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ABSTRACT
Kommagani, Ramakrishna. Ph.D., Biomedical Sciences Ph.D. Program, Wright State
University, 2009. Differential regulation of vitamin D receptor (VDR) by p53, p63 and
p73.

The tumor suppressor p53 is the single most altered gene in human cancers. p53
homologues, p63 and p73 play a major role in development and in human cancer. Both
p63and p73-null mice exhibit profound developmental abnormalities, suggesting a vital
role for p63 and p73 in development. Although the role of p73 in human cancers is well
established, the role of p63 still remains to be understood. While p63 plays a major role
in development, p73 plays a major role in tumor suppression as well as in development.
Although a functional co-operation is evident between each member of p53 family,
additional studies are required to understand the functional cross-talk between each
member of the p53 family, and their ability to govern multiple biological functions.
Identifying common and specific transcriptional networks of p53 family is essential for
understanding the existing functional co-operation between each member.

This dissertation focuses on defining the functional relevance of the regulation of
vitamin D receptor (VDR) by p53 family members. Secosteroid hormone vitamin D,
through its cognate receptor VDR, regulates genes involved in mineral homeostasis, bone
formation and in epidermal differentiation. Vitamin D and its analogues also exhibit anti-
proliferative activities and are widely used as cancer chemotherapeutic agents. Findings
from this study demonstrated VDR as a direct target of p63 and p73; however p53 does
not appear to regulate VDR directly or indirectly. One part of this dissertation
underpinned the role of VDR in p63 mediated biological functions. Down regulation of

endogenous p63 in human epidermoid cancer cells resulted in complete loss of
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endogenous VDR expression. In addition, up-regulation of VDR by p63 appears to
inhibit the migration and invasion of human epidermoid cancer cells. the second part of
this dissertation is involved in understanding the p73 mediated regulation of VDR in
vitamin D-mediated differentiation. Findings from this section of study demonstrated that
DNA damage-induced expression of VDR is dependent on p73. In addition, p73 was
proven to be essential for vitamin D mediated osteoblastic differentiation. Furthermore,
we demonstrated that DNA damage sensitized the cells to vitamin D mediated
differentiation through p73. Taken together, while understanding the regulation of VDR
by p63 will provide new insights on the molecular mechanisms of p63 biology,
determining the role of p73 in vitamin D-mediated differentiation may aid in vitamin D

based cancer chemotherapeutics.
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L. INTRODUCTION AND PURPOSE

A. p53 in cancer and chemosensitivity

Transcription factor p53 is the most altered gene in human cancers and is
considered as the guardian of genome (Lane, 1992). Since, mice deficient for p53 are
tumor prone and p53 function is lost in a majority of human cancers due to the mutations
or inactivation by its negative regulators, p53 is considered as the classical tumor
suppressor (Donehower et al., 1992; Hollstein et al., 1991). Primarily, p53 promotes cell
cycle arrest, apoptosis, DNA repair, cellular senescence and inhibition of angiogenesis
through the transcriptional regulation of target genes (Giaccia and Kastan, 1998);
however, the induction of apoptosis and cell cycle arrest by p53 can also occur through
non-transcriptional mechanisms (Mihara et al., 2003). Stabilization of pS3 protein occurs
in response to various stress stimuli including DNA damage, viral infection or oncogenic
activation (Schuler and Green, 2001). Once activated and depending on the stimuli, p53
controls the signaling pathways involved in cell cycle arrest (G1 and G2 cell cycle
arrest), senesence or apoptosis (Figure 1) (Levine et al., 2004; Vousden, 2000). Strategies
involved in activation of the p53 pathway to promote tumor suppression are considered to
be effective anticancer therapies and numerous p53 based cancer therapuetics are in
preclinical studies. However, alternative p53 independent strategies are required for

designing effective cancer therapies for p53 deficient cancers.
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Figure 1: Schematic representation of subset of p53 functions. The activated p53

upon different stimuli promotes the cell cycle arrest, apoptosis and senescence.



B. Structure of p63/p73

Although the functional significance of p53 and its interacting proteins has been
studied extensively, it was not until 1997, that the functional homologues of p53, namely
p63 and p73 were discovered (Kaghad et al., 1997; Yang et al., 1998). Since their
discovery, both these genes gained enormous scientific interest, as proteins encoded by
these genes are functionally more similar to each other than to p53 (Deyoung and Ellisen,
2007). All three homologues contain similar functional domains namely N-terminal
Transactivation (TA), central DNA binding and C-terminal oligomerization domains
(Harms et al., 2004; Levrero et al., 2000). The DNA binding domains of p63 and p73
show the highest homology (65%) with p5S3 DNA binding domain (De Laurenzi and
Melino, 2000). The oligomerization domain of p63 and p73 also show homology (35%)
with p53 oligomerization domain and like p53, both p63 and p73 exist as tetramers
through the oligomerization domain (Yang and McKeon, 2000). The N-terminal
transactivation domain (TA domain) of p63 and p73 show the lowest homology (25%)
with p53 transactivation domain. Like p53, the transactivation domain in p63 and p73 is
essential for the transcriptional potential, as the TA domain interacts with various co-
activators to modulate transcription. Like p53, both p63 and p73 also generate multiple
transcripts due to the alternative promoter usage and pre-mRNA splicing (Kaghad et al.,
1997; Yang et al., 1998). As a consequence of promoter usage both p63 and p73
generates either transactivation domain containing isoforms (TAp63 and TAp73) or N-
terminally truncated isoforms (ANp63 and ANp73) (Scoumanne et al., 2005).

Additionally due to the splicing at the 3’of pre-mRNA both p63 and p73 generate



Figure 2: Schematic representation of p63 and p73 gene structures. A) The degree of
homology between the conserved domains of p63/p73 with p53. B) Multiple isoforms of
p63/p73 are generated from alternative promoters (P1 and P2) and pre-mRNA splicing.
The full length TA isoforms and truncated AN isoforms are generated from P1 or P2
promoter respectively. The 3° pre-mRNA splicing results in additional isoforms a,3 and

vy of p63 and a, B, v, € and d of p73.
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multiple carboxyl-terminal variants, o, B and y of p63 and a, B, v, € and & of p73
(Kaghad et al., 1997; Yang et al., 1998) (Figure 2). The features that distinguish p63 and
p73 from p53 are the presence of two additional domains, a SAM domain (Steric o
Motif), and a TID domain (Transactivation Inhibition Domain) in alpha isoforms of both
p63 and p73 (Moll, 2003; Moll et al., 2001) (Figure 2B). The precise function of TID
domain and SAM domain in p63 or 73 is still unclear; however, the presence of TID
domain lowers the transactivation potential of TAp63a and TAp73a isoforms (Serber et
al., 2002; Thanos and Bowie, 1999). In general, the SAM domain is observed in proteins
involved in development and is believed to be involved in protein-protein or protein —
RNA interactions (Kim and Bowie, 2003).

