCN2 loss does not
alter MMP7 levels. (A) sqRT-PCRs were performed using oligonucleotides specific for MMP7,
LCN2 and GAPDH, in the HCT116 derived PKP3 knockdown clone shpkp3-2, the LCN2+PKP3
double knockdown clones and the MMP7+PKP3 double knockdown clones (B) qRT-PCR were
performed using oligonucleotides specific for MMP7 and GAPDH in LCN2+PKP3 double
knockdown clones and the vector control clone shpkp3-2+vec. (C). qRT-PCR were performed
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using oligonucleotides specific for LCN2 and GAPDH in LCN2+PKP3 double knockdown
clones and the vector control clone shpkp3-2+vec. Expression of GAPDH has been used for
normalization. The Y-axis in the qRT-PCR panels reflects the fold change in transcription, which
is calculated as described in the Materials and Methods. The X-axis indicates the clone name.
The standard errors are plotted and student’s t test was performed (* indicates a p
value<0.01).The PCR product size in sqRT-PCR panels has been indicated in base pairs. Note
that in MMP7+PKP3 double knockdown clones, expression of LCN2 is higher than the PKP3
knockdown clone shpkp3-2.
Figure 4.51. MMP7 loss leads to a huge increase in LCN2
levels even at the protein level. 100μg of acetone precipitated
cell supernatants of the HCT116 derived vector control (vec),
PKP3 knockdown clones shpkp3-1 and shpkp3-2, shpkp32+vec) and the MMP7+PKP3 double knockdown clones were
resolved on 12% SDS PAGE gels followed by Western blotting
with antibodies specific to LCN2. Note that LCN2 levels are
higher in supernatants prepared from the PKP3 knockdown cells
as compared to the vector controls and the levels are higher in
the MMP7+PKP3 double knockdown clones. The same blot was stained with Ponceau stain to
demonstrate equal loading of proteins (lower panels).
It was demonstrated that although LCN2 knockdown did not alter MMP7 expression levels,
MMP7 knockdown increased LCN2 levels to even higher levels compared to that of shpkp32+vec clone. Similarly, the protein levels of LCN2 were also found to be increased (Figure 4.51).
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Thus it was hypothesized that the increased LCN2 levels may regulate the increased anchorage
independent growth in MMP7+PKP3 double knockdown clones.
To determine whether MMP7 loss can cause any alteration in tumor formation in vivo, the
shpkp3-2+vec and the double knockdown clones were injected subcutaneously in nude mice as
previously described [232, 233]. The mice were observed for 5 weeks and tumor size measured
at regular intervals. Five of the six mice injected with the vector control developed large tumors.
In contrast, only two out of six mice injected with shpkp3-2+shMMP7-1 and one of the six mice
injected with shpkp3-2+shMMP7-2 were able to develop tumors at the site of injection and the
tumors formed were much smaller in size than those formed in mice injected with the vector
control clone (shpkp3-2+vec) (Figure 4.52). The average volume of the tumor formed in the
mice was analyzed using the formula mentioned in Materials and Methods. Thus MMP7 upregulation is needed for neoplastic progression upon PKP3 loss [451].

Figure 4.52. Tumor formation is inhibited in the PKP3 knockdown cells upon MMP7
knockdown. 1x106 cells of the shpkp3-2 derived vector control or MMP7+PKP3 double
knockdown clones were injected sub-cutaneously into nude mice and allowed to develop tumors.
Representative images of mice have been shown (A). The table shows the number of mice
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injected with the respective clones and the number of mice among them which were able to
develop tumors (B).
4.9. MMP7 up-regulation upon PKP3 loss is regulated by PRL-3 activity
Previous data from our laboratory has demonstrated that an elevation in the levels of Keratin 8 is
observed in the HCT116 derived PKP3 knockdown clones and that this increase is due to an
increase in the levels of the phosphatase of regenerating liver 3 (PRL-3) and inhibition of PRL-3
activity using a chemical inhibitor resulted in a decrease in cell migration [232]. An inhibition of
PRL-3 activity using a chemical inhibitor of PRL-3 resulted in a decrease in cell migration in the
HCT116 derived PKP3 knockdown clones [232]. A previous report also demonstrated that PRL3 activity regulates MMP7 expression via the PI3K/AKT and ERK signaling pathway in the
colon cancer derived cell line DLD1 [452]. Therefore, we hypothesized that the increase in
MMP7 levels observed upon PKP3 knockdown was due to the increase in PRL-3 levels. To test
this hypothesis the HCT116 derived vector control and PKP3 knockdown clones were treated
with 5 or 10μM of the PRL-3 inhibitor for 24 hours. A qRT-PCR analysis demonstrated that the
levels of MMP7 mRNA in the PKP3 knockdown clones were decreased upon treatment with the
PRL-3 inhibitor in a concentration dependent manner (Figure 4.53(A)). The mRNA levels of
Lipocalin2 (LCN2) which increases upon PKP3 knockdown in HCT116 cells did not decrease
upon treatment with the PRL-3 inhibitor (Figure 4.53(B)) suggesting that PRL-3 activity does
not regulate the expression of LCN2 in these cells.
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Figure 4.53. MMP7 but not LCN2 expression decreases upon inhibition of PRL-3 activity.
The HCT116 derived PKP3 knockdown clones (shpkp3-1 and shpkp3-2) or the vector control
(vec) were treated with either the vehicle control (DMSO) or 5 or 10 μM PRL-3 inhibitor1(PRL-3i) (as indicated) for 24 hours. qRT-PCR was performed using oligonucleotides specific
for MMP7 (A) and LCN2 (B) in the treated cells. All expression was normalized to the levels of
GAPDH. The fold change is graphed on the Y-axis and the clone name is on the X-axis. The
standard errors are plotted and student’s t test was performed. Note that MMP7 levels are
lowered upon treatment with PRL-3 inhibitor. Note that MMP7 levels decrease while LCN2
levels increase upon PRL-3 inhibition.
To determine if MMP7 protein levels can also be down-regulated upon PRL-3 inhibition,
Western blot analysis using antibodies specific to MMP7 demonstrated that the levels of MMP7
protein were decreased upon treatment with the inhibitor at 24 hours in HCT116 cells (Figure
4.54 (A)) as expected. In HaCaT cells, PKP3 knockdown clones showed higher LCN2
expression than the vector control but PRL-3 inhibition did not decrease MMP7 expression in
these cells (Figure 4.54 (B)).
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Figure 4.54. MMP7 protein expression decreases upon PRL-3 inhibition only in HCT116
cells but not in HaCaT cells. The HCT116 derived (A) or the HaCaT derived (B) PKP3
knockdown clones (shpkp3-1 and shpkp3-2) and their respective vector control (vec) clones were
treated with either DMSO or 10 μM PRL-3 inhibitor-1(PRL-3i) for 24 hours or 48 hours. The
cell supernatants were collected and a100μg of acetone precipitated protein was resolved on 12%
SDS PAGE gels followed by Western blotting with antibodies to MMP7.The same blot was
stained with Ponceau stain to indicate equal loading. Note that in both HCT116 and HaCaT cells,
PKP3 loss causes increase in MMP7 protein levels but MMP7 levels decrease upon PRL-3
inhibition only in HCT116 cells but not in HaCaT cells.
To determine whether PRL-3 inhibitor treatment (which inhibits the activity of PRL-3) resulted
in a change in PRL-3 protein levels, a Western blot analysis was performed. It was observed that
PRL-3 levels were higher in PKP3 knockdown clones as reported earlier [232], but no change in
the levels of PRL-3 was observed upon treatment with the PRL-3 inhibitor (Figure 4.55). These
results suggested that the increase in PRL-3 levels observed upon PKP3 loss is required for the
increase in MMP7 mRNA and protein levels observed in HCT116 cells [451].
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Figure 4.55. PRL-3 protein levels do not change upon inhibition of PRL-3 activity. The
whole cell lysates of HCT116 derived vector control and PKP3 knockdown clones treated or
untreated with 10μM PRL-3i for 24 hours were resolved on 12% poly-acrylamide gel. This was
followed by Western blotting with antibodies to PKP3, β actin and PRL-3. The molecular
weights of these proteins are indicated in brackets.

Ectopic PRL-3 over-expression is known to decrease expression of Phosphatase and tensin
homologue deleted on chromosome 10 (PTEN), an inhibitor of Phosphoinositide-3- kinase
(PI3K)/Protein kinase B (AKT) pathway by post-transcriptional modifications which in turn
cause increased activation of the PI3K/AKT pathway [453]. This involves phosphorylation of
AKT at position Serine 473 and inhibition of AKT activity was shown to decrease MMP7
expression [452]. Thus, to determine phosphorylation status of AKT, Western blots were
performed using cell lysates from HCT116 derived PKP3 knockdown clones and the vector
control clone. It was observed that AKT phosphorylation at Serine 473 residue was increased in
the PKP3 knockdown clones [441]. Thus, upon PKP3 loss, PRL-3 protein levels increase, which
may regulate AKT phosphorylation leading to increase in expression of MMP7. More
experiments are required to confirm if PRL-3 regulates MMP7 expression via the PI3K/AKT
signaling or by some other mechanism.
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4.10. PKP3 loss in HaCaT cells lead to activation of the EGFR/ ERK1/2 signaling pathway.
PKP3 loss in HaCaT cells has been demonstrated to cause loss of cell to cell adhesion, increased
cell proliferation, cell invasion, migration, anchorage independent growth in vitro [233] and
increased tumor formation and metastasis in vivo [258]. The mechanism regulating these
phenotypes upon PKP3 loss is not known. Probably LCN2 or MMP7 may regulate neoplastic
progression upon PKP3 loss because both LCN2 and MMP7 expression levels have been found
to be up-regulated in the PKP3 knockdown clones. Expression of many inflammation associated
genes has also been found to be up-regulated in the HaCaT derived PKP3 knockdown clones, but
the signaling pathways that can increase the expression of LCN2, MMP7 or the inflammatory
associated genes upon PKP3 loss in HaCaT cells are not known. Since PKP3 loss in HCT116
cells leads to activation of the p38MAPK pathway and not the ERK1/2 pathway, the status of the
phoshorylated and total levels of p38MAPK and ERK1/2 in HaCaT derived vector control and
PKP3 knockdown clones were analyzed by performing Western blotting. It was observed that
ERK1/2 phosphorylation increased upon PKP3 loss in HaCaT cells while p38MAPK
phosphorylation decreases. The total levels of p38MAPK and ERK1/2 remained constant (Figure
4.56). To determine if PKP3 loss alters the phosphorylation status of Protein kinase C (PKC)α/β,
a kinase involved in desmosome assembly [242], Western blotting was performed in HCT116
and HaCaT derived PKP3 knockdown clones and their respective vector control clones using
antibodies specific to phospho-PKCα/β, total PKCα and β actin (loading control) . In HaCaT
cells, but not in HCT116 cells, PKP3 loss was shown to increase phosphorylation of PKCα/β as
well as increase the total levels of PKCα (Figure 4.56). Thus differential cell type specific
signaling pathways are activated upon PKP3 loss in HaCaT and HCT116 cells.

197

Results
Since ERK1/2 phosphorylation was increased in the HaCaT derived PKP3 knockdown clones,
the phosphorylation status of the upstream kinases of ERK1/2 signaling pathway were analyzed.
Western blotting for phospho-MEK1/2 and phospho-EGFR indicated that MEK1/2
phosphorylation at Serine 217/Serine 221 as well as phosphorylation of EGFR at two different
sites Tyrosine 845 and Tyr 1068 was higher in HaCaT derived PKP3 knockdown clones as
compared to the vector control clone (Figure 4.57(A)). Since EGFR, MEK1/2 and ERK1/2 are
components of the Epidermal growth factor receptor (EGFR) signaling pathway, thus activation
of these proteins upon PKP3 loss indicated that PKP3 loss in HaCaT cells lead to activation of
the EGFR signaling pathway (Figure 4.57 (B)). One of the downstream effectors of ERK1/2 in
the EGFR pathway is ELK1. Since ELK1 activation and expression has been shown to be
increased upon PKP3 loss in HCT116 cells, it was important to determine if PKP3 loss can alter
ELK1 phosphorylation even in the HaCaT cells. Western blotting using a specific antibody
against phospho-ELK1 (Ser 383) and β actin demonstrated that PKP3 loss in HaCaT cells also
leads to increased phosphorylation and activation of ELK1 (Figure 4.56). Thus, although two
different signaling pathways are activated upon PKP3 loss in HaCaT and HCT116 cells, these
pathways converge at the common effector ELK1 which in turn increases transcription of the
LCN2 gene.
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Figure 4.56. The ERK1/2 pathway and PKCα/β pathways are activated upon PKP3 loss in
HaCaT cells unlike HCT116 cells. 75μg of a whole cell extract (WCE) from HCT116 derived
and HaCaT derived PKP3 knockdown clones and their respective vector control clones was
resolved on 12% SDS PAGE gels followed by Western blotting with antibodies specific to
PKP3, phospho- PKCα/β (Threonine 638/ Threonine 641), total PKCα, phospho-ERK1/2
(Threonine 202/ Tyrosine 204), phospho p38MAPK (Threonine180/ Tyrosine 182), total
p38MAPK, phospho ELK1 (Serine 383) and β actin. Protein levels of β actin have been used as
the loading control. Note that ERK1/2 and PKCα/β phosphorylation levels increase upon PKP3
loss in HaCaT cells but not in HCT116 cells. Total PKCα levels are also higher in HaCaT
derived PKP3 knockdown clones as compared to the vector control clone. Unlike HCT116,
p38MAPK phosphorylation was found to decrease upon PKP3 loss in HaCaT cells. Western
blotting using a specific antibody against phospho-ELK1 (Ser 383) and β actin demonstrated that
PKP3 loss in HaCaT cells also leads to increased phosphorylation and activation of ELK1.
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Figure 4.57. The EGFR/MEK/ERK pathway is activated upon PKP3 loss in HaCaT cells
which may lead to activation of the downstream targets ERK1/2 and ELK1. (A) 75μg of a
whole cell extract (WCE) from HaCaT derived PKP3 knockdown clones and their respective
vector control clones was resolved on 12% SDS PAGE gels followed by Western blotting with
antibodies specific to PKP3, phospho-EGFR (Tyrosine 845), phospho-EGFR (Tyrosine 1068),
total EGFR, phospho-MEK1/2 (Serine 217/ Serine 221), total MEK1/2 and β actin. Protein
levels of β actin have been used as the loading control. Note that MEK1/2 and EGFR
phosphorylation levels increase upon PKP3 loss in HaCaT cells. Total EGFR levels are found to
decrease upon PKP3 loss in HaCaT cells. (B) A schematic representation of the EGFR pathway
indicating that EGFR activation leads to activation of the downstream Raf/Ras/MEK/ERK/ELK1
pathway. Note PKP3 loss in HaCaT cells leads to activation of EGFR, MEK1/2, ERK1/2 and
ELK1. Since ELK1 regulates LCN2 expression in HCT116 cells upon PKP3 loss, it may also
regulate LCN2 up-regulation in HaCaT cells upon PKP3 loss.
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4.11. PKP3 loss leads to increased radio-resistance in HaCaT, HCT116 and FBM cells.
Earlier studies from our laboratory have demonstrated that PKP3 knockdown clones derived
from HaCaT, HCT116 and FBM cell lines show increased radio-resistance as compared to the
vector control clones [257, 258], but the clonogenic survival assays performed earlier were not
quantitative but rather qualitative because the actual number of colonies formed after irradiation
was never counted. Thus clonogenic survival assay [360] along with quantitative SPSS software
based survival analysis was performed to determine if PKP3 loss in HaCaT, HCT116 and FBM
cells led to increased radio-resistance to γ irradiation. Herein, HaCaT, HCT116 and FBM derived
PKP3 knockdown clones and their respective vector control clones were subjected to 0, 2, 4 and
8 Gy of γ irradiation.

Figure 4.58. PKP3 loss causes radio-resistance in HaCaT cell line. The HaCaT derived vector
control cells and PKP3 knockdown clones were subjected to 0 Gy, 2 Gy, 4 Gy and 8 Gy of
gamma irradiation. Post-irradiation cells were trypsinized and 500, 1000 or 2000 cells of un201
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irradiated and irradiated cells (as indicated in the figure) were plated on 60 mm plates and
allowed to grow to form visible colonies for 21 days. Colonies formed were fixed with 4% paraformaldehyde and stained with crystal violet. Representative images of the plates containing the
colonies have been shown (A). The survival fractions for vector control and PKP3 knockdown
clones were calculated using the SPSS software. The survival fraction obtained was plotted
against the corresponding radiation dose (B). The p value was found to <0.05 in all cases.
After 8 hours incubation at 37ºC, 5% CO2 conditions, the cells were trypsinized and counted.
For cells subjected to 0, 2, 4 and 8 Gy of irradiation, 500, 500, 1000 and 2000 cells (for HaCaT
and FBM derived clones) respectively and 2500, 2500, 5000 and 10,000 cells (for HCT116
derived clones) respectively were seeded into 60mm plates. In this assay, only those cells which
survive the radiation exposure and retain the ability to proliferate, can form colonies. This is why
the assay is called clonogenic survival assay. Colonies were allowed to be formed for 21 days.
Thereafter, these colonies were fixed using 4% paraformaldehyde and stained with crystal violet.
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Figure 4.59. PKP3 loss causes radio-resistance in HCT116 cell line. The HCT116 derived
vector control cells and PKP3 knockdown clones were subjected to 0 Gy, 2 Gy, 4 Gy and 8 Gy
of gamma irradiation. Post-irradiation cells were trypsinized and 2500, 5000 or 10000 cells of
un-irradiated and irradiated cells (as indicated in the figure) were plated on 60 mm plates and
allowed to grow to form visible colonies for 21 days. Colonies formed were fixed with 4%
paraformaldehyde and stained with crystal violet. Representative images of the plates containing
the colonies have been shown (A). The survival fractions for vector control and PKP3
knockdown clones were calculated using the SPSS software. The survival fraction obtained was
plotted against the corresponding radiation dose (B). The p value was found to <0.05 in all cases.

Figure 4.60. PKP3 loss causes radio-resistance in FBM cell line. The FBM derived vector
control cells and PKP3 knockdown clones were subjected to 0 Gy, 2 Gy, 4 Gy and 8 Gy of
gamma irradiation. Post-irradiation cells were trypsinized and 500, 1000 or 2000 cells of unirradiated and irradiated cells (as indicated in the figure) were plated on 60 mm plates and
allowed to grow to form visible colonies for 21 days. Colonies formed were fixed with 4% para203
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formaldehyde and stained with crystal violet. Representative images of the plates containing the
colonies have been shown (A).The survival fractions for vector control and PKP3 knockdown
clones were calculated using the SPSS software. The survival fraction obtained was plotted
against the corresponding radiation dose (B). The p value was found to <0.05 in all cases.
Representative images of the plates with colonies for the HaCaT, HCT116 and FBM cells are
shown in Figure 4.58 (A), Figure 4.59 (A) and Figure 4.60 (A) respectively. The number of
colonies formed were counted and processed for survival analysis using the SPSS software
(Figure 4.58 (B), Figure 4.59 (B) and Figure 4.60 (B) respectively). The p value was obtained by
the statistical ANOVA test provided by the SPSS software [360]. It was demonstrated that PKP3
knockdown clones were more radio-resistant than the corresponding control cells in all the three
cell lines tested.
4.12. LCN2 is required for increased radio-resistance in HCT116 cells, upon PKP3 loss.
PKP3 loss has been demonstrated to increased expression of LCN2 and MMP7 in all three cell
types under study. Since both LCN2 [377] and MMP7 [404] are known to increase intrinsic
radio-resistance in cells, it was hypothesized that either LCN2 or MMP7 or both may regulate
radio-resistance observed upon PKP3 loss.To analyze the role of LCN2 in regulating radioresistance, two shpkp3-2 derived LCN2 knockdown clones (shpkp3-2+lcn2-3 and shpkp32+shlcn2-4) and the vector control clone shpkp3-2+vec were treated with 0, 2, 4 and 8 Gy of γirradiation. After 8 hours incubation at 37ºC, 5% CO2 conditions, the cells were trypsinized,
counted and 5000, 5000, 10000 and 20000 cells were seeded into 60mm plates for cells
subjected to 0, 2, 4 and 8 Gy of irradiation respectively. Colonies were allowed to be formed for
21 days and then these colonies were fixed using 4% paraformaldehyde and stained with crystal
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violet. Representative images of the plates with colonies are shown in Figure 4.61 (A). The
number of colonies formed were counted and processed for survival analysis using the SPSS
software (Figure 4.61 (B)). The p value was obtained by the statistical ANOVA test provided by
the SPSS software [360]. It was demonstrated that LCN2+PKP3 double knockdown clones were
more radiosensitive as compared to the vector control clone (shpkp3-2+vec). Thus LCN2 was
found to be important for regulating radio-resistance observed in PKP3 knockdown clones.

Figure 4.61. The shpkp3-2 derived LCN2 knockdown clones were more radio-sensitive
than the vector control clones. Two shpkp3-2 derived LCN2 knockdown clones and the
corresponding vector control clone were subjected to 0 Gy, 2 Gy, 4 Gy and 8 Gy of gamma
irradiation. Post-irradiation cells were trypsinized and 5000, 10000 or 20000 cells of unirradiated and irradiated cells (as indicated in the figure) were plated on 60 mm plates and
allowed to grow to form visible colonies for 21 days. Colonies formed were fixed with 4% paraformaldehyde and stained with crystal violet. Representative images of the plates containing the
colonies have been shown (A). The survival fractions for vector control and PKP3 knockdown
205
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clones were calculated using the SPSS software. The survival fraction obtained was plotted
against the corresponding radiation dose (B). The p value was found to <0.05 in all cases.
To determine if MMP7 is important in regulating radio-resistance upon PKP3 loss, two
MMP7+PKP3 double knockdown clones (shpkp3-2+shmmp7-1 and shpkp3-2+shmmp7-2) and
its vector control clone (shpkp3-2+vec) were treated with 0, 2, 4 and 8 Gy of γ-irradiation and
after 8 hours the cells were trypsinized counted and 5000, 5000, 10000 and 20000 cells were
seeded into 60mm plates for cells subjected to 0, 2, 4 and 8 Gy of

Figure 4.62. The shpkp3-2 derived MMP7 knockdown clones were more radio-sensitive
than the vector control clones. Two shpkp3-2 derived MMP7 knockdown clones and the
corresponding vector control clone were subjected to 0 Gy, 2 Gy, 4 Gy and 8 Gy of gamma
irradiation. Post-irradiation cells were trypsinized and 5000, 10000 or 20000 cells of unirradiated and irradiated cells (as indicated in the figure) were plated on 60 mm plates and
allowed to grow to form visible colonies for 21 days. Colonies formed were fixed with 4% paraformaldehyde and stained with crystal violet. Representative images of the plates containing the
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colonies have been shown (A). The survival fractions for vector control and PKP3 knockdown
clones were calculated using the SPSS software. The survival fraction obtained was plotted
against the corresponding radiation dose (B). The p value was found to <0.05 in all cases.
γ irradiation respectively. After 21 days incubation (to allow formation of colonies from
surviving cells), the colonies were fixed using 4% paraformaldehyde and stained with crystal
violet. The representative images of the plates with colonies are shown in Figure 4.62 (A). The
number of colonies formed was counted and survival analysis was performed using the SPSS
software Figure 4.62 (B). ANOVA analysis was used to analyze the p value for the experiments.
It was demonstrated that MMP7+PKP3 knockdown clones showed no alteration in radioresistance when compared with the vector control clone.
Thus the up-regulation of LCN2 expression is one of the mechanisms that determine radioresistance observed upon PKP3 loss in HCT116 cells. Since p38β has been demonstrated to
regulate LCN2 up-regulation, and is also known to it remains to be seen if activation of p38β
upon PKP3 loss can regulate radio-resistance in HCT116 cells.
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The results presented in this thesis suggest that multiple pathways determine tumor progression
and metastasis upon PKP3 loss in HCT116 cells and possibly in other cell types. PKP3 loss in
HCT116 cells leads to an increase in LCN2 expression due to activation of the p38MAPK
pathway and an increase in MMP7 levels due to an increase in the levels of the protein
phosphatase PRL-3. In addition, the work in this thesis demonstrates that loss of PKP3 leads to
the acquisition of an inflammation associated signature in two cell lines, HaCaT and FBM, but
not in HCT116 cells. Finally, loss of PKP3 leads to the acquisition of radio-resistance and this
might be dependent on the increase in LCN2 levels observed upon PKP3 loss. Therefore, PKP3
loss leads to the activation of multiple signaling pathways that might regulate neoplastic
progression and metastasis.
5.1. LCN2 is necessary for neoplastic progression upon PKP3 loss
Studies by Barresi et.al. [454, 455], Sun et. al. [373] and McLean et.al [374] demonstrated that
increased levels of LCN2 correlated with tumor stage, tumor recurrence and decreased patient
survival . Higher plasma levels of the secreted LCN2 was also detected in colorectal cancer
patients and it correlated with increased tumor volume, higher metastasis, shorter disease free
survival and higher recurrence [456]. Consistent with these reports, results from this thesis
demonstrate that increase in LCN2 expression upon PKP3 loss in HCT116 cells is necessary for
in vitro cell migration, invasion, anchorage independent growth and in vivo tumor formation.
Since LCN2 knockdown led to a drastic decrease in tumor incidence, the role of LCN2 in
metastasis could not be confirmed.
In some cancers like breast cancer [457] and bladder cancer [458], the effect of LCN2 on tumor
formation depends on its ability to form a complex with MMP9 and prevent its degradation by
other proteases thus increasing protein stability and activity of MMP9 [459]. Unlike breast
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cancers or bladder cancers, LCN2 serves as an independent prognostic marker for colon cancers
as its effect on neoplastic progression was shown to be independent of MMP9 activity [455,
460]. Consistent with these reports, results presented in this thesis demonstrate that the effect of
LCN2 in increasing neoplastic progression upon PKP3 loss in HCT116 cells is independent of
MMP9 levels or activity because HCT116 cells did not express MMP9 even at the mRNA level.
To determine if any correlation exists between LCN2 and PKP3 levels across colon cancers at
the transcript level, the data sets in the Oncomine database (www.oncomine.org) were analyzed.
When PKP3 levels in normal colon samples were compared with that in colon cancer, the levels
were found to be unchanged, while LCN2 levels were higher in colon cancer samples. None of
the databases present had actually validated the PKP3 levels using sq RT-PCR or qRT-PCR. It
was also observed that a thorough immuno-histochemical analysis of PKP3 and LCN2 levels in a
large dataset of colorectal cancer patients has never been performed. This type of analysis will be
performed to determine if any correlation exists between PKP3 and LCN2 levels in colon
cancers.
LCN2 over-expression has been associated with skin cancer progression [375, 461] but no
studies have been performed to determine the role of LCN2 in skin cancers. The results
presented in this thesis demonstrate that LCN2 was up-regulated upon PKP3 loss in the HaCaT
cells both at the mRNA and protein levels. More studies are required to determine if similar to
HCT116 cells, LCN2 is required for neoplastic progression in HaCaT derived PKP3 knockdown
clones.
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5.2. p38β MAPK is required to increase LCN2 expression upon PKP3 loss in HCT116 cells
while the EGFR/MEK/ERK pathway may increase LCN2 expression in HaCaT cells.
A study by Yoo do et.al., [418] demonstrated that activation of