The TA domain containing isoforms of both p63 and p73 are highly homologous
to p53, and as a result, TA isoforms act as tumor suppressors like p53 (Harms et al.,
2004). Although, ANp63 isoforms lack the full length N-terminal transactivation domain,
like TAp63 isoforms, ANp63 isoforms can also transactivate genes via the presence of a
short unique N-terminal TA domain (Helton et al., 2006; Wu et al., 2005). Additionally,
both ANp63 and ANp73 isoforms inhibit TAp63/TAp73 and p53 functions by acting in a
dominant negative manner towards TAp73/TAp73 isoforms and p53 (Stiewe et al.,
2002b). The inhibitory activity of ANp63/ ANp73 isoforms involve direct competition of
DNA binding through the formation of hetero-oligomeric complexes (Grob et al., 2001;
Stiewe et al., 2002a).

C. Roles of p63/p73 in development and differentiation
Gene knock-out studies by multiple groups in mice implicated a broad role for

p63 and p73 in development and differentiation. p63-null mice are born with severe



developmental defects and die shortly after birth due to dehydration (Mills et al., 1999;
Yang et al., 1999). Defects observed in p63-null mice include, but are not restricted to,
an under-development of the skin, as wells as a distinct lack of distal components of
forelimbs, carpals, digits and hind limbs. Although several studies highlighted a critical
role for p63 in epithelial stratification program, the precise role of TAp63 and ANp63
isoforms in epithelial tissue development and differentiation still remain controversial
(Koster et al., 2004; McKeon, 2004). Findings by Senoo et al. (2007) show that ANp63a
is the only p63 isoform observed during epithelial morphogenesis, and also ANp63a. is
essential for the proliferative potential of already committed epithelial cells, but not for
terminal differentiation (Senoo et al., 2007). In contrast, Koster et al. (2004) suggests that
TAp63 is essential for the commitment of ectoderm to epithelial tissue and that ANp63 is
essential for proliferation and terminal differentiation of already committed epithelial
cells.

Furthermore evidence from in vivo genetic complementation studies in p63-null
mice suggest the requirement of both TAp63 and ANp63 isoforms for commitment and
stratification of epithelial tissue (Candi et al., 2006). Consistent with its role in epithelial
morphogenesis, mutations in p63 are associated with human developmental defects (Celli
et al., 1999; van Bokhoven et al., 2001). Notably, p63 mutations are observed in six
different human developmental syndromes; 1) split hand/foot malformation (SHFM), 2)
ectrodactyly, ectodermal dysplasia and cleft lip/palate syndrome (EEC), 3)
ankyloblepharon-ectodermal defects-cleft lip/palate syndrome (AEC), 4) limb mammary
syndrome (LMS), 5) acro-dermato-ungual-lacrimal-tooth syndrome (ADULT) and Rapp-

Hodgkin syndrome (RHS) (Figure 3). Primarily, the missense mutations of p63 that cause
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Figure 3: Schematic representation of p63 mutations observed in diseases. Selective
germline mutations of p63 are indicated with corresponding human developmental
syndromes. Mutations are observed in DNA binding domain or SAM domain or

transactivation inhibitory domain.



diseases reside in the DNA binding domain and/or in the SAM/TID domains (Figure 3).
Consistent with the role of p63 in epithelial tissue development, the defects observed with
p63 mutations are mainly attributed to the aberrations in apical epithelial ridge formation
(Rinne et al., 2007; van Bokhoven and McKeon, 2002).

Similar to p63, p73 also plays a distinct role in development, particularly in
neurogenesis and sexual behavior (Yang et al., 2000). Unlike p63 null mice, severe
neurlogical defects are observed in p73 null mice. p73 null mice have a high mortality
rate and show a runting phenotype. The death of p73 null mice was associated with
massive gastrointestinal haemorrhages. In addition, p73 null mice had severe
immunological problems distinguished by chronic infections and inflammations. p73 null
mice were born with severe hydrocephalus due to the defects in production or
reabsorption of cerebral spinal fluid. Additionally, p73 null mice lacked sexual interest,
due to the defects in pheromone detection. Interestingly, TAp73 isoform specific
deficient mice showed severe defects in hippocampal and oocyte development but not in
neural cell maintenance, indicating an isoform specific function for p73 during
embryonic development (Tomasini et al., 2008).

Although, the role of p63 and p73 during embryonic development is well studied,
the precise function of p63 and p73 in differentiation has yet to be determined. Several
studies indicate the differential effect of TAp63/p73 and ANp63/p73 isoforms on
differentiation in multiple model systems. TAp73 isoforms promote the differentiation of
keratinocytes and neuroblastomas by activating a number of genes including S70042
(Lapi et al., 2006), while, suppression of p57kipz expression by ANp73 results in a

blockade of myogenic differentiation as well as cell cycle exit in murine myoblasts (Li et



al., 2005). TAp63 isoforms promote keratinocyte differentiation by regulating the
expression of multiple proteins including loricrin, involucrin, Notch and retinoblastoma
(Cam et al., 2006; Carroll et al., 2006; Nguyen et al., 2006). Precise roles of p63 and p73
in differentiation can be understood only by delineating the isoform-specific regulation of
multiple signaling pathways and the functional interaction between each isoform.
D. p63/p73 roles in tumorigenesis

Both p63 and p73 are not considered to be classical tumor suppressors, however,
both p63 and p73 might contribute to p53-mediated tumor suppression (Flores, 2007).
Mouse embryonic fibroblasts (MEF’s) from either p73 or p63 ablated mice show reduced
cell death upon genotoxic stress, suggesting the requirement of p63 and/or p73 for p53
mediated apoptosis (Flores et al., 2002). Given that DNA damage induces the expression
of TAp63/p73 isoforms in these MEFs, the reduced apoptosis observed in p63-and/or
p73-null MEF’s can be attributed to the lack of TAp63/p73 isoforms. An independent
study using reconstituted thymocytes from different genetically defined mice suggested
that p63 and p73 are not required for p53 dependant apoptosis, at least in T- cells (Senoo
et al., 2004). Further monitoring the lymphoma development in same model system
showed that loss of p63 or p73 do not underpin any growth advantage to p53 deficient
mice, suggesting that p53 mediated tumor suppression is independent of p63 and/or p73
(Perez-Losada et al., 2005).