p38MAPK and ERK1/2

pathways can increase LCN2 expression in intestinal epithelial cells. Consistent with this report,
the results from this thesis demonstrate that upon PKP3 loss in HCT116 cells, p38MAPK gets
hyper activated and localizes preferentially to the nucleus while ERK1/2 activation was not
altered. Since inhibition of p38MAPK activity was able to decrease LCN2 expression in PKP3
knockdown clones, it was concluded that the increased p38MAPK activation upon PKP3 loss in
HCT116 cells leads to increased LCN2 expression. Conversely, in the HaCaT derived PKP3
knockdown clones, the phosphorylation of ERK1/2 were increased, while phosphorylation of
p38MAPK was lower when compared to the vector control clones. It was also observed that
upon PKP3 loss in HaCaT cells, phosphorylation of the upstream activators of ERK1/2 like
EGFR and MEK1/2 was also increased. Thus it can be concluded that PKP3 loss in the HaCaT
cell line causes activation of the EGFR pathway which leads to increased ERK1/2
phosphorylation. Since activation of the EGFR pathway has been known to increase LCN2
expression in wounded human skin [462], future experiments need to be performed to determine
if inhibition of EGFR activity or ERK1/2 activity can decrease LCN2 expression in HaCaT
derived PKP3 knockdown clones. For these purpose specific inhibitors that inhibit EGFR
activity (Gefitinib) or ERK1/2 phosphorylation (PD98059) can be used.
Although, p38MAPK activation has been reported to increase LCN2 expression [417, 418], none
of these studies have mentioned any isoform specificity of p38MAPK. Results obtained in this
thesis demonstrate that while knockdown of p38α MAPK in the HCT116 derived PKP3
knockdown clone, shpkp3-2, increased LCN2 expression; p38β MAPK knockdown decreased
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LCN2 expression. Thus, p38β MAPK was required for increase in LCN2 expression upon PKP3
loss in HCT116 cells while p38α MAPK inhibits LCN2 expression. Thus different p38MAPK
isoforms play opposing roles in regulating LCN2 expression and may be one of the mechanisms
by which p38MAPKs regulate colon cancer progression. Interestingly p38α plays a tumor
suppressive role in colon cancers [463] and knocking down p38α increases tumor formation in
axoxymethane (AOM)-DSS induced inflammation associated colon cancers [464]. The specific
role of p38β in colon cancers has not yet been studied.

5.3. PKP3 binds to p38β MAPK and may inhibit activation of p38β MAPK.
Beenstock et.al.[443] demonstrated that p38β MAPK (p38β) undergoes auto-activation in-vitro,
but in mammalian cells, p38β was not auto-activated. It was demonstrated that the interaction of
its C terminal domain with the N terminal lobe decreased its auto-activation. Truncated C
terminal mutants of p38β were found to be highly auto-phosphorylated. Thus, it was proposed
that some cellular protein can stabilize the inhibitory interaction of the C terminal and the N
terminal lobe and prevent auto-activation [443]. As PKP3 loss leads to activation of p38β, it was
possible that PKP3 might mediate the interaction between these two domains in p38β in HCT116
cells. The results from this thesis demonstrate that although PKP3 binds to the wild type p38β, it
can also bind to the C terminal truncated mutants of p38β. Thus, it was concluded that the C
terminal domain of p38β does not contain the binding site for PKP3, suggesting that PKP3 might
not mediate the interaction between the two p38β domains. It is possible that PKP3 could bind to
another domain in p38β and allosterically regulates the interaction between the C terminal
domain and N terminal lobe of p38β. Alternatively, PKP3 could inhibit the activity of p38β by
other mechanisms. Truncation mutants of the different domains of p38β can be generated and
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immuno-precipitation experiments can be performed to delineate the PKP3 binding domain in
p38β and address the issue of how PKP3 loss leads to activation of p38β.
Enslen et.al [465] and Ho et.al. [466] observed that a common feature among MAPK kinases
(MAPKKs) like MAPK kinase 6 (MKK6), MKK3b (an alternative splice variant of MKK3) and
MKK4 that activate p38β was the presence of a amino acid sequence motif known as the D
domain (earlier identified as a MAPK docking site present for ERK2) [467]. The consensus
sequence

for

the

D

domain

is

(-Lysine/Arginine-Xaa3-Leucine/Isoleucine-Xaa-

Leucine/Isoleucine-). The symbol “Xaa” stands for any amino acid, while Xaa3 stands for a
series of any three amino acids. It was demonstrated that the D domain was required for binding
of MAPKKs to p38β and this binding was necessary for activation of p38β [465]. To analyze if
the

amino

acid

sequence

of

PKP3

contains

any

D

domain,

a

Motif

Scan

(http://scansite.mit.edu/motifscan) analysis was performed and it was found that there are two D
domains in PKP3 (Figure 5.1). Since it has already been demonstrated that PKP3 binds to p38β,
future experiments will be performed to determine if the D domains of PKP3 are required for
binding to p38β.

Figure 5.1. Detection of D domain motifs in PKP3 amino acid sequence by Motif Scan
software. The PKP3 amino acid sequence was fed into the Motif Scan software and analyzed for
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presence of conserved motifs. Two D domains were predicted around the amino acid position
284 and 582. The amino acid sequence in PKP3 which matches the D domain sequence has been
depicted on the right side of the figure. All amino acids are denoted as single letter amino acid
codes.

5.4. ELK1 is required for the increase in LCN2 expression observed upon PKP3 loss.
A study by Yang, et.al.,[468] demonstrated that ERK1/2, JNK1/2 and p38MAPK isoforms p38α,
p38β and p38γ can all bind to ELK1 and activate it. Thus both p38β and ERK1/2 can activate
ELK1. Consistent with this report, the results of this thesis demonstrate that upon PKP3 loss in
HCT116 cells and HaCaT cells, ELK1 phosphorylation increases and upon knocking down
ELK1in HCT116 derived PKP3 knockdown clones, the expression of LCN2 decreases. It was
also observed a PKP3 loss responsive region exists in the LCN2 promoter and this DNA
sequence contained one consensus ELK1 binding site and four consensus ETS1 binding sites.
Knockdown of ELK1 in the HCT116 derived PKP3 knockdown clones were able to decrease the
LCN2 promoter activity during luciferase reporter assays. Surprisingly, it was also observed that
the total ELK1 levels were higher in the HCT116 derived PKP3 knockdown clones as compared
to their vector control clones. Thus upon PKP3 loss in HCT116 cells p38β MAPK activates
ELK1, while upon PKP3 loss in HaCaT cells, ERK1/2 activates ELK1 via the EGFR pathway.
ELK1 acts as the common effector for the different signaling pathways and activation of ELK1
leads to increased LCN2 expression.
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5.5. MMP7 mediates cell invasion and tumor formation upon PKP3 loss
MMP7 levels are increased in colon cancer tissues [397, 444, 469] and in the serum of colon
cancer patients [470]. A study by Witty et.al., demonstrated that MMP7 knockdown clones
derived from the colon cancer cell line SW620 do not form tumors as efficiently as the
corresponding vector controls in orthotopic xenografts of colon cancer [403]. Further, studies by
Wilson et. al., [401] and Guillen-Ahlers et.al. [402] demonstrated that loss of MMP7 in the
intestine of ApcMin mice leads to a decrease in tumor incidence. The results presented in this
thesis have demonstrated that PKP3 loss in HCT116 cells leads to an increase in migration,
invasion, tumor formation and metastasis and that increase in MMP7 expression upon PKP3 loss
is necessary for these functions.
To determine if any correlation exists between MMP7 and PKP3 levels across colon cancers at
the transcript level, the data sets in the Oncomine database (www.oncomine.org) were analyzed.
When MMP7 levels in normal colon samples were compared with that in colon cancer, the levels
were found to be increased unlike PKP3 whose expression did not get altered. None of the
databases present had actually validated the PKP3 levels using real time PCR or reverse
transcriptase PCR. It was observed that a thorough immuno-histochemical analysis of PKP3 and
MMP7 levels in a large dataset of colorectal cancer patients has never been performed. This type
of analysis will be performed to determine if any correlation exists between PKP3 and MMP7
levels in colon cancers.
In this thesis, it has been demonstrated that MMP7 loss in the HCT116 derived PKP3
knockdown clones lead to an increase in colony formation in soft agar. It was also observed that
MMP7 knockdown leads to a huge increase in LCN2 levels. The reason why this huge LCN2
expression levels does not increase cell migration or invasion in the MMP7+PKP3 knockdown
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clones is not understood. Unlike many studies which have demonstrated that LCN2 acts as an
oncogene in colon cancer [372, 373], a study by Lee, H.J. et.al. [471], demonstrated that LCN2
can act as a tumor suppressor in colon cancer. In these studies, over-expression of LCN2 in the
KM12SM colon cancer cell line (a highly metastatic cell line) was shown to decrease cell
migration and invasion both in-vitro and in-vivo. Interestingly, KM12SM was shown to have a
very high endogenously expression levels of LCN2 compared to HCT116 cells [471]. Since a
further increase in LCN2 levels in KM12SM cells led to a decrease in cell migration and
invasion, it can be hypothesized that very high LCN2 concentrations (above some threshold) in a
cell may be detrimental to cells in terms of cell migration and invasion but may still favor
anchorage independent growth [451]. To address this problem, multiple HCT116 derived LCN2
over-expressing clones have been generated which have varied levels of LCN2 expression [441].
These clones can be used to analyze if the oncogenic role of LCN2 changes to a tumor
suppressive role at very high concentrations.
Although MMP7+PKP3 double knockdown clones formed more colonies in soft agar, when
these clones were subcutaneously injected in nude mice and allowed to form tumors, they
showed decreased tumor incidence as compared to the vector control clones. These results
suggest that the ability of MMP7 to induce the degradation of the extra-cellular matrix in vivo
maybe essential for the ability of the PKP3 knockdown cells to form a tumor. Taken together
these results suggest that the increase in MMP7 levels observed upon PKP3 loss is necessary for
increased tumorigenesis in cells derived from the colon.
MMP7 over-expression has also been associated with skin cancer progression [472]. A study by
Mitsui et.al. demonstrated that MMP7 is expressed in the invasive front of cutaneous squamous
carcinomas and a monoclonal antibody targeting MMP7 can decrease cell migration of the
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squamous carcinoma cell line A431 [473]. The results presented in this thesis demonstrate that
MMP7 was up-regulated upon PKP3 loss in the HaCaT cells both at the mRNA and protein
levels. More studies are required to determine if MMP7 is required for neoplastic progression
upon PKP3 loss in HaCaT cells.
5.6. MMP7 over-expression upon PKP3 loss is regulated by PRL-3
PRL-3 levels have been found to be increased in colorectal cancers [474] and PRL-3 overexpression leads to metastasis in tumors derived from the colon [275]. A study by Lee, et.al.,
[452] demonstrated that PRL-3 increases cell migration and invasion by up-regulating expression
of MMP7 in colorectal cancer cell line DLD-1, via the PI3K/AKT and ERK signaling pathway.
Earlier reports from our laboratory have demonstrated that an increase in K8 levels upon PKP3
knockdown in HCT116 cells is dependent on increased levels of PRL-3 and that the inhibition of
PRL-3 expression using shRNA constructs or the inhibition of PRL-3 activity using a specific
inhibitor results in a reversal of the observed phenotype [232]. The results presented in this thesis
demonstrate that PKP3 loss causes increase in MMP7 expression while inhibition of PRL-3
activity in the PKP3 knockdown clones results in a decrease in MMP7 levels. Since PRL-3
protein levels were found to be increased upon PKP3 loss in HCT116 cells without any increase
in the levels of PRL-3 mRNA or stability [232], it was implicated that translation of the PRL-3
mRNA maybe increased upon PKP3 loss. Hofmann, et.al have demonstrated that PKP3 localizes
to stress granules (sites of stalled mRNA-protein complexes) and forms a complex with RNA
binding proteins like Poly (A) binding protein, Cytoplasmic 1 (PABPC1), Fragile X Mental
Retardation, Autosomal Homolog 1 (FXR1), and GTPase Activating Protein (SH3 Domain)
Binding Protein1 (G3BP) [239, 277]. Moreover, a study by Wang, et.al., showed that PRL-3
over-expression in cancers is not directly related to its transcript level but depend on the post217
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transcriptional regulation of an RNA binding protein called Poly C binding protein 1 (PCBP1).
PCBP1 binds to the a triple GCCCAG motif present at the 5’ untranslated region (UTR) of the
PRL-3 mRNA and suppresses translation by preventing mRNA loading into polyribosomes
[475]. Thus, PKP3 may regulate the translation of PRL-3 mRNA translation by binding to
different RNA binding proteins. Consistent with these observations, a PKP subfamily member,
PKP1 has been reported to regulate translation initiation by directly binding to eIF4A (eukaryotic
Initiation factor 4A) and promoting its activity [240].