Additionally, studies by Keyes et.al. (2005) demonstrated that p63 heterozygous
mice are not prone to the development of spontaneous tumors or to chemically induced
tumors. Moreover, fewer tumors were observed in p53+/- and p63+/- compound mice

than p53+/- mice (Keyes et al., 2006). These observations suggest that p63 might in fact
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promote tumor progression. Contrastingly, an affirmative role for p63 and p73 in tumor
suppression came from mice with single allele deletions of p63 and/or p73. Both p63 and
p73 heterozygous mice have spontaneous tumors in multiple organs, including the colon
and prostate (Flores et al., 2005). Therefore, the higher frequency of tumor occurrence in
p63 and p73 heterozygous mice was attributed to the impairment in p53 mediated
apoptosis. The obvious differences in findings by these two groups might be due to the
genetic background variation in creating p63 heterozygous mice. Although the role of
p63 in tumorigenesis still needs to addressed, recent findings have confirmed the role of
TAp73 in tumorigenesis. Notably, findings by Tomasini et. al. (2008) indicated that the
TAp73 isoform specific knock out mice were prone to spontaneous as well as chemically
induced tumors (Tomasini et al., 2008). However, complete lack of p63 and/or p73
mutations in human cancers refutes the tumor suppressive functions for p63 and p73
(Sunahara et al., 1999; Yoshikawa et al., 1999). Thus, additional isoform specific knock
out mice studies are required for both p63 and p73 to further define their roles in
tumorigenesis.
E. p63/p73 and human cancers

The expression of both p63 and p73 in normal tissue and in human cancers is well
studied. The expression of p63 is mainly limited to basal layers of normal epithelial
tissues including prostate, skin, urothelia and cervix (Yang et al., 1998). The majority of
the normal human tissues studied express p73 at low levels (Kovalev et al., 1998). In the
majority of human cancers studied, the expression of p63 and/or p73 is either amplified
or lost. The amplified levels of p63, particularly ANp63 isoforms are observed in various

human cancers including head and neck squamous cell carcinoma (HNSCC), lung
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carcinoma, esophageal adenocarcinoma, bladder cancers and cervical carcinomas
(Glickman et al., 2001; Hara et al., 2004; Massion et al., 2003; Park et al., 2000; Quade et
al., 2001; Sniezek et al., 2004; Wang et al., 2001; Yamaguchi et al., 2000). Although yet
to be resolved, the overexpression of p63 in these cancers appears to be both dependant
and independent of genomic amplification (Redon et al., 2001; Yamaguchi et al., 2000).
In fact, the p63 gene resides in 3q27-28 locus, which is frequently amplified in squamous
cells carcinomas (Bjorkqvist et al., 1998). While, ANp63 isoform expression is amplified
in squamous cells carcinomas, the expression of TAp63 isoforms is fairly undetectable
(DeYoung et al., 2006). Moreover, loss of p63 expression was correlated with poor
prognosis in multiple carcinomas including bladder cancers (Koga et al., 2003).

In contrast to p63, the expression of p73 was observed in a majority of the human
cancers studied (Melino et al., 2002; Moll and Slade, 2004). Particularly, the up
regulation of the oncogenic ANp73 isoform was observed in a large variety of human
cancers including, neuroblastoma, glioma, breast, colon, ovarian, liver, squamous cell
carcinomas, chronic lymphoid leukemia (CLL) and acute myelogenous leukemia (AML)
(Concin et al., 2004; Cui et al., 2005; Dominguez et al., 2006; Dominguez et al., 2001;
Douc-Rasy et al., 2002; Leupin et al., 2004; Muller et al., 2005; Rizzo et al., 2004; Wager
et al., 2006). Although the pro-apoptotic TAp73 isoform expression is observed in a
subset of human tumors, the oncogenic ANp73 inhibits TAp73 function to promote tumor
progression (Muller et al., 2005). Consistent with its oncogenic function, the preferential
up regulation of ANp73 in a subset of breast tumors was correlated with poor prognosis
(Dominguez et al., 2006). Moreover, inactivation of the TAp73 promoter by methylation

was reported in lymphoma (Corn et al., 1999; Kawano et al., 1999).Taken together, these
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findings implicate oncogenic function for ANp73 isoforms and a potential tumor
suppressive function for TAp73 isoforms.
F. Role of p63 and p73 in apoptosis and chemosensitivity

In general, while TAp63 and TAp73 function similar to p53 in promoting cell
cycle arrest and apoptosis, ANp63 and ANp73 isoforms functions opposite of p53 to
promote cell growth. Ectopically overexpressed TAp63 isoforms induce apoptosis and
cell cycle arrest in cell culture systems (Shimada et al., 1999). TAp63 isoforms can
promote the inhibition of cell growth in multiple cancer cell lines by inducing pro-
apoptotic genes and at the same time inhibiting pro-survival genes (Kommagani et al.,
2006; Senoo et al., 2002; Shimada et al., 1999; Spiesbach et al., 2005; Wu et al., 2005).
TAp63 isoform levels are undetected in most human cancers, however, the induction of
TAp63 levels upon genotoxic stress are shown to determine the chemosensitivity of
hepatoma cell lines (Gressner et al., 2005; Petitjean et al., 2005).

Similar to p63, TAp73 isoforms are also capable of inducing cell cycle arrest and
apoptosis in multiple cancer cell lines. Both ectopic TAp73 and TAp73a isoforms
promote apoptosis, although TAp73f is shown to be slightly more potent than the
TAp73a isoform (Melino et al., 2002). Unlike p63, endogenous expression of p73 is
induced upon treatment with a wide variety of chemotherapeutic agents or cytotoxic
drugs including, adriamycin, cisplatin, etoposide, doxorubicin and bleomycin (Agami et
al., 1999; Costanzo et al., 2002; Gong et al., 1999; Urist et al., 2004; Vayssade et al.,
2005). Notably, up-regulation of both TAp73p and TAp73a isoforms was observed upon
DNA damage, however, the predominant p73 isoform induced upon DNA damage is

TAp73a (Urist et al., 2004). Given the robust response to a wide variety of DNA
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damaging agents, inactivation of p73 confers chemoresistance to multiple cancer cell
lines (Irwin et al., 2003). Moreover, TAp73 isoforms play a pivotal role in p53-
independent apoptosis particularly TAp73a, which is vital for E2F1-mediated p53-
independent apoptosis of T-cells (Lissy et al., 2000). Since chemotherapeutic agent
mediated induction of TAp73a and its expression determines the chemoresistance and
chemosensitivity, TAp73a is considered a potential target for cancer therapeutics (Irwin
et al., 2003).

In contrast to TA isoforms, amplified levels of ANp63a and/or ANp73a promote
chemo-resistance in multiple carcinomas by interfering with pro-apoptotic pathways
(Leong et al., 2007; Rocco et al., 2006). In support of this view, direct physical
association of ANp63a with TAp73 led to a dramatic down regulation of TAp73
mediated apoptosis in squamous cell carcinomas (Rocco et al., 2006). Taken together,
these findings underline complex molecular interactions associated with p63 and p73
isoforms in governing the chemo resistance and chemosensitivity of multiple cancers.
Nevertheless, additional functional studies are essential to delineate the contribution of
individual isoforms of p63 and p73 and their interaction in human cancers.

G. Vitamin D and VDR

The secosteroid hormone 1a., 25 Dihydroxyvitamin D3 (1,25(OH),D3) (vitamin
D) plays a vital role in maintaining calcium and phosphate homeostasis, in order to
protect skeletal integrity. Apart from its classical functions, vitamin D also plays a major
role in differentiation, immunosuppression, and growth inhibition (Bikle, 2004) (Figure

4). The human body obtains vitamin D either by nutritional intake or through UV
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Figure 4: Schematic representation of vitamin D signaling pathway. The binding of
active form of vitamin D to VDR results in activation of VDR. Once activated VDR
hetrodimerizes with RXR and binds to VDRE within target gene promoters and
modulates the transcription. The subset of VDR target genes and their tissue specific

functions are listed.
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mediated production in skin. The active form of vitamin D, 1o, 25 Dihydroxyvitamin Ds
(1,25(0OH);Ds) is synthesized through multiple steps in skin (Holick et al., 1980a; Holick
et al., 1980b). First, the exposure of skin to UVB irradiation results in production of pro-
vitamin D from 7-dehydrocholesterol, subsequently 25-hydoxyvitamin D3 (25(OH)Ds) is
synthesized by the hydroxylation of vitamin Ds using vitamin D 25-hydroxylase in liver;
finally, hydroxylation of 25(OH) D; by CYP27b1 in kidney results in production of
active form 1,25(OH),D; (Lawson et al., 1971; Masumoto et al., 1988). The vitamin D
active form 1,25(OH),Ds will be refereed to as vitamin D (VD or VD3) in rest of the
document. Circulating vitamin D in serum is carried by the vitamin D binding protein
(DBP) to the nucleus of target tissues (Cooke and David, 1985; Cooke and Haddad,
1989). Biological functions of vitamin D are mediated by its cognate receptor Vitamin D
receptor (VDR), a member of the nuclear receptor family. Principally, the vdr gene is
composed of 14 exons of which two exons cover a 5’-non coding region and eight exons
(2-9) produce the classical VDR protein (Baker et al., 1988) (Figure 5). Primarily,
binding of vitamin D to VDR results in hetero-dimerization of VDR with RXR (Retinoid
X Receptor), subsequently activating VDR. Activated VDR regulates the target genes by
directly binding to the vitamin D responsive elements (VDRE) in their promoters (Figure
4) (Nezbedova and Brtko, 2004).
H. Vitamin D and VDR functions

The anti-proliferative actions of vitamin D and its analogues are demonstrated in
many different human cancer cell lines (Gombart et al., 2006), notably, cancer cell lines
from colon, prostate and breast (Guzey et al., 2002; Kane et al., 1996; Koike et al., 1997).

Generally, VDR exert anti-proliferative effects by up regulating the genes involved in
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growth inhibition, while down-regulating pro-proliferative genes (Banerjee and
Chatterjee, 2003); Vitamin D and VDR regulate genes involved in cycle arrest including
p21, p27, PTEN and Rb (Bouillon et al., 2006; Hisatake et al., 2001; Huang et al., 2004;
Liu et al., 1996; Moffatt et al., 2001). Several other genes involved in growth inhibition
are also regulated by VDR including, BRAC1, GADD45 and IGFBP-3 (Boyle et al.,
2001; Campbell et al., 2000; Campbell et al., 1997; Jiang et al., 2003; Stewart and
Weigel, 2005). Since VDR expression is observed in virtually all tissues, vitamin D
exhibits anti-proliferative actions in most human cancer cell lines. Thus, vitamin D and
its analogous are extensively used for cancer chemotherapy, specifically for prostate,
breast and colon cancers. Combinatorial use of vitamin D and its analogues with
chemotherapeutic agents have shown to be more potent in promoting growth inhibition
than using either of them alone (Hershberger et al., 2002; Moffatt et al., 1999). In fact,
clinical trials are underway testing the combinatorial use of vitamin D analogues and
chemotherapeutic agents for cancer chemotherapy (Fakih et al., 2007; Trump et al.,
2006).

Vitamin D and VDR promote differentiation of several human cancer cell lines by
regulating multiple signaling pathways, including the B-catenin pathway (Palmer et al.,
2001; Palmer et al., 2003). Vitamin D and its analogues also promote osteoblastic
differentiation, particularly, the differentiation of osteosarcoma cell lines including MG-
63 (Finch et al., 2001). The molecular mechanism of vitamin D-mediated osteoblastic
differentiation involves the activation of cell cycle inhibitors (p21) and differentiation
markers (Zenmyo et al., 2001), specifically, the direct transcriptional regulation of

osteopontin and osteocalcin (Paredes et al., 2004; Shen and Christakos, 2005).
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Extensive in vitro studies implicate a novel role for VDR in promoting calcium
mediated keratinocyte differentiation (Bikle, 2004; Bikle et al., 2004). An increase in
intracellular calcium levels is a critical molecular event during keratinocyte
differentiation and is modulated by elevated levels of calcium receptors and phopholipase
C. Since functional VDRE elements are found in the calcium receptor and in
phopholipase C promoters, VDR-mediated induction of calcium receptor and
phopholipase C is believed to be essential for keratinocyte differentiation (Pillai et al.,
1995; Xie and Bikle, 1997; Xie and Bikle, 2001). Additionally, depletion of VDR
expression levels in primary keratinocytes results in concomitant decrease in the
expression of keratinocyte differentiation markers including involucrin, profilaggrin, and
loricrin (Bikle et al., 2002; Hawker et al., 2007). In vivo studies from VDR-deficient mice
further strengthen the role of VDR in epidermal differentiation; the ablation of VDR
leads to development of alopecia due to the defects in hair follicle regeneration (Xie et
al., 2002), and reduced expression of epidermal differentiation markers including
involucrin, proflaggrin, and loricrin (Xie et al., 2002).

I. Regulation of VDR

Although numerous studies characterized the functional significance of VDR in
multiple cellular processes, the molecular regulation or the transcriptional regulation of
VDR is poorly studied. Transcript levels of VDR are modulated by several growth factors
and cytokines including parathyroid hormone (PTH), thyroid hormone, glucocorticoids
and retinoic acid (Chen et al., 1983; Chen and Feldman, 1985; Krishnan et al., 1995;
Krishnan and Feldman, 1991b; Mahonen et al., 1991; Petkovich et al., 1984).