5.7. PKP3 loss in HaCaT and FBM cells lead to increase in expression of inflammatory
associated genes.
PKP3 knockout mice kept in conventional animal house conditions (environment infested with
mites) but not in specific pathogen free conditions, show symptoms of severe itching,
intercellular edema, neutrophil infiltration, epidermal hyperplasia, hair loss and muscle wasting
[211]. Because of this dermatitis associated muscle wasting, the PKP3 null mice are smaller in
size than the wild type mice and are very similar to the mouse model for atopic dermatitis, a
severe form of skin inflammation [211].
It has recently been reported that in specific pathogen free conditions, the systemic cytokine
profile of PKP3 knockout mice and the control mice remain unchanged but PKP3 knockout mice
were more susceptible to phorbol-12-myristate-13-acetate (PMA) (also known as 12-Otetradecanoylphorbol-13-acetate (TPA)) induced skin inflammation [476]. Using tissue specific
PKP3 knockout mice, it was demonstrated that PMA induced skin inflammation was greater in
hematopoietic tissue specific PKP3 knockout mice (PKP3-/ hem) than in the wild type counterpart
(PKP3

fl/fl

mice). No inflammation was seen in the keratinocyte specific PKP3 knockout mice
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(PKP3-/

ker

). A systemic cytokine analysis by qRT-PCR showed that the PKP3-/

hem

mice

expressed more pro-inflammatory cytokines like IL6, TNFα, IL1β, IL17, iNOS and KC (or
CXCL1) as compared to the wild type counterpart (PKP3 fl/fl mice) [476]
The results presented in this thesis demonstrate that loss of PKP3 in HaCaT and FBM cell lines
lead to the over-expression of multiple genes associated with inflammation. But these results do
not correlate with the observations made in PKP3-/ ker mice which neither showed constitutive
inflammatory phenotype nor increased susceptibility to PMA induced inflammation. The
difference between the inflammatory phenotypes between keratinocytes of PKP3-/ ker mice and
HaCaT derived PKP3 knockdown clones may arise because of the differential response of cells
to knockout or knockdown of PKP3. In the study by Sklyarova et.al. [211], keratinocytes of
PKP3 null mice kept in specific pathogen free conditions had increased PKP1 or PKP2 protein
levels as a compensatory mechanism to prevent complete loss of desmosome function. β catenin
protein levels were also increased in these epidermis as compared to the control mice [211].
Since PKP2 is known to increase β catenin activity [477], it is also possible that the keratinocytes
of PKP3 null mice exhibited higher β catenin activity. β catenin is known to negatively regulate
NFκB mediated inflammation in multiple cell types [478-480]. Over-expression of β catenin
[479] or activation of β catenin [478] has been shown to decrease NFκB dependant transcription
of pro-inflammatory genes like IL6, TNFα, IFNγ, IL17, IL8 and iNOS [478, 479, 481]. Similar
to IκBα (a well known inhibitor of NFκB), β catenin binds to NFκB and sequesters it to the
cytoplasm and degradation of β catenin via proteasome mediated degradation releases NFκB
which then translocates to the nucleus and activates transcription of pro-inflammatory genes
[478, 482]. Moreover, NFκB activation is essential for PMA induced skin inflammation in
mouse and the resultant increase in gene expression of pro-inflammatory cytokines [483] and
219

Discussion
inhibition of NFκB activity decreases cytokine production during PMA induced skin
inflammation [484, 485]. Thus, increase in β catenin expression and β catenin activation in the
PKP3 null epidermis inhibits PMA/NFκB mediated inflammation. Unlike the keratinocytes of
PKP3 null mice, the HaCaT derived PKP3 knockdown clones show no compensatory increase in
PKP2 levels and β catenin levels and activity remain unchanged. Thus, to understand the specific
role of PKP3 in the skin, an epidermis specific PKP3 knockdown mouse needs to be generated.
The results presented in this thesis demonstrate that PKP3 loss in HaCaT cells lead to activation
of the EGFR pathway. Since the EGFR pathway has been associated with increased
inflammation and cancer ([486, 487] and reviewed in [488, 489]), it has been proposed that
activation of the EGFR pathway upon PKP3 loss may be required to increase expression of
inflammatory associated genes and in turn lead to increased tumor formation. Consistent with
this hypothesis, over-expression of a PKP isoform, PKP2, has been shown to cause ligand
dependant and ligand independent EGFR activation leading to increased neoplastic progression
in breast cancer cells [226]. PKP2 has also been shown to bind to EGFR [226]. Conversely, a
desmosomal cadherin, DSG1 which co-localizes with EGFR at cell to cell contacts, initiates
terminal differentiation in keratinocytes by inhibiting EGFR phosphorylation at Tyrosine 1068
and leads to inhibition of the downstream EGFR signaling [490]. Thus, EGFR co-localizes with
desmosomal proteins and desmosomal proteins can regulate EGFR activation. Future
experiments will be done to study the role of EGFR in PKP3 loss mediated neoplastic
progression and to determine the mechanism regulating EGFR activation upon PKP3 loss.
In the study by Sklyarova et.al. [476], intestinal epithelial cell specific PKP3 knockout (PKP3-/
IEC

) mice was generated. These mice did not show any inflammatory associated phenotype when

kept in specific pathogen free conditions [476]. Consistent with this observation, HCT116
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derived PKP3 knockdown clones did not show any increase in the expression of inflammatory
associated genes as compared to the vector control clones.

5.8. PKP3 knockdown leads to differential alterations in transcriptome of three different
cell types
The mechanism of regulation of MMP7 over-expression upon PKP3 loss was found to be cell
type specific. Upon treatment with the PRL-3 inhibitor, MMP7 levels did not decrease in the
HaCaT cells suggesting that the increase in MMP7 in HaCaT cells occurs via mechanisms
distinct from those observed in HCT116 cells and is consistent with our observations that PKP3
loss leads to cell type specific alterations in the transcriptome. The relevance of other alterations
in gene expression that is specific to the FBM cell line, like increase in ΔNp63α and its target
genes is not clear. They may relate to the role of PKP3 in regulating desmosome formation in the
oral cavity or these alterations in gene expression and signaling might also have a role to play in
the increased migration and cellular transformation observed in the FBM cells upon PKP3 loss
[233]. Thus, PKP3 loss can lead to both cell type dependent and cell type independent alterations
in gene expression.

5.9. LCN2, but not MMP7, is required to increase radio-resistance of HCT116 cells upon
PKP3 loss.
A study by Shiiba

et.al, demonstrated that oral cancer or lung cancer derived cell lines

transfected with an siRNA against LCN2 showed greater radio-sensitivity to X-ray irradiation as
compared to the cells transfected with the control siRNA [377]. Thus, LCN2 was shown to
regulate radio-resistance in both oral cancer cell lines and lung cancer cell lines. Consistent with
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the above study, the results presented in this thesis demonstrate that knockdown of LCN2 in a
HCT116 derived PKP3 knockdown clone causes increased radio-sensitivity to γ irradiation as
compared to the vector control clones. Thus LCN2 is necessary for the increased radio-resistance
observed upon PKP3 loss. Similar to LCN2, MMP7 was shown to be required for radioresistance of the colon cancer derived cell line, SW480, against X ray irradiation [404]. Results
from this thesis demonstrate that MMP7 loss in PKP3 knockdown clones do not alter radioresistance of cells against γ irradiation. Thus, MMP7 was not required for the increased radioresistance observed upon PKP3 loss in HCT116 cells.

5.10. Conclusion
The results presented in this thesis suggest that multiple pathways determine tumor progression
and metastasis upon PKP3 loss in HCT116 cells and possibly in other cell types. PKP3 loss in
HCT116 cells leads to an increase in LCN2 expression due to activation of the p38MAPK
pathway. Expression of p38β, but not p38α, was required for the increase in LCN2 expression
observed upon PKP3 loss. Activation of p38β leads to an increase in ELK1 expression and
activation, which were required for the increased LCN2 expression observed upon PKP3 loss in
HCT116 cells. LCN2 is one of the factors necessary for the increased neoplastic progression
observed upon PKP3 loss. It was demonstrated earlier that PKP3 loss in HCT116 cells leads to
increase in PRL-3 protein levels leading to dephosphorylation of K8 and an increase in K8
stability The increase in the levels of K8 is required for the increased transformation and
metastasis observed upon PKP3 knockdown [232]. The results presented in this thesis
demonstrate that the increase in PRL-3 protein levels upon PKP3 loss lead to an increase in
MMP7 expression and MMP7 is necessary for the increased tumor formation observed upon
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PKP3 loss [451]. Thus both MMP7 and LCN2 are necessary for tumor formation upon PKP3
loss in HCT116 cells (Figure 5.1).
PKP3 loss was also known to increase radio-resistance in HaCaT, HCT116 and FBM cells [257,
258]. During the course of this thesis, quantitative clonogenic survival assays were performed to
re-confirm these earlier studies. It was demonstrated that the increased radio-resistance observed
upon PKP3 loss in HCT116 cells was was reversed upon LCN2 loss, but not upon loss of
MMP7, thereby suggesting that LCN2 might be required for the increased radioresistance
observed upon PKP3 knockdown (Figure 5.2).

Figure 5.2. Mechanisms leading to increased tumor formation, metastasis and
radioresistance upon PKP3 loss in HCT116 cells. This figure is a schematic representation of
the different mechanisms that are regulated upon PKP3 loss in HCT116 cells leading to
increased tumor formation, metastasis and radio-resistance. Increase in PRL-3 activity upon
PKP3 loss causes increased K8 protein levels and increased expression of MMP7 while
activation of the p38β MAPK/ ELK1 pathway leads to increase in LCN2 expression. The
increase in LCN2 and MMP7 expression and the increased K8 protein levels were shown to be
necesary for increased tumor formation and metastasis upon PKP3 loss in HCT116 cells.
Presence of LCN2 was also necessary to increase radioresistance of the PKP3 knockdown clones
against γ irradiation.
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In the HaCaT and FBM cells, similar to HCT116 cells, PKP3 loss led to an increase in the levels
of LCN2 and MMP7. In addition to these two gene products, the loss of PKP3 in the HaCaT and
FBM cell lines led to an increase in expression of many inflammatory associated genes like IL6,
CCL2, SAA1, S100A8, S100A9 and CBS. These changes were not observed in the HCT116
derived PKP3 knockdown cells. PKP3 loss in the HaCaT cell line also led to activation of the
EGFR/ MEK(1/2)/ ERK(1/2)/ ELK1 signaling pathway. Since ELK1 was necessary for
increasing LCN2 expression upon PKP3 loss in HCT116 cells, it was proposed that ELK1 may
increase LCN2 expression in HaCaT cells upon PKP3 loss. It has been proposed that activation
of the EGFR pathway or increased expression of LCN2, MMP7 and inflammatory associated
genes are required for increasing tumor progression, metastasis and radio-resistance observed
upon PKP3 loss in HaCaT cells (Figure 5.3).

Figure 5.3. Possible mechanisms leading to increased tumor formation, metastasis and
radioresistance upon PKP3 loss in HaCaT cells. PKP3 loss in HaCaT cells lead to an increase
in expression of LCN2, MMP7 and some inflammatory associated genes. It has been proposed
that all or some of these factors may be necessary for tumor progression, metastasis and
radioresistance observed upon PKP3 loss in the HaCaT cell line. The EGFR/ MEK(1/2)/
ERK(1/2)/ ELK1 signaling pathway is also activated in the HaCaT derived PKP3 knockdown
clones and ELK1 may be necessary for increasing transcriptional activation of the LCN2 gene.
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The stealth arrows in this figure represent the mechanisms that have been verified in the couse of
this thesis, while the dashed arrows represent the proposed mechanisms.
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Annexures

7. Annexure I
List of genes altered upon PKP3 loss in FBM cells.
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Annexures
a. List of genes up-regulated more than two folds upon PKP3 loss in FBM cells.