Interestingly, while activated protein kinase A induces the VDR expression, activated
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protein kinase C down regulates VDR expression, indicating a homeostatic regulation of
VDR mediated responses (Krishnan and Feldman, 1991a; Krishnan and Feldman, 1992).
Additionally, recent studies showed the transcriptional regulation of VDR by several
transcription factors including Wilms’ tumor suppressor protein (WT1), Caudal-type
homeobox protein 2 (Cdx-2), SNAIL, and ZEB, SP1 and B-catenin (Lazarova et al.,
2001; Maurer et al., 2001; Palmer et al., 2004; Shah et al., 2006; Wietzke et al., 2005;
Yamamoto et al., 1999). Interestingly, transcriptional regulation of VDR through an auto
feedback mechanism by 1,25-dihydroxyvitamin D3 was reported in a tissue specific
manner (Zella et al., 2006). Although all these studies gave a preliminary insight on the
regulation of VDR, additional studies are essential in understanding the cell and tissue
specific regulation of VDR by key signaling components.

J. Rationale and Significance

Identifying new transcriptional networks of p53 family members will provide
significant insight into the functional diversities of each member. Furthermore,
understanding the functional cross-talk between each member of p53 family, based on the
regulation of common and unique target genes, will be crucial to deciphering their role in
tumorigenesis and development. Understanding the diverse biological affects exerted by
p63 and p73 through common target genes will shed light on the functional co-operation
between p63 and p73. The secosteroid hormone vitamin D exerts its biological actions
through its cognate receptor VDR. Although extensive work has been carried out on the
biological function of vitamin D and its analogs, little is known about the transcriptional
regulation of VDR. This dissertation work focuses on the transcriptional regulation of
VDR by members of p53 family. The initial studies from this dissertation demonstrate

that VDR is induced by p63 and p73, but not by p53. My hypothesis is that, 1) regulation
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of VDR by p63 is coupled with the inhibition of invasiveness of squamous cell carcinoma
cells 2) p73 mediated regulation of VDR is essential for vitamin D-mediated osteoblastic
differentiation. Thus, understanding the transcriptional regulation of VDR by p63 and
p73 and their implication on vitamin D-mediated biological activities, will aid in vitamin
D based cancer chemotherapeutic strategies. Moreover, understanding the role of VDR in
p63 and/or p73 mediated biological activities will shed light on the molecular mechanism

behind p63 and/or p73-specific biological functions.
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II. MATERIALS AND METHODS

A. Cell Lines, Reagents and plasmids

Human non-small cell lung carcinoma cell line (H1299), human cervical
carcinoma cell line (HeLa), human osteosarcoma cell line (SaOS2) and human
epidermoid carcinoma cell line (A431) were obtained from ATCC. All the cells were
maintained in Dulbecco’s modified eagle medium (DMEM) with 8% fetal bovine calf
serum (FBS) and 250 U of penicillin and 250 pg of streptomycin (PS) at 37°C in 5%
CO,. Primary mouse embryonic fibroblasts (MEF) obtained from wild-type or p63—/—
mice were kindly provided by Dr. Elsa Flores (University of Texas M.D. Anderson
Cancer Center, Houston, TX). The active form of vitamin D, 1a, 25-dihydroxyvitamin D3
(VD3) (Sigma, Inc.) was prepared as 10 mM solution in 100 % ethanol. Doxorubicin
hydrochloride (Sigma, Inc.) was prepared in water as 100 mM solution and etoposide
(Sigma, Inc.) was prepared as 50 mM solution in dimethyl sulfoxide (DMSO) (Sigma,
Inc.). Expression plasmids encoding TAp63y, TAp63y (R279H) mutant and TAp63a
were constructed in pcDNA3.1A vector as described earlier (Caserta et al., 2006).
Expression plasmids encoding ANp63y and ANp63a were kindly provided by Dr. Frank
McKeon (Harvard Medical School, Boston, MA) and TAp73f, ANp73f3 and TAp73a,

TAp63B and ANp633 were kindly provided by Dr. Xinbin Chen (University of Alabama,
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Birmingham, AL). p53 and p14**" expression plasmids were a generous gift from Dr.
Steven Berberich (Wright State University). VDRE-Luc reporter was a generous gift
from Dr. Alberto Munoz (University of Madrid).

VDR-Luc reporter construct was constructed by amplifying the -1500 to -1 region
(Accession no # AB002168) upstream of the VDR open reading frame using BAC clone
RP11-254E3 (BACPAC Resources) and subsequently the -1500 to -1 region was cloned
into promoter-less pGL3 Basic vector (Promega, Inc.) into the Kpn I and Hind III sites.
The primers used for amplifying -1500 to -1 region, are as follows, sense 5’- CGG GGT
ACC CGA TGC TTT GGG CAA GG —3 and anti sense 5’- CCC AAG CTT AGA CAG
CCC AGC ACC TGG CC —‘3. The three different VDR promoter deletion constructs
were generated by amplifying the desired region within VDR promoter region from
VDR-Luc construct and subsequently cloned the region into promoter-less pGL3 Basic
vector (Promega, Inc.) at Kpn I and Hind III sites. The primers used for amplifying -1267
to -1 region of VDR promoter were as follows, sense 5’- CGG GGT ACC TGT TGG
AAG GTT CTT CCT TC —3 and anti sense 5°’- CCC AAG CTT AGA CAG CCC AGC
ACC TGG CC —‘3. The primers used for amplifying -1060 to -1 region of VDR promoter
were as follows, sense 5°’- CGG GGT ACC TGT TGG AAG GTT CTT CCT TC —*3 and
anti sense 5’- CCC AAG CTT AGA CAG CCC AGC ACC TGG CC —*3. The primers
used for amplifying -765 to -1 region of VDR promoter were as follows, sense 5’- CGG
GGT ACC TGT TGG AAG GTT CTT CCT TC -3 and anti sense 5’- CCC AAG CTT
AGA CAG CCC AGC ACC TGG CC —3. The -631/-585 region of VDR promoter

containing luciferase construct, VDR shRNA and NSC (non silencing control) shRNA
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constructs were generated by Dr. Madhavi Kadakia (Kommagani et al., 2006;
Kommagani et al., 2007).
B. Transient transfections

Cells were seeded onto 6-well plates prior to day of transfections unless otherwise
indicated. At around 80% confluency, transient transfections were performed using
Lipofectamine 2000 reagent (Invitrogen, Inc.) with desired plasmids in serum free
DMEM. After 5 hr incubation the medium was replaced with DMEM supplemented with
FBS and PS. For all the studies a total of 3 pg of desired expression plasmids were used
and in a given experiment total amount of plasmids was adjusted to 3 pg using empty
vector.
C. Real time quantitative PCR

Total RNA from cells was extracted by using either RNAeasy kit (Qiagen, Inc.)
or eZNA RNA isolation kit (Omega Bio-tek, Inc.) as per manufacture’s protocol. To
determine the concentration of RNA, the RNA was diluted in TE buffer (10 mM Tris-Cl,
1 mM EDTA, pH 8.0) and quantified on a spectrophotometer by measuring the
absorbance at 260 nm. A total 1pug of RNA was used to synthesize cDNA by using
TaqMan reverse transcription kit (Applied Biosystems, Inc.). The conditions used for
cDNA synthesis are as follows; 10 minute at 25°C, 30 minute at 48°C and 5 minute at
95°C. Quantitative Real-Time PCR analysis was performed in a 96 well micro titer plate
format on a ABI Prism7900HT sequence detection system using TagMan Universal
master mix or TagMan 2X master mix and gene specific Assays on Demand. Assays on
Demand (AOD) used are VDR (Hs_0017213 ml), p21 (Hs_ 00355782 ml), p63

(Hs_00978340_m1), IGFBP-3 (Hs_00426287 ml1), CYP27B1 (Hs_ 00168017 ml), p73
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(Hs_ 00232088 ml), Osteopontin (OPN) (Hs_ 00167093 ml), Osteocalcin (OCN)
(Hs 01587813 ml), Runx2 (Hs 00231692), murine p63 (mm_00495788 ml), murine
vdr (mm_00437297 ml) and murine id2 (mm_00711781 ml) (PE Applied Biosystems,
Inc.). A total 40 ng of cDNA was used for a single PCR reaction and each cDNA sample
was run in triplicates and GAPDH was used as endogenous control for normalizing the Ct
values. Relative mRNA quantitation was performed by using the comparative AACt
method on SDS 2.0 software (Pfaffl, 2001) and error bars represent the standard
deviation of RQ (relative quantification) values from triplicates.
D. Western blot analysis

At appropriate times, cells were first washed in PBS and whole cell extracts were
made using RIPA buffer (0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, phosphate
buffered saline, pH 7.4). Total protein concentrations were measured by using BCA
protein detection method and bovine serum albumin (BSA) was used as a standard. Equal
amounts of protein were mixed with appropriate amount of 5X SDS loading dye (0.5 M
DTT, 0.3 M Tris (pH 6.8), 10% SDS, 50% glycerol and 0.05% bromophenol blue) to
obtain 1X SDS loading dye containing protein samples. Subsequently, protein were run
on a 10% SDS-PAGE gel and transferred onto PVDF membrane and blocked with
blocking solution (5% non dry fat milk powder in TTBS (1X TBS, 0.1% Tween-20)).
Membranes were subsequently probed with antibodies to detect specific proteins.
Monoclonal anti-VDR, rabbit polyclonal anti-p21, monoclonal anti-p63 4A4 (Santa Cruz
Biotechnology, Inc.) and monoclonal anti-f-actin (Sigma) antibodies were used to detect
VDR, p21, p63 and B-actin expression respectively. Rabbit polyclonal anti-p73 antibody

(Bethyl laboratories Inc., Montgomery, TX) was used to detect p73 expression. Mouse
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monoclonal anti-p63 C-12 antibody was used for detecting exogenous ANp63a. protien.
Monoclonal anti-p53 Ab-6 (Calbiochem, San Diego, CA) was used to detect p53.
Appropriate horseradish peroxidase-conjugated antibodies (Promega, Madison, WI) were
used as secondary antibodies and Supersignal Westpico Chemiluminescent Substrate kit
(Pierce, Inc.) was used to detect chemiluminescence signal on a FUJI FILM LAS3000
image reader.
E. Immunoprecipitation for endogenous p73

Cells were harvested for total protein using RIPA buffer and 1 mg of total protein
was used for immunoprecipitation. Total protein was pre cleared with 20 ul of
recombinant-protein G-Sepharose beads (Invitrogen, Inc.) for 1 hr at 4°C. After pre
clearing beads were removed and the protein was incubated with rotation for O/N at 4°C
with 1 pg of monoclonal anti-p73 antibody (Ab-4 Lab Vision Corporation). The next day
pre-cleared protein samples were incubated with 25 pl of rec-protein G-Sepharose beads
for an hour followed by 4X washes with RIPA buffer to remove the unbound proteins.
Immunoprecipitated samples with beads were resuspended in appropriate 5X SDS
loading dye (0.5 M DTT, 0.3 M Tris (pH 6.8), 10% SDS, 50% glycerol and 0.05%
bromophenol blue) to obtain 1X SDS loading dye containing protein samples and were
run on a 10% SDS PAGE gel. Subsequently, immunoblot analysis was performed with
rabbit polyclonal anti-p73 antibody (Bethyl laboratories Inc.) and images were developed
as explained above.
F. Transactivation assays

Transactivation assays were performed by two different methods, single luciferase

reporter assay method and dual luciferase assay method. For single luciferase reporter
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based transactivation assay, cells were washed once with PBS and harvested in Single
Lysis buffer (1XPBS, 0.15mM EDTA and 0.1% Triton-X 100). Luciferase reporter
activity was measured by using Luciferase activity assay (Promega, Inc.) and Bradford
assay (Bio Rad, Inc.) was performed to detect total protein concentration. Relative
luciferase units were calculated by normalizing luciferase activity to total protein
concentrations. For Dual luciferase assays, cells were transfected with desired firefly
reporter construct and 5 ng of Renilla luciferase reporter construct (Promega, Inc.) along
with desired plasmids. At 24 hr post transfection cells were washed once with PBS and
harvested in passive lysis buffer (Promega, Inc.). Dual luciferase assay were performed to
detect both firefly and Renilla luciferase activity using Dual-Luciferase Reporter 1000
Assay System as per manufacturer’s protocol (Promega, Inc.). The relative luciferase
activity (RLU) was measured by calculating ratio of Renilla luciferase activity to Firefly
luciferase activity. The relative fold change in RLU activity was calculated by comparing
to control vector transfected cells. The error bars represent the standard deviation from
duplicate samples from same experiment.
G. Chromatin Immunoprecipitation assays