CCL2
CBS
CENTG1
MARVELD3 SCARNA27 EXOSC5
SAA2
CSF2
TMC8
NRARP
REPS2
EHF
SAA1
CCNL1
EPPK1
TMPRSS3
RASIP1
HES2
WFDC2
LAPTM5
ARNT2
SCG5
CSTA
PTGIR
FRAS1
WNT7A
SCARF1
PPM1J
LCP1
OVOS2
WNT4
GALNT14
RASGRF1
LSR
IRF5
HAPLN3
MOBKL2B
DAPP1
RAB17
SCARNA8
RGS16
SERPINA1
SAA4
AUTS2
MB
SIGLEC15
LIPE
TGM2
FEZ1
OVOL2
SNORA79
LAMC2
COBL
MICALCL
TUBB2B
JAK3
TNF
NLRP3
HRASLS
APOC1
LEMD1
SLAIN1
TLR2
HRK
H6PD
ZNF215
KRT7
ACAT1
SCARNA14 RAB11FIP4
SNORA12 CRISPLD1
GAL
ASGR1
LST1
JAG2
MMP15
CAMK1D
BSPRY
KLRC1
FA2H
CALB2
ANXA3
FBXO25
HOOK1
KLRC2
SCARNA16
TMEM154
COLEC11
LCN2
CXCL6
S100A8
CHRM2
PAPLN
SCARNA12
IL4I1
GJB3
IL7
CDH3
RLN2
TRIM6
ABCG1
KCNMB4
FUT1
MIRH1
CEACAM19 SCARNA11 PRICKLE1
IL32
HOXB9
FLI1
CNTNAP2 ADAMTSL3
KIF21B
MYO1D
BCL2A1
CADM1
CTSS
PTPRB
GPR160
SPTLC2
SH2D3A
KRT14
GPR162
NPL
CD163L1
BCL11A
CHRM3
UNC5B
ZNF285A
LTB
BMP6
CALCB
DYSF
MT1F
DENND2D
RRAGD
ZNF224
MMP9
LINCR
BIRC3
SYT17
ZNF513
PDCD2L
ICA1
ENPP6
C1QTNF6
BACH2
CD82
RUNDC2C
TMEM204
DMKN
SCARNA22 PDZK1IP1
KLHL3
OSCAR
NEURL
HSPC105
KRT17
F11R
GIMAP2
TNFRSF14
LAMP3
VNN1
BEX2
CG018
BMF
ZBTB20
SGPP2
CTSH
RGS9
GRB7
KREMEN2
PRSS16
HYAL1
HS6ST2
AATK
CYP2S1
MCTP2
MCAM
RAB37
KLRC3
TMEM92
ARHGEF16
DLL1
PTPRR
HSD11B1
B3GNT3
CRABP2
BIK
ARSI
ITM2C
ITGB2
IRF6
GJB2
KRT86
ANKRD6
PPL
AFAP1L2
CCDC113
ROBO4
IL23A
MAP6
ETV7
MIA
ST6GALNAC5
RIMS2
ARHGAP8
BBC3
WDR59
ADORA2A
PSTPIP1
CENTA2
IL1A
KRT16
ZNF345
GPR68
LMO2
SORL1
FAM129A
MAP9
MMP7
SPINT1
KLRC4
ARHGEF5
POTE2
TERT
LSS
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LTBP4
NRXN2
GPR172B
NPAS1
NO145
FBP1
HSD11B2
GUSBL2
B4GALNT3
OCLN
SIDT1
MTUS1
GJB5
COL6A2
CENTD1
RELB
ZNF420
S100A9
CTHRC1
HSMPP8
ALOX5AP
PDE11A
STARD4
NFE2L1
NUPR1
ASNS
RRAD
KCNK5
CEBPG
PLEKHF1
ELF3
SEMA7A
RNF125
STAT5A
CNOT1
LAT2
HCLS1
CSF3

ARG2
DOCK4
EVA1
HIC1
AASS
FAM78A
HMGA2
GOLT1A
IFNAR2
SFRS16
GRIN2A
SBSN
BAIAP2L2
ZNF529
SNORA67
SHROOM3
FGD6
EPB41L5
TPM1
SLFN5
ERBB3
C1QL4
EFCAB4A
CAPS
SYTL1
LRG1
NT5E
ANKRD27
BATF2
STX7
ALDH1L2
GPT2
PPM2C
FGD4
PLAC1
TMEM71
PARD6A
CTAGE5

MT1L
C1QTNF1
GRB14
HOXB13
NPAS2
TSPAN15
RHBDF2
MARVELD2
KATNB1
SOX15
TNFRSF9
RAPGEF5
SALL4
TRAPPC6A
SIM2
CYR61
FUT4
SCD
TRIB3
GBP5
PCSK6
MTMR11
NLRP5
SNORA84
COL16A1
GPR92
GLS2
CYP27B1
PAIP2B
PAK6
TTBK2
P2RX4
KCNK6
DDR1
ZNF449
AQP1
FMNL1
TMEM22

HSD17B8
ICAM1
MT1X
TRAF1
FCGRT
ATM
DENND2A
MT1G
SNAI3
DEDD2
SIPA1L3
ZNF790
TMEM16J
KRT33A
GAS7
CEBPA
ZNF883
IL24
CDH1
MT1H
PRSS22
ATP8A1
RLTPR
FXYD2
ZNF226
TMEM91
YAP1
CSNK2A2
ZSCAN12
ZNF342
CSNK1G1
UNC13D
SESN2
ACBD4
EMR2
PVRL2
LONRF1
TFCP2L1

IKBKE
CMTM4
VAMP5
IGF2BP2
NOXO1
MT1B
FXYD5
TERC
INHBA
KRT5
RKHD1
RHPN2
RPL10
COCH
USP43
TSEN54
CAPN12
DHRS12
TMEM25
PVR
MMP14
CCL5
SNORA67
NOTCH2NL
SAMD4A
COL27A1
PDXDC2
ZDHHC13
DNAJC7
GBP1
RASL10A
FBXL20
SHMT2
DNAH5
KLHDC7B
NEK3
SC4MOL
TMEM117

SRGAP1
BCKDHA
ZNF284
RGS14
WTIP
EDG7
RAB4B
PRPF19
LRRK1
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b. List of genes down-regulated more than two folds upon PKP3 loss in FBM cells.

AKR1C1
UGT1A6
AKR1B10
NOV
IGFBP1
SPOCD1
IGFBP3
PSG8
HS6ST3
DHRS9
UGT1A8
NR2F1
PSG6
PTGS2
ABI3BP
VIT
TLR4
ANK3
SOST
ANXA10
AR
COL8A1
TNFRSF11B
SH3BGRL
PTN
PSG4
EPHA4
FN1
CLEC2B
TMTC1
KITLG
ZNF704
METTL7A
SCG2
TRPM4
PLCE1
CD36
COL12A1

CPZ
DKK1
SDC2
WNT5A
F2RL2
CCL26
CFI
SLITRK6
PSG9
ABCG2
PRG4
AK5
PID1
PGAP1
BMP4
SEMA3D
GSG1
SETBP1
CPA4
HTRA3
DIO2
PIR
PFTK1
PPARGC1A
CACNA2D3
FBN1
ZNF323
NPR3
HBG2
ARNTL
MAFB
ATOH8
HMOX1
P2RX6
PSCA
GLP2R
CA9
PTPRN2

OASL
PRR16
PGCP
STAC
FAM46A
GCNT1
PLA2G4A
ANGPT1
PAQR7
THBD
SHC3
PSG7
SPOCK1
DSCR1L1
AKR1C3
LYSMD4
C3
LYPD6
FMN2
RGS4
ERC2
ID2
PCSK1
ANGPTL4
PDZRN3
PEG10
CUL4B
RBP4
SNCA
ST3GAL1
MALL
TSPAN12
SDK1
CNTNAP3
LGI2
GPC1
COL3A1
ARID5B

MLLT11
CDON
IL7R
BAMBI
ZNF488
TIMP4
BDKRB1
SLIT2
PRM3
RP1L1
MAP2
IFI27
RNF43
FOXF1
EREG
KIRREL3
ZNF365
WDR69
IGFBP4
ZNF521
ITGA11
PCDH9
C1GALT1C1
LMO1
NMNAT2
CA5B
SAMD11
GAS1
ADAMTS15
PKP3
NAV1
PDE4DIP
LAMA4
IL22RA1
S100A2
DSCR1
ERG
ARHGAP28

TCEAL4
EPGN
PDGFRB
SRPX
SPTLC3
TMEM37
CCDC80
NEXN
CNRIP1
CYP4X1
TWIST2
REEP1
PDE7B
TMEM62
PTGFR
TTLL7
NR0B1
TRPC4
TNIK
PBX1
BDKRB2
PLP1
SUSD5
PPAPDC1A
FAM70A
PREX1
DSEL
IGFL2
PCDH7
GPR87
NEBL
SPINK5
SMAD6
PELI2
EPB41L1
ANKRD25
GLI2
IGFBP2

GUCY1A2
LIPH
SECTM1
SPRY1
MMP16
IL20RB
PTPRS
TSPAN2
RASSF8
GNAI1
ZNF469
RCAN2
TBX3
BNC2
BHLHB9
CA12
GRM6
ZEB2
EPHX1
ZSWIM5
DPYSL5
PPARG
SERPINE2
IFIT2
STC1
LYPD1
ACOX2
RBP1
DLX1
TFPI
OSGIN1
POU3F4
PHTF2
EID3
HFE
CTSC
SCNN1A
ITGA4
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PIK3R3
EFEMP1
SFRP1
ACSS1
EMP2
MCTS1
DIRC2
RAMP1
RKHD3
SIX2
ODZ3
CITED2
GULP1
OTUD1
UGDH
MAPT
ADAM21
SFRS1
SOLH
TBC1D8B
PMP22
ZBTB33
CPA3
GNG11
TM4SF1
PQLC3
CLCF1
SNX16
PAPSS2
HTATIP2
ABCC2
IL1R1
COL5A2
CRIP1
CFD
VAV3
ZRANB3
MSX2P

ZFHX4
PHF15
ATP2B4
DCLK2
FAM59A
SPOCK2
PDE4B
ADAM12
SMOX
APOBEC4
PITPNM3
LRRC62
VCX2
TCF7L2
DPYSL3
MLLT3
MEIS2
RAB7B
STK32A
SGK
CBLB
CD24
AHNAK2
ADORA1
NAG
PRDM11
TAF13
ZFYVE28
HECW2
FGF2
AP1S2
BRI3
TMEM158
LAMP2
IKZF2
PRR15
GCLC
RASL11A

LEPREL1
MMP19
PPP1R3C
ITGB8
SCARA5
MYPN
OLFML2A
AMOTL1
ATP10D
SMPX
GPRASP2
CAPSL
EBI2
SRXN1
SGOL1
RGS22
LFNG
BCL6
ANKRD38
SYT15
PAQR9
PER3
LZTS1
TLE4
TNS4
HPSE
MEGF6
SEMA3A
SULT1A2
TBC1D2
SYNC1
CYP27C1
ITGBL1
IRS1
GPR30
LHFP
RGL1
FAT4

ANG
GEM
NBEA
S100P
TMEM14A
TRIM16
ENPP2
GPNMB
FAM81A
CYBRD1
TLE6
DLX2
GPR161
NRCAM
DPYD
PSD4
AP1S3
CBX2
PRICKLE2
FBXL17
IFIT1
ANKRD15
MMP3
RRM2
SRGN
SGCB
VCX
SCARA3
CDKN2C
CDC42
WWTR1
ID1
HIST1H3D
DNER
NOS1AP
OSTM1
HSPA2
SCAMP5

RPL7L1
STAT4
FZD10
RCBTB2
EPS8
WSB2
BFSP1
STRA6
GNAZ
TRIB2
MID1
MICAL3
IL18
IFI44
CYP26B1
RAB9A
DUSP19
CYB5R2
SYNGR1
KBTBD7
FBLN2
APOM
SULT1A1
KCNMB1
CLSPN
CCKBR
TPM1
FKBP7
GCNT3
SERPINE1
PLEKHK1
DRD2
RAB9P1
IFIT3
AVPI1
PLCG2
NR2F2
SYTL2

HOXC13
PIH1D2
KRT8P30
FAIM
ANK1
FTL
TMPRSS5
DYRK3
PANX2
IGFBP6
ZNF618
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8. Annexure II
List of genes altered upon PKP3 loss in HCT116 cells
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a. List of genes up-regulated more than 1.5 folds upon PKP3 loss in HCT116 cells.
MAGED2
DUSP26
DAPL1
ATAD4
TACSTD2
OR13G1
IGFL2
SCGB2A2
NGFRAP1L1
GNA15
LIPG
KRT7
MYH13
CA9
C1orf176
GRHL3
TMPRSS11E2
SPRR1A
LBA1
MYPN
BG542103
ELF5
DAPP1
ARHGAP9
TUBAL3
YAP1
ERP27
ZNF365
PVRL4
RP5-821D11.2
GON4L
GALNT5
PTP4A1
LBH
GPR177
PCDH19
SCG3
GPR87

MALAT1
FGF1
KBTBD10
7A5
CLIC5
C10orf81
PTPLB
DDI2
GBP5
QTRT1
FAM101A
GLULD1
ANKRD22
TMED9
TMTC2
TSPAN8
ME3
A2M
GPR110
PKIB
AQP7P2
PSCD3
SNAR-G1
NAV2
HRBL
NR4A3
CYP24A1
GBP2
CPA4
TGFBI
PGM5P2
EML2
ZFYVE9
STK19
TMPRSS9
ARPC4
CCDC48
SCARNA17

KRT23
GIP
SDCBP2
MMP7
PIF1
CLDN12
C6orf25
SECTM1
PTPRR
BCL11A
OSTbeta
SNORD110
SLPI
SLAMF7
SDF2L1
CNDP1
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b. List of genes down-regulated more than 1.5 folds

ZNF311
ODZ3
HAPLN4
KALRN
AL096727
DNAH2
B3GAT1
STXBP6
ARL6IP5
ALDH2
FOXA2
CD33
TM9SF3
MNS1
TCF2
UTS2D
ABCA1
BDNF
ATG3
MED6
RPRM
ZFP37
L1CAM
PKP3
GAGE7
HKDC1
LSP1
ZMAT1
FAM128B
CSTF2T
SUSD2
GCNT3
GPR109B
OPHN1
DPPA2
PPP3R1
RGS2
HOXB8

ZC3H7B
LARGE
GH2
LOXL4
ZFP42
NLRP4
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Abstract
Plakophilin3 (PKP3) loss results in increased transformation in multiple cell lines in vitro and
increased tumor formation in vivo. A microarray analysis performed in the PKP3 knockdown
clones, identified an inflammation associated gene signature in cell lines derived from stratified epithelia as opposed to cell lines derived from simple epithelia. However, in contrast to
the inflammation associated gene signature, the expression of MMP7 was increased upon
PKP3 knockdown in all the cell lines tested. Using vector driven RNA interference, it was
demonstrated that MMP7 was required for in-vitro cell migration and invasion and tumor formation in vivo. The increase in MMP7 levels was due to the increase in levels of the Phosphatase of Regenerating Liver3 (PRL3), which is observed upon PKP3 loss. The results
suggest that MMP7 over-expression may be one of the mechanisms by which PKP3 loss
leads to increased cell invasion and tumor formation.
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Introduction
Matrilysin (MMP7) is one of the smallest members of the MMP family and is a highly potent
metallo-protease which can degrade casein, laminin, fibronectin, collagen III/IV/V/IX/X/XI,
type I/II/IV/ V gelatins, elastin and proteoglycans [1, 2]. MMP-7 is secreted specifically by epithelial cells [3] and its over-expression has been observed in many tumor types such as colorectal cancer [4–7], epidermolysisbullosa associated skin cancer [8, 9], bladder cancer [10], gastric
cancers [3, 11], pancreatic cancer [12] and esophageal cancer [13, 14]. An increase in the levels
of MMP-7 mRNA was observed to correlate with increased dedifferentiation and metastasis in
colon cancers [5, 15]. Loss of MMP7 either by antisense RNA mediated knockdown in colorectal cancer cell lines or by knockout in mice leads to decreased tumor incidence, while an increase in MMP7 expression causes increased tumor formation [16–18].
Desmosomes are cell-cell adhesion junctions present in both simple and stratified epithelial
cells. Desmosomes anchor intermediate filaments in adjoining cells and thus play a central role
in the formation of a tissue wide intermediate filament network, allowing cells to survive when
they encounter mechanical stress during tissue repair [19, 20]. Three major protein families
contribute to desmosome assembly, the desmosomal cadherins (desmogleins and
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desmocollins), the plakin family (desmosplakin) and the ARM repeat containing proteins (plakoglobin and plakophilins) (reviewed in [19, 20]).
Plakophilin3 (PKP3) is the most widely expressed plakophilin family member and is ubiquitously present in all the layers of the stratified epithelia and simple epithelia except in hepatocytes [21]. PKP3 forms a complex with a broad repertoire of desmosomal proteins like the
desmosomal cadherins like desmoglein 1–3, desmocollins 1 and 3; keratin 18; desmoplakin
and plakoglobin [22]. PKP3 plays a crucial role in the maintenance of the desmosomal structure and function by mediating recruitment of other desmosomal components to the cell border [23]. Previous results from our laboratory demonstrated that PKP3 loss leads to alterations
in desmosome size, a decrease in cell-cell adhesion, increased cell migration and an increase in
colony formation in soft agar and tumor formation and metastasis in immune-compromised
mice [24]. PKP3 expression is known to decrease in high grade poorly differentiated oropharyngeal cancer [25], colon cancer [26], gastric cancer [27] and bladder cancers [28]. The epidermis of PKP3 knock-out mice (PKP3-/-) show increase in epidermal proliferation, hair loss
and are more prone to cutaneous inflammation. Under normal conditions, young PKP3-/mice, of the age of 3 weeks develop epidermal hyperplasia, severe skin inflammation and hair
loss. In older mice, the inflammation persists and is accompanied by enlargement of regional
lymph nodes [29].
Recent results from our lab have shown that PKP3 loss leads to an increase in PRL3 (Phosphatase of regenerating liver-3) protein levels leading to the dephosphorylation of keratin8
(K8), which results in increased neoplastic progression and metastasis [30]. To determine if alterations in the expression of other gene products were observed upon PKP3 knockdown, an
expression analysis was performed comparing vector control cells to PKP3 knockdown cells.
PKP3 knockdown clones generated from cell lines derived from the stratified epithelia (HaCaT
and FBM) show an increase in expression of many inflammation associated genes and these
changes were not observed in PKP3 knockdown clones derived from HCT116 cells. However,
in contrast to other gene products, MMP7 mRNA and protein levels were increased upon
PKP3 loss, in all cell lines tested. Our results suggest that in HCT116 cells, the increase in
MMP7 levels is driven by PRL-3 over-expression in the PKP3 knockdown clones and that
MMP7 is required for tumor formation in-vivo upon PKP3 loss.

Materials and Methods
Plasmids and constructs
The oligonucleotides used to generate the MMP7 shRNA constructs (S1 Table) were cloned
downstream of the U6 promoter in pLKO.1-EGFPf-puro [31] digested with AgeI and EcoRI.

Cell culture and transfections
HCT116, HaCaT and FBM cells (Fetal buccal mucosal cell line) were cultured as described previously [23, 24, 30]. HCT116, HaCaT derived PKP3 knockdown clones and the respective vector control clones were maintained in selection media containing 5μg/ml of blasticidin, while
the FBM derived PKP3 knockdown and the vector control clones were maintained in media
containing 0.5μg/ml puromycin as described [24]. To generate HCT116 derived stable double
knockdown clones for PKP3 and MMP7, the PKP3 knockdown clone, shpkp3-2 was transfected with MMP7 targeted shRNA encoding plKO.EGFP-f plasmid using Lipofectamine LTX
reagent (Life Technologies). The cells were maintained in media containing 5μg/ml blasticidin
and 0.5μg/ml puromycin to obtain single cell clones. The PRL3 inhibitor-1 (Sigma) was added
to cells in culture at a concentration of 10μM for either 24 or 48 hours.
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Microarray analysis
RNA isolated from the FBM derived vector control and PKP3 knockdown cells and HCT116
derived vector control and PKP3 knockdown cells were Cy3 labeled and processed for the Sureprint G3 Human GE 8x60k microarray by single color hybridization. The results obtained
from the microarray were analyzed using the Agilent Feature Extraction software. Using normalized signal intensities (g-processed signal) obtained from the microarray, the fold changes
of genes altered in FBM derived PKP3 knockdown clone (shpkp3-2) has been compared to the
vector control clone (vec). Similarly, the HCT116 derived derived PKP3 knockdown clone
(shpkp3-2) has been compared to the vector control clone (vec). A functional classification of
the differentially regulated genes was performed using GeneSpring GX 11.0 software and gene
ontology browser. The significant pathway list for differentially regulated genes was obtained
using the GeneSpring GX 11.0 and Biointerpreter software (Genotypic, Bangalore, India). The
data for the FBM derived clones has been deposited in the NCBI GEO database (Accession
number GSE61512), while the data for the HCT116 derived clones have been deposited in the
NCBI GEO database (Accession number GSE64580). Functional classification of genes altered
upon PKP3 loss was performed using the PANTHER Classification System software [32, 33].

Isolation of total RNA, real time PCR reactions and reverse transcriptase
coupled PCR reactions
The forward and reverse oligonucleotides used in this study are shown in S1 Table. Cells were
collected in RLT buffer and total RNA isolated using the Qiagen RNeasy Kit, following the
manufacturer’s protocol and 2μg of RNA was reverse transcribed to cDNA using the ABI High
Capacity Reverse Transcriptase Kit (Applied Biosystems, Life Technologies). The cDNA obtained was used for SyBr Green based Real time PCR using ABI SyBr Green PCR Master mix
(Applied Biosystems, Life Technologies). Real Time PCR was performed using 10ng cDNA per
reaction using the QuantStudio 12K Flex Real-Time PCR System (Life Technologies). The fold
change in relative expression of each target gene compared to the loading control was calculated using the 2(-ΔΔCt) method [34]. A change in expression of two-fold either way was considered significant. For reverse transcriptase coupled polymerase chain reactions, each reaction
contained either 500ng or 1μg cDNA the fragments were amplified using Taq DNA polymerase (New England Biolabs).

Antibodies and Western blot analysis
For Western blots, the mouse monoclonal β actin antibody (clone AC74, catalogue number
A5316, Sigma) was used at a dilution of 1:5000, the mouse monoclonal PKP3 antibody (clone
23E34, catalogue number 35–7600, Invitrogen) at a dilution of 1:2000, mouse monoclonal
MMP7 antibody (clone JL07, sc-80205, Santa Cruz,) at a dilution of 1:100. Goat anti-mouse
secondary antibody (Pierce) was used at a dilution of 1:2500. The blots were developed using
Supersignal West Pico Cheminiluminescent Substrate (Pierce) according to the manufacturer’s
instructions. Cells were lysed in 1X sample buffer as described [24] and protein concentration
quantitated using Folin-Lowry’s method. 75 μg of the extract was resolved on 10% SDS-PAGE
gels and transferred to nitrocellulose membranes (Mdi, Membrane Technologies) followed by
Western blotting with the indicated antibodies. Western blots for MMP7 were performed as
follows. Cells growing in serum containing media were replaced with fresh media and incubated for 24 hours or 48 hrs with or without the PRL3 inhibitor and the cell culture supernatants
centrifuged for 10 mins at 7500xg to remove any cell debris. Three volumes of acetone were
added to the supernatant and the reaction incubated at -20°C for 24 hours and then centrifuged
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at 4500xg for 15 minutes at 4°C. The precipitate obtained was washed twice with acetone and
the pellet air dried at RT for 16 hours. The precipitate was boiled in 1X SDS lysis buffer (2%
SDS, 50mM Tris pH 6.8), then diluted ten-fold in 1X SDS lysis buffer and the protein concentration was measured using Folin-Lowry’s method. 100μg of the lysate was resolved on 12%
SDS-PAGE gels and transferred to nitrocellulose followed by Western blots with antibodies to
MMP7. The blot was stained with Ponceau-S (Sigma) to demonstrate equal loading.

Scratch wound healing assays and matrigel invasion assays
Scratch wound healing assays were performed as described [30]. The plates were visualized
under an Axiovert 200M Inverted microscope (Carl Zeiss) fitted with a cell incubator stage
maintained at 37°C and 5% CO2. Cells were observed by time lapse microscopy and images
taken every 10 minutes for 20 hours using the AxioCamMRm Camera (Zeiss) with a 10X
phase I objective. Axiovision software version 4.8 (Ziess) was used to measure cell migration.
Three independent experiments were performed in triplicates for each clone. Invasion assays
were performed as described [35, 36]. Briefly, 2x105 cells resuspended in 200μl of serum free
media were added to the upper chambers and 400μl of serum containing media was added in
the lower chamber. The inner side of the insert was pre-coated with 5μg of Matrigel (BD Biosciences). After 24 hours, cell culture inserts were then removed from the wells and the cells attached to the inner side of the insert were removed using cotton buds. The inserts with cells on
the outer side of the membrane were fixed with 4% para-formaldehyde, stained with 1% crystal
violet and mounted on slides using DPX mountant (Qualigens). Images were taken using
Olympus SZ61 stereo microscope using a 10X objective lens. Three independent experiments
were performed for each clone.

Soft agar assays
2500 cells of the HCT116 based plakophilin3 knockdown clones shpkp3-1 and shpkp3-2, the
vector control clone (vec), the shpkp3-2 derived vector control and shpkp3-2 derived double
knockdown clones were resuspended in 0.4% soft agarose as described [24]. The cells were
maintained in media containing blasticidin (for vec, shpkp3-1 and shpkp3-2) and both puromycin and blasticidin for shpkp3-2 derived vector control and double knockdown clones. In
three weeks, the total number of colonies formed on the soft agar plate was counted. Three independent experiments were performed in triplicates for each clone.

Tumor formation in nude mice
BALB/c Nude mice (CAnN.Cg-Foxn1nu/Crl) of 6–8 weeks old, provided by the ACTREC animal house facility, was used for the study. 1 x 106 cells of the HCT116 based shpkp3-2 derived
vector control and double knockdown clones were resuspended in 100μl of PBS and injected
sub-cutaneously in the dorsal flank of mice. Six mice were injected for each clone. Tumor formation was monitored at intervals of 2 to 3 days and tumor size was calculated weekly for 5
weeks using the formula (0.5x LV2) where L is the largest dimension and V its perpendicular
dimension [24]. The maximum tumor volume of 1045.421 mm3 was obtained 5th week postinjection for a mouse injected with shpkp3-2+vec.No surgical procedure was involved in the
present study and therefore no anesthetic or analgesic was employed during these experiments.
During injections, the animals were handled by trained, certified animal technicians and were
injected by the in-house veterinarian with minimum distress to animals. Mice were sacrificed 5
weeks post injection. Animals were euthanized as per in-house Standard Operating Procedure
(SOP) approved by the attending veterinarian (AV) of the ACTREC animal house facility. Carbon dioxide (CO2), an inhalant euthanasia agent recommended by the Committee for the
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Purpose of Control and Supervision of the Experiments on Animals (CPCSEA), Government
of India, was used for euthanasia of mice. Euthanasia was performed under the supervision of
the attending veterinarian and according to the American Veterinary Medical Association
(AVMA) guidelines for the euthanasia of animals (2013 Edition). Briefly, a compressed CO2
cylinder was used as a source for carbon dioxide to control the inflow of gas, which was connected to a euthanasia chamber. The mice were kept in the chamber and an optimal flow rate
was maintained to fill 20% of the chamber volume. After keeping the mice in the chamber, the
CO2 cylinder supply valve was turned on to deliver the gas in the chamber so that animals were
exposed to the gas slowly and steadily. After sufficient exposure like for 2 to 3 minutes, mice
showed cessation of respiration and heart beats. The chamber was not prefilled with CO2 and
was vented out post sacrifice and before the next animal was introduced into the chamber.
Thereafter, the mice were removed from the chamber and a cervical dislocation performed to
ensure that the mice were dead.