Chromatin Immunoprecipitation assays (ChIP) were carried out using a ChIP kit
(Active motif, Upstate Cell Signaling Solutions, Inc.). ChIP assay was performed either
on H1299 cells transiently transfected with p63 or p53 and on normal H1299 or A431
cells as required. For all purposes, three 15 cm dishes with cells at around 70-80%
confluency were processed for ChIP assay. First cells were fixed on plate by using 10 %
formaldehyde for 10 min. After fixation cells were scraped and cell pellet were

resuspended in 1X lysis buffer. Subsequently cells were homogenized for 10 strokes
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using a homogenizer and tight pestle. The homogenized cells were centrifuged to obtain
nuclei and nuclei were resuspended in chromatin shearing buffer and subjected to
sonication to shear the DNA. For the chromatin from H1299 cells overexpressed with
p63 or p53, sonication was performed on Fisher scientific model 550 sonic dismembrator
for total 8 cycles with 20-25 sec pulses for each cycle with 3 min resting time. For the
chromatin from normal H1299 and normal A431 cells, sonication was performed on
Fisher scientific model 500 sonic dismembrator for total 4 cycles each with 15 times of 5
sec pulses with 15 sec off resting between each pulse. Sonicated chromatin was
centrifuged at 14000 RPM for 12 min at 4 °C to obtain the fragmented chromatin. The
fragmented chromatin in all the ChIP assays was in the size range of 400 bp to 600 bp.
The fragmented chromatin was pre-cleared using protein G beads for 1.5 hrs and the pre-
cleared chromatin was subjected to overnight immunoprecipitation with appropriate
primary antibodies. Part of pre-cleared chromatin (10%) which was not subjected to
immunoprecipitation was used as input DNA. After immunoprecipitation both input
DNA and immunoprecipitated chromatin were reverse cross linked at 65 °C for 16 hrs
using SM NaCl and DNA was eluted. The fragmented chromatin from H1299 cells
overexpressed with p53 or p63 was immunoprecipitated with anti-p63 rabbit polyclonal
(H-137), ant-p53 rabbit polyclonal (FL393) antibody and normal rabbit IgG antibodies
(Santa Cruz Biotechnology Inc.). PCR amplification was performed by using Pfx
polymerase (Invitrogen Inc.) with the following PCR conditions. For VDR, 38 cycles
were performed each consisting of 30 sec at 94°, 30 sec at 58° and 45 sec at 68 ; for 14-
3-3, 38 cycles were performed each consisting 30 sec at 94°, 30 sec at 58° and 45 sec at

68°. Primers used for amplification are as follows: VDR, forward 5'-CGGGGTACCCAG
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TAACAGGTTGCGACGGAG-3' and reverse 5'-
CCCAAGCTTGATGATTATAGGTGCG GATACCCG-3" For 14-3-3c, forward 5'-
CTCACTACCTCAAGATACCC-3'and reverse 5'-CACAGGCCTGTGTCTCCC-3". To
determine the occupancy of endogenous p73 protein on target genes fragmented
chromatin from intact H1299 cells was immunoprecipitated with mouse mono clonal
anti-p73 Ab-4 (Lab Vision Corporation) or normal rabbit IgG antibodies (Santa Cruz
Biotechnology Inc. The eluted DNA was subjected to PCR amplification using GoTaq
Green PCR master mix as per manufacture’s protocol (Promega, Madison, WI) using
primers specific for VDR (forward 5'- CGGGGTACCCAG
TAACAGGTTGCGACGGAG -3' and reverse 5'-
CCCAAGCTTGATGATTATAGGTGCGGATACCCG -3') and p21 (forward 5'-
GGTACCGGCACTCTTGTTCCC CC AGGC TG-3'and reverse 5-CTCGAGACCATC
CCCTTCCTCACCTGAAAA-3"). PCR conditions used for both VDR and p21 are as
follows, a total of 40 cycles were performed each consisting 30 sec at 94° C, 30 sec at
60°C and 45 sec at 68° C. To determine the binding of endogenous p63 protein on target
genes, fragmented chromatin from intact A431 cells was immunoprecipitated with
monoclonal anti-p63 4A4, rabbit polyclonal H-129 and normal mouse monoclonal IgG
antibodies (Santa Cruz Biotechnology Inc.). Eluted DNA was subjected to PCR
amplification for two regions (RE1 and RE2) within VDR promoter, p21 promoter and p-
actin gene using GoTaq Green PCR master mix (Promega, Madison, WI). Primers used
for PCR amplification as follows VDR RE1 (forward 5'-
CGGGGTACCTTTTCCGCAGCCATCCACA -3' and reverse 5'-

CCCAAGCTTCTGCAGAACGCCAGGAAGCTC-3"), VDR RE2 (forward 5'-
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CGGGGTACCCAG TAACAGGTTGCGACGGAG -3' and reverse 5'-
CCCAAGCTTGATGATTATAGGTGCGGATACCCG -3"), and p21 (forward 5'-
GGTACCGGCACTCTTGTTCCC CC AGGC TG-3'and reverse 5-CTCGAGACCATC
CCCTTCCTCACCTGAAAA-3"). The conditions used are as follows, a total of 38 cycles
were performed each consisting 30 sec at 94° C, 30 sec at 60°C and 45 sec at 68° C.
H. siRNA transfections

Calcium phosphate based transfections were performed for transfecting siRNA
oligo into A431, H1299 and SaOS2 cells. Cells were plated in 6 well plates prior to day
of transfections and at around 30- 40 % confluency, cells were transfected with total 110
pico moles of siRNA oligo. Total two rounds of siRNA transfections were carried out at
24 and 48 hr post seeding. One hour before onset of siRNA transfections the medium on
the cells was replaced with fresh medium and incubated in an incubator with 3% CO..
Following that transfection reaction mix was prepared by mixing siRNA with CaCl,
(125mM final concentration) and 2X BBS (50mM BES (pH 7), 280mM NacCl, 1.5mM
Na,HPOj). The transfection mixture was incubated for 3 minutes at room temperature
and then added onto respective wells. After transfections, cells were kept back in
incubator with 3% CO,. At 6 hr post transfections medium was replaced with fresh
medium and cells were kept back in incubator with 5% CO,. All the siRNA used for
studies were purchased from Qiagen (Qiagen, Valencia, CA) and the target Sequences
used for siRNA are as follows, p63 siRNA 1 (CACCCTTATAGTCTAAGACTA), p63
siRNA 2 (CCAGATGACATCCATCAAGAA), p73 siRNA1

(CCCGGGATGCTCAACAACCAT), p73 siRNA2
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(CTCGGGAGGGACTTCAACGAA) and VDR siRNA
(CCGCGTCAGTGACGTGACCAA).
I. Wound healing assays

For the wound healing assay A431 cells were transfected twice with desired
siRNA as described earlier. At 24 hr post transfection a 200 pl pipette tip was used for
creating an artificial wound or a cleared area on monolayer cells. Scratched cells were
washed with 1X PBS and were re fed with fresh medium and allowed to grow for 24 hr.
Immediately after the scratching (0 hr) and after 24 hrs, cell images were taken to
visualize migrated cells and wound healing.
J. Matrigel based invasion assay