Ethics statement
Animals were maintained in the ACTREC animal house facility following the national guidelines mentioned by the Committee for the Purpose of Control and Supervision of the Experiments on Animals (CPCSEA), Ministry of Environment and Forest, Government of India. A
controlled environment was provided to the animals with a temperature of 22±2°C and relative
humidity maintained at 40–70%. A 12 hours day night cycle was maintained (7:00 to 19:00 day
and 19:00 to 7:00 night). The animals were given autoclaved balanced diet prepared in house
and sterile water. Individually ventilated Cage system (IVC, M/S Citizen, India) was used to
house mice used in the experiments. These IVCs were provided with autoclaved corn cob as
bedding for the mice. Animal euthanasia was done under the guidelines of AVMA as mentioned above using CPCSEA recommended euthanizing agent, carbon dioxide. The Institutional Animal Ethics Committee (IAEC) of the Advanced Centre for Treatment Research and
Education in Cancer (ACTREC) approved all the protocols used in this report. The project
number for the study is 16/2008 and was approved in November 2008.

Results
PKP3 loss leads to alterations in the transcriptome of multiple cell types
Previous studies from our laboratory have demonstrated that loss of PKP3 in HCT116, HaCaT
and FBM cells leads to an increase in transformation in vitro and increased tumor formation
and metastasis in vivo [24]. To identify mechanisms downstream of PKP3 loss leading to
tumor progression and metastasis, a gene expression analysis was performed to compare the
transcriptome of the vector control (vec) and a PKP3 knockdown clone (shpkp3-2) derived
from FBM cells. The mRNA purified from the FBM derived vector control (vec) PKP3 knockdown clones (shpkp3-2) was used to perform a single hybrid gene expression microarray using
the 8x60K format. The data from these experiments has been uploaded to the NCBI GEO database (Accession no. GSE61512). The microarray was performed in duplicate and the analysis
used the average values from the two sets of microarray data. The expression of 427 genes was
up-regulated and 428 genes down-regulated in the PKP3 knockdown clone as compared to the
vector control. An alteration in the expression of many of genes previously reported to be in
pathways regulating inflammation were identified in the microarray (S1A Fig and S2 Table),
which is consistent with an increase in inflammation being a hallmark of many tumors (reviewed in [37]). A microarray analysis was also to compare the transcriptome of the vector
control (vec) and a PKP3 knockdown clone (shpkp3-2) derived from the HCT116 cells. The
data from these experiments has been uploaded to the NCBI GEO database (Accession no.

PLOS ONE | DOI:10.1371/journal.pone.0123979 April 13, 2015

5 / 17

MMP7 Required for Tumor Progression upon Plakophilin3 Loss

GSE64580). The results from the microarray analysis along with the functional classification of
the altered genes upon PKP3 loss are shown in S1A Fig and S3 Table. As PKP3 knockdown
leads to an increase in cellular transformation in three different cell lines (HaCaT, HCT116
and FBM), the data obtained from the microarray analysis was used as a reference to identify
genes whose expression was altered upon loss of PKP3.
In confirmation of previously reported results [24, 30], a real time PCR analysis demonstrated that the mRNA levels of PKP3 was reduced in the PKP3 knockdown clones as compared to
the vector controls (Fig 1A). The expression of genes which were found to be up-regulated or
down-regulated more than two-fold in the FBM derived PKP3 knockdown clone was assessed
using real time PCR to validate the results of the microarray and to analyze if the same genes
were altered upon PKP3 knockdown in the HCT116 and HaCaT cell lines. A change in expression of two-fold either way was considered significant. A set of genes which included inflammation associated genes such as Interleukin 6 (IL6), Serum amyloid A1 (SAA1), Chemokine (C-C
Motif) Ligand 2 (CCL2), S100A8, S100A9 and CBS, were up-regulated in HaCaT and FBM derived PKP3 knockdown clones (Fig 1B). None of these genes were expressed in HCT116 cells
(data not shown). The expression of Epiplakin (EPPK1), Rho Guanine Nucleotide Exchange
Factor (ARHGEF5), Matrix metalloprotease 9 (MMP9), MOB kinase activator 3B (MOBKL2b)
and N terminal deleted isoform of TAp63 (ΔNp63) was found to be up-regulated while expression of Nuclear receptor subfamily-2 group-F member-1 (NR2F1) and Insulin like growth factor
binding protein 3 (IGFBP3) was found to be down-regulated only in the FBM derived PKP3
knockdown clones while they their expression was not altered in the HaCaT and HCT116 derived PKP3 knockdown clones (S1B Fig). The expressions of all the genes were normalized
using the expression of GAPDH as a control as described in the Materials and Methods. These
results suggested that PKP3 loss leads to varying alterations in the transcriptome in the three cell
types studied and that PKP3 loss leads to the generation of an inflammation associated signature
in cell lines derived from stratified epithelia, which is consistent with the observation that inflammation is observed in the epidermis of mice lacking PKP3 [29].

MMP7 is required for transformation upon loss of PKP3
The mRNA levels of the Matrix metalloprotease7 (MMP7) gene were found to be up-regulated
upon PKP3 loss in all three cell types tested (Fig 1C). To determine whether the increase in
MMP7 levels is required for tumor formation upon PKP3 loss, double knockdown clones were
generated where MMP7 was knocked down in the PKP3 knockdown clone shpkp3-2 using
vector driven RNA interference. Two double knockdown clones were obtained, shpkp3-2+shMMP7-1 and shpkp3-2+shMMP7-2. The vector control clone (shpkp3-2+vec) was generated by transfection of the empty vector in the shpkp3-2 clone. The expression of MMP7 in the
vector control and the double knockdown clones was validated by real time PCR (Fig 2a). Since
MMP7 is a secreted protein [6, 38, 39], cells were grown in the absence of serum and the supernatant collected for the indicated cell types. The proteins in the supernatant were precipitated
using acetone as described in the Materials and Methods and a Western blot performed for
MMP7. The cells were lysed and harvested for Western blots performed for PKP3 and actin as
described [30]. PKP3 levels were reduced in both the single and double knockdown clones
(Fig 2B). A Western blot for β actin served as a loading control. PKP3 knockdown led to an increase in the expression of MMP7 while knockdown of MMP7 causes a decrease in the expression of MMP7 as expected (Fig 2B). The blot was stained with ponceau-S to show equal
protein loading for the cell supernatants.
PKP3 loss leads to an increase in cell migration as assayed by scratch wound healing assays
[24]. To determine if MMP7 loss can reverse the increase in cell migration observed upon
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Fig 1. PKP3 loss leads to the generation of an inflammation associated signature in cell lines derived from stratified epithelia. The Y-axis in all
panels reflects the fold change in transcription, which is calculated as described in the Materials and Methods. The X-axis indicates the clone name. mRNA
was prepared from the vector controls (vec) or PKP3 knockdown clones (sh-pkp3-1 and shpkp3-2) derived from either HCT116, FBM or HaCaT cells as
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indicated. (A) Real time PCR assays were performed using oligonucleotides specific to PKP3 and GAPDH. Relative expression of PKP3 in the HCT116,
HaCaT and FBM derived PKP3 knockdown clones (shpkp3-1 and shpkp3-2) was compared to the respective vector control clones (vec). Expression of
GAPDH has been used for normalization. (B) Real time PCRs were performed using oligonucleotides specific for IL6, SAA1, S100A8, S100A9, CCL2, CBS
and GAPDH, in HaCaT and FBM derived PKP3 knockdown clones and the respective vector controls. Expression of GAPDH has been used for
normalization. (C) Real time PCR was performed using oligonucleotides specific to MMP7 and GAPDH, with cDNA obtained from the vector control and
PKP3 knockdown clones derived from the three cell types under study. Expression of GAPDH has been used for normalization. The standard errors are
plotted and student’s t test was performed (* indicates a p value <0.01).
doi:10.1371/journal.pone.0123979.g001

PKP3 loss, scratch wound healing assays were performed. As reported earlier, pkp3 loss increased in-vitro cell migration of HCT116 cells, while MMP7 loss in the pkp3 knockdown
clones decreased in-vitro cell migration in PKP3 knockdown cells (Fig 2C and S1C Fig). PKP3
loss leads to an increase in metastasis and this is often associated with an increase in cell invasion. To determine if PKP3 loss leads to increased invasion, matrigel invasion assays were performed as described [35, 36]. Loss of PKP3 leads to an increase in invasion as shown in Fig 2D.
The increase in invasion observed upon PKP3 loss was reversed when MMP7 expression was
inhibited (Fig 2D). These results suggested that MMP7 is required for the increased migration
and invasion observed upon PKP3 knockdown in HCT116 cells.
PKP3 loss leads to an increase in anchorage independent growth and an increase in tumor
formation and metastasis in vivo [24]. To determine the effect of MMP7 loss on anchorage independent growth soft agar assays were performed on the vector control and double knockdown clones. As reported earlier, pkp3 loss increased anchorage independent growth, but
surprisingly, the double knockdown clones formed more colonies in soft-agar than the vector
control clones (Fig 2E). Since this result was in contrast to the results obtained in the migration
and invasion assays, we determined whether MMP7 loss leads to an alteration in tumor formation in vivo. It has been reported earlier that HCT116 derived pkp3 knockdown clones form
larger tumors and show increased metastasis in vivo [24]. The vector control, shpkp3-2+vec
and the double knockdown clones were injected subcutaneously in nude mice as previously described [24, 30]. The mice were observed for 5 weeks and tumor size measured at regular intervals. Five of the six mice injected with the vector control developed large tumors Fig 2F and
S2A Fig). In contrast, only two out of six mice injected with shpkp3-2+shMMP7-1 and one of
the six mice injected with shpkp3-2+shMMP7-2 were able to develop tumors at the site of injection and the tumors formed were much smaller in size than those formed in mice injected
with the vector control clone (shpkp3-2+vec)(Fig 2F and S2A Fig). The average volume of the
tumor formed in the mice was analyzed using the formula mentioned in Materials and Methods (data not shown).

PRL3 regulates MMP7 expression in the HCT116 derived PKP3
knockdown clones
Previous data from our laboratory has demonstrated that an elevation in the levels of Keratin 8
is observed in the HCT116 derived PKP3 knockdown clones and that this increase is due to an
increase in the levels of the phosphatase of regenerating liver 3 (PRL-3) and inhibition of PRL3 activity using a chemical inhibitor resulted in a decrease in cell migration [30]. An inhibition
of PRL-3 activity using a chemical inhibitor of PRL-3 resulted in a decrease in cell migration in
the HCT116 derived PKP3 knockdown clones [30]. A previous report demonstrated that PRL3
activity regulates MMP7 expression via the PI3K/AKT and ERK signaling pathway in the
colon cancer derived cell line DLD1 [40]. Therefore, we hypothesized that the increase in
MMP7 levels observed upon PKP3 knockdown was due to the increase in PRL-3 levels. To test
this hypothesis the HCT116 derived vector control and PKP3 knockdown clones were treated
with 5 or 10μM of the PRL-3 inhibitor for 24 hours. A real time PCR analysis demonstrated
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Fig 2. Loss of MMP7 leads to a decrease in transformation in cells lacking PKP3. (A) mRNA prepared from HCT116 derived PKP3 knockdown cells
transfected with the vector control (shpkp3-2 + vec) or the MMP7 knockdown construct (shpkp3-2 + shMMP7-1 and shpkp3-2 + MMP7-2) was used as a
substrate for reverse transcriptase followed by real time PCR reactions using oligonucleotides specific for MMP7. All expression was normalized to the levels
of GAPDH. The fold change is graphed on the Y-axis and the clone name is on the X-axis. Note that MMP7 levels are lowered in the double knockdown
clones as compared to the vector control. The standard errors are plotted and student’s t test was performed (* indicates a p value <0.01). (B) 75μg of a
whole cell extract (WCE) was resolved on 12% SDS PAGE gels followed by Western blotting with antibodies specific to PKP3. Note that PKP3 levels are
lower in clones with a PKP3 knockdown. Western blots for β actin served as a loading control (upper panels). 100μg of acetone precipitated cell supernatants
were resolved on 12% SDS PAGE gels followed by Western blotting with antibodies specific to MMP7. Note that MMP7 levels are higher in supernatants
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prepared from the PKP3 knockdown cells as compared to the vector controls and the levels are lower in the double knockdown clones. The same blot was
stained with Ponceau stain to demonstrate equal loading of proteins (lower panels). (C) Scratch wound healing assays were performed on the HCT116
derived vector control (vec), PKP3 knockdown clones (shpkp3-1 and shpkp3-2), shpkp3-2 derived vector control clone (shpkp3-2+vec) and shpkp3-2
derived MMP7 knockdown clones (shpkp3-2+shMMP7-1 and shpkp3-2+shMMP7-2) as described. (D) Matrigel invasion assays were performed in Boyden’s
chambers for HCT116 derived vector control cells, PKP3 knockdown clones and the double knockdown clones. The number of cells observed in ten random
fields of the membrane for each clone was determined as described in Materials and Methods, representative images of for each clone are shown. The mean
and standard deviation of three independent experiments are plotted. Note that loss of PKP3 leads to an increase in invasion as compared to the vector
control and this phenotype is reversed in the double knockdown clones. (E) Soft agar colony formation assay was performed with the HCT116 derived vector
control and pkp3 knockdown clones, the shpkp3-2 derived double knockdown clones and the shpkp3-2 derived vector control clone. The mean and standard
deviation of three independent experiments is plotted. (F) 1x106 cells of the shpkp3-2 derived vector control or double knockdown clones were injected subcutaneously into nude mice and allowed to develop tumors. The table shows the number of mice injected with the respective clones and the number of mice
among them which were able to develop tumors. Wherever indicated the p value was calculated using a student’s t-test.
doi:10.1371/journal.pone.0123979.g002

that the levels of MMP7 mRNA in the PKP3 knockdown clones were decreased upon treatment with the PRL-3 inhibitor in a concentration dependent manner (Fig 3A). The mRNA levels of Lipocalin2 (LCN2) which is increased upon PKP3 knockdown in HCT116 cells, did not
decrease upon treatment with the PRL-3 inhibitor (S2B Fig) suggesting that PRL3 activity does
not regulate the expression of other gene products such as LCN2 in these cells. A Western blot
analysis demonstrated that the levels of MMP7 protein were also decreased upon treatment
with the inhibitor at 24 hours in HCT116 cells (Fig 3B), but not in the HaCaT derived PKP3
knockdown clones (S2C Fig). To determine whether PRL3 inhibitor treatment (which inhibits
the activity of PRL3) resulted in a change in PRL-3 protein levels, a Western blot analysis was
performed. It was observed that PRL-3 levels were higher in PKP3 knockdown clones as reported earlier [30], but no change in the levels of PRL-3 was observed upon treatment with the
PRL-3 inhibitor (Fig 3C). A Western blot for actin served as a loading control. These results
suggest that the increase in PRL-3 levels observed upon PKP3 loss is required for the increase
in MMP7 mRNA and protein levels observed in HCT116 cells.

Discussion
The results in this report demonstrate that loss of PKP3 leads to an increase in the levels of
MMP7 in three independently derived cell lines of different origins. The increase in MMP7 levels is required for cell migration and invasion in vitro and tumor formation in nude mice as
loss of MMP7 in the PKP3 knockdown cells results in a reversal of these phenotypes. The increase in MMP7 mRNA is dependent on the expression of PRL-3, whose levels are elevated
upon PKP3 loss [30]. Thus, the results in this paper suggest that the increased tumor formation
observed upon PKP3 loss requires the expression of MMP7.

MMP7 mediates cell invasion and tumor formation upon PKP3 loss
MMP7 and membrane type-1 matrix metalloprotease (MT1-MMP) are metalloproteases
which are exclusively produced by the epithelial cells of the colon while the rest of these matrix-metalloproteases such as MMP9, MMP11 (stromelysin 3) are produced by the stroma
[3, 41–43]. MMP7 levels are increased in colon cancer tissues [4–6] and in the serum of colon
cancer patients [7]. A study by Witty et.al., demonstrated that MMP7 knockdown clones derived from the colon cancer cell line SW620 do not form tumors as efficiently as the corresponding vector controls in orthotopic xenografts of colon cancer [18]. Further, studies by
Wilson et. al., [16] and Guillen-Ahlers et.al. [17] demonstrated that loss of MMP7 in the intestine of ApcMin mice leads to a decrease in tumor incidence. Our work has demonstrated that
PKP3 loss leads to an increase in migration, invasion, tumor formation and metastasis and that
these functions are dependent upon the increase in MMP7 expression upon PKP3 knockdown.
To determine if a correlation exists between MMP7 and PKP3 levels across colon cancers at
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Fig 3. MMP7 expression decreases upon inhibition of PRL3 activity. (A) The HCT116 derived PKP3 knockdown clones (shpkp3-1 and shpkp3-2) or the
vector control (vec) were treated with either the vehicle control (DMSO) or 5 or 10 μM PRL-3 inhibitor-1(PRL-3i) for 24 hours. The mRNA prepared from the
treated cells was used as a substrate for reverse transcriptase followed by real time PCR reactions using oligonucleotides specific for MMP7. All expression
was normalized to the levels of GAPDH. The fold change is graphed on the Y-axis and the clone name is on the X-axis. The standard errors are plotted and
student’s t test was performed. Note that MMP7 levels are lowered upon treatment with PRL-3 inhibitor. (B) The HCT116 derived vector control (vec) and
PKP3 knockdown clones (shpkp3-1 and shpkp3-2) were treated with either DMSO or 10 μM PRL3 inhibitor-1(PRL3i) for 24 hours or 48 hours. The cell
supernatants were collected and a100μg of acetone precipitated protein was resolved on 12% SDS PAGE gels followed by Western blotting with antibodies
to MMP7. The same blot was stained with Ponceau stain to indicate equal loading. (C) The whole cell lysates of HCT116 derived vector control and
plakophilin3 knockdown clones treated with DMSO or PRL3i for 24 hours were resolved on 12% poly-acrylamide gel. This was followed by Western blotting
with antibodies to PKP3, β actin and PRL3. The molecular weights of these proteins are indicated in brackets.
doi:10.1371/journal.pone.0123979.g003
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the transcript level, we analyzed the data sets in the Oncomine database (www.oncomine.org).
When PKP3 levels in normal colon samples were compared with that in colon cancer, the levels
were found to be unchanged, while MMP7 levels were higher in colon cancer samples. None of
the databases present had actually validated the PKP3 levels using real time PCR or reverse
transcriptase PCR. To determine if a correlation exists between MMP7 and PKP3 levels across
colon cancers at the protein level, we examined the data deposited in the human protein atlas
database (http://www.proteinatlas.org/). It was observed that a thorough immuno-histochemical analysis of PKP3 and MMP7 levels in a large dataset of colorectal cancer patients has not
been performed to determine if any correlation exists between PKP3 and MMP7 levels. Surprisingly, MMP7 loss leads to an increase in colony formation in soft agar but a decrease in
tumor formation in nude mice. These results suggest that the ability of MMP7 to induce the
degradation of the extra-cellular matrix in vivo maybe essential for the ability of the PKP3
knockdown cells to form a tumor. Taken together these results suggest that the increase in
MMP7 levels observed upon PKP3 loss is required for increased tumorigenesis in cells derived
from the colon.

MMP7 over-expression upon PKP3 is regulated by PRL3
PRL-3 levels are increased in colorectal cancers [44] and PRL-3 expression leads to metastasis
in tumors derived from the colon [45]. Lee et.al. [40] demonstrated that PRL3 increases cell migration and invasion by up-regulating expression of MMP7 in colorectal cancer cell line DLD1, via the PI3K/AKT and ERK signaling pathway. Earlier reports from this laboratory have
demonstrated that an increase in K8 levels upon PKP3 knockdown in HCT116 cells is dependent on increased levels of PRL-3 and that the inhibition of PRL-3 expression using shRNA
constructs or the inhibition of PRL-3 activity using a specific inhibitor results in a reversal of
the observed phenotype [30]. Similarly, the results in this paper demonstrate that inhibition of
PRL-3 activity in the PKP3 knockdown clones results in a decrease in MMP7 levels. No increase in the levels of PRL-3 mRNA or stability was observed in HCT116 derived PKP3 knockdown cells [30] suggesting that the increase in PRL-3 protein levels occurred posttranscriptionally. One possible explanation for this observation is that PRL3 translation maybe
increased upon PKP3 loss. Hofmann, et.al have demonstrated that PKP3 localizes to stress
granules (sites of stalled mRNA-protein complexes) and forms a complex with RNA binding
proteins like PolyA binding protein Cytoplasmic 1 (PABPC1), Fragile X Mental Retardation,
Autosomal Homolog 1 (FXR1), and GTPase Activating Protein (SH3 Domain) Binding Protein 1 (G3BP) [46, 47]. Thus, PKP3 may regulate the translation of PRL-3 mRNA. Consistent
with these observations, plakophilin1 has been reported to regulate translation initiation by directly binding to eIF4A (eukaryotic Initiation factor 4A) and promoting its activity [48].

PKP3 knockdown leads to differential alterations in transcriptome of
three different cell types
PKP3 knockout mice show symptoms of severe itching, intercellular edema, neutrophil infiltration, epidermal hyperplasia, hair loss and muscle wasting [29]. Because of this dermatitis associated muscle wasting, the PKP3 null mice are smaller in size than the wild type mice and are
very similar to the mouse model for atopic dermatitis, a severe form of skin inflammation. A
previous gene expression analysis demonstrated that conditional deletion of the desmosomal
protein Perp in stratified epithelia of mice led to up-regulation of inflammatory associated
genes like S100A9 and the Chemokine (C-C motif) ligand 20 (CCL20)[49]. Another transcriptomic analysis performed by Jheon et.al.[50], demonstrated that Perp loss in the enamel of
mice leads to alterations in gene expression. Consistent with these observations, in this study
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we report that loss of PKP3 in cell lines derived from the HaCaT and FBM cell lines lead to the
over-expression of multiple genes associated with inflammation (Fig 1B). These results provide
a possible explanation for the skin inflammation phenotype obtained in PKP3 knockout mice
[29] and maybe dependent on the loss of desmosome function observed upon PKP3 loss [23,
24]. To our surprise MMP7 levels did not decrease in the HaCaT cells upon treatment with the
PRL-3 inhibitor suggesting that the increase in MMP7 in HaCaT cells occurs via mechanisms
distinct from those observed in HCT116 cells and is consistent with our observations that
PKP3 loss leads to cell type specific alterations in the transcriptome. The relevance of other alterations in gene expression that are specific to the FBM line is not clear. They may relate to
the role of PKP3 in regulating desmosome formation in the oral cavity or these changes might
have a role to play in the increased migration and cellular transformation observed in these
cells upon PKP3 loss [24]. Thus, PKP3 loss can lead to both cell type dependent and cell type
independent alterations in gene expression.
The results reported here lead to the generation of the following model. PKP3 loss leads to
an increase in PRL-3 translation leading to an increase in K8 levels [30] or an increase in
MMP7 mRNA levels (this report). Both K8 and MMP7 are independently required for the increase in migration and transformation observed upon PKP3 loss suggesting that either one
can serve as a potential drug target in metastatic colon cancer. The role of PKP3 in regulating
the increase in PRL-3 protein levels remains to be determined and should be a focus for
future investigation.

Supporting Information
S1 Table. List of oligonucleotides used in the study.
(DOCX)
S2 Table. Alterations in gene expression upon PKP3 knockdown in FBM cells and functional classification of the altered genes. Compiled data with complete dataset, differentially
expressed genes and functional classification of altered genes observed upon PKP3 knockdown
in FBM cell line.
(XLSX)
S3 Table. Alterations in gene expression upon PKP3 knockdown in HCT116 cells and functional classification of the altered genes. Compiled data with complete dataset, differentially
expressed genes and functional classification of altered genes observed upon PKP3 knockdown
in HCT116 cell line.
(XLSX)
S1 Fig. S1A Fig, Functional classification of genes whose expression is altered >=2 folds in
FBM derived clones and >=1.5 folds in HCT116 derived clones upon PKP3 knockdown. The
mRNA expression profile of the FBM derived vector control (vec) was compared with that of
the PKP3 knockdown clone (shpkp3-2). Similarly, mRNA expression profile of the HCT116
derived vector control (vec) was compared with that of the PKP3 knockdown clone (shpkp32). Differentially expressed genes which show more than two fold (for FBM) and more than 1.5
folds up-regulation or down-regulation in the PKP3 knockdown clones compared to the vector
control clone were selected. The pie charts show functional classification of genes obtained
from the microarray data analysis using the PANTHER Classification tool (http://www.
pantherdb.org/about.jsp). S1B Fig, Cell type specific alterations in FBM derived PKP3 knockdown clones. Reverse transcriptase PCRs were performed using oligonucleotides specific for
SAA4, EPPK1, MOBKL2b, MMP9, NR2F1, ΔNp63, IGFBP3, ARHGEF5 and GAPDH, in
HaCaT, HCT116 and FBM derived PKP3 knockdown clones and the respective vector
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controls. Expression of GAPDH has been used for normalization. The PCR product size has
been indicated in base pairs. S1C Fig, MMP7 loss leads to a decrease in migration. Phase contrast images of wound healing at 0 hours (start) and 20 hours (end of experiment) have
been shown.
(TIF)
S2 Fig. S2A Fig, Tumor formation is inhibited in the PKP3 knockdown cells upon MMP7
knockdown. 106 cells of the vector control or the double knockdown clones were injected subcutaneously into nude mice and allowed to develop tumors. Representative images of mice
have been shown. S2B Fig, LCN2 expression is not altered upon inhibition of PRL-3. The
HCT116 derived PKP3 knockdown clones (shpkp3-1 and shpkp3-2) or the vector control
(vec) were treated with either the vehicle control (DMSO) or 10 μM PRL-3 inhibitor-1 (PRL3i) for 24 hours. The mRNA prepared from the treated cells was used as a substrate for reverse
transcriptase followed by real time PCR reactions using oligonucleotides specific for LCN2. All
expression was normalized to the levels of GAPDH. The fold change is graphed on the Y-axis
and the clone name is on the X-axis. The standard errors are plotted and student’s t test was
performed ( indicates a p value <0.01). Note that LCN2 levels are increased upon treatment
with PRL-3 inhibitor. S2C Fig, MMP7 expression does not change upon inhibition of PRL3 activity in HaCaT derived clones. The HaCaT derived PKP3 knockdown clones (shpkp3-1 and
shpkp3-2) or the vector control (vec) were treated with either the vehicle control (DMSO) or
10 μM PRL-3 inhibitor-1(PRL-3i) for 24 hours. The cell supernatants were collected and
a100μg of acetone precipitated protein was resolved on 12% SDS PAGE gels followed by Western blotting with antibodies to MMP7. The same blot was stained with Ponceau to indicate
equal loading.
(TIF)
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