The matrigel membrane based invasion assays were performed using 24 well BD
BioCoat Matrigel Invasion chambers (BD Biosciences). The matrigel invasion chambers
contain 8 micron pore size PET membrane with a layer of basement membrane made of
matrigel. While the basement membrane blocks the migration of non-invading cells
through the PET membrane, the invading cells can invade through the basement
membrane and PET membrane, thus distinguishing the invading cells from non-invading
cells. The control insert chambers lack the basement membrane and are used for ruling
out any inconsistencies in cell seeding into the chambers. First, both invasion chambers
and control inserts were placed in 24 well plates and were re-hydrated by adding 500 pl
of serum free DMEM inside and outside of chambers. After medium was added onto
chambers plates were incubated for 2 hrs at 37 °C in an incubator with 5% CO,. After
chambers were re-hydrated, a total of 1x10° cells from each condition were resuspended

in 500 pl of DMEM medium and seeded onto both invasion chambers and control inserts.
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Fetal bovine serum was used as chemo-attractant and total 750 pl of medium containing
FBS was added onto the lower part of invasion chambers. After cells were seeded onto
chambers, plates were kept in an incubator with 37 °C and 5% CO,. After 24 hrs
chambers were retrieved from the incubator and subjected to the staining process. First,
the cells present inside the invasion chambers were removed using cotton swabs and the
invaded cells present on the bottom of the lower membrane were stained with Diff-Quik
stain kit. The Diff-Quik staining method involves staining the cells with three different
staining solutions, solution I for fixing, solution II for cytoplasmic staining and solution
IIT for nuclear staining. A total 500 pl of each solution was added in 24 well plates and
cells were stained by sequentially incubating the chambers in each staining solution for 2
mins. After cells were stained, chambers were air dried overnight. The next day,
membranes were removed gently from chambers and were mounted on glass slides and
dried for a day. Stained cell images were captured at 20X magnification using phase
contrast microscopy and at least 9 images were captured from multiple fields. The
number of cells from each field was counted to calculate the number of invading cells.
K. Generation of A431 stable cells using lentiviral expression system.

The ANp63a cDNA containing lentiviral expression plasmid was constructed by
amplifying the ANp63a cDNA sequence from ANp63a plasmid and then cloning it into
modified pLentiV6 vector at BamHI and Xhol sites. The primers used for amplifying the
ANp63a cDNA as follows, sense 5’-GGAGGATCCATGTTGTACCTGGAAAACA-3
and anti-sense 5’-AAACTCGAGTCACTCCCCCTCCCTTT-‘3. The modified pLentiV6
vector contains additional restriction sites and was a generous gift from Dr. Thomas

Brown. The pLentiV6-eGFP construct was a generous gift from Dr. Steven Berberich..
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To prepare the lentivirus expressing eGFP or ANp63a, 293FT cells were transfected with
9 ug of lentiviral expression plasmids with 7 pug of lentiviral packaging mix using
Lipofectamine 2000 (Invitrogen, Inc.). At 24 hr post transfections medium was replaced
with fresh medium. After 48 hrs medium was collected and centrifuged to remove debris,
then the lentiviral supernatant was collected and stored at -80 °C as 1 mL stocks. The
A431-eGFP and A431-p63 stable cells were generated by infecting the parental A431
cells with lentivirus expressing eGFP or ANp63a respectively. Briefly, prior to the day of
infections A431 cells were seeded onto 6 well dishes. The next day lentiviral supernatant
(1 mL) was thawed and was diluted in 500 pul medium containing polybrene (1.4 pg/mL).
The medium on wells was removed and 1.5 ml of diluted lentiviral supernatant was
added to appropriate wells. At 24 hr post infections lentivirus containing medium was
replaced with fresh medium. After 24 hrs medium was replaced with fresh medium
containing blasticidin (10 pg/mL) antibiotic to select the transduced cells. After 48 hrs
cells were released from selection and as explained above another round of selections
were carried out to obtain the final stable pool of A431 cells expressing ANp63a. or
eGFP. The stable expression of ANp63a. was confirmed by performing immunoblot

analysis with p63 specific antibody.
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II1. RESULTS
A. TAp63y up-regulates VDR expression in human cancer cell lines.

The role of p63 in epithelial morphogenesis and differentiation is well
documented; however, the underlying p63 downstream signaling pathways that are
responsible for p63 biology are still understudied. In an effort to identify such p63-
specific gene targets, our lab performed a microarray-based gene expression analysis
using H1299 cells transiently transfected with TAp63y. Extensive data mining analysis
showed up-regulation of a significant number of genes by p63 and interestingly the
vitamin D receptor (VDR) gene was observed in the list of genes upregulated by p63
(data not shown). To determine whether VDR is specifically activated by TAp63y, the
gene chip results were validated by performing the transient transfection experiments.
H1299 and HelLa cells were transfected with control vector, TAp63y and p53 expression
plasmids and at 24 hr post transfection cells were harvested for either total RNA or whole
cell extracts. TagMan based real time PCR was performed to detect the transcript levels
of VDR and p21 and western blot analysis was performed to detect the endogenous VDR
and p21 protein expression levels. Both p63 and p53 have been shown to activate p21
expression and the detection of p21 expression was used as a positive control for both

p53 and p63. As expected, exogenous p63 and p53 significantly up-regulated the p21

34



Figure 6: Induction of VDR expression by TAp63y. H1299 and HeLa cells were
transfected with control vector, p63y or p53 as indicated. At 24 hr post transfection, total
RNA (A) or whole cell lysates (B) were extracted. A) TagMan based Reverse
transcriptase PCR was performed to quantitate the transcript levels of Vitamin D receptor
(VDR) (upper panel) and p21 (lower panel) in H1299 (left) and HeLa (right) cell lines as
indicated. Y-axis represents fold change in expression levels in p63y and p53 transfected
cells compared to empty vector transfected cells. B) Immunoblot analysis was performed
to detect the endogenous VDR and p21 protein levels and also over expressed p63 and

p53. Immunoblotting for B-actin was performed to confirm equal protein loading.
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Figure 7: Transactivation of VDR by TAp63y. H1299 (left) HeLa (right) cells were
transfected with 250 ng of VDR-Luc reporter alone or with p63y and p53 expression
plasmids as indicated. At 24 hr post transfection cells were harvested and luciferase
assays were performed on the whole cell extracts. Y axis represents relative luciferase
units normalized to protein concentration. Over expression of p63 and p53 proteins was

confirmed by immunoblotting using anti-p63 and anti-p53 antibodies
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transcript and protein levels in both cell lines (Figure 6). While a significant increase in
VDR transcript and protein levels was observed with exogenous TAp63y, over
expression of p53 did not result in up-regulation of VDR expression at transcript or
protein level (Figure 6). To determine whether TAp63y activates VDR transcriptionally, a
VDR-Luc reporter was constructed by cloning reported 1500 bp VDR promoter region in
pGL3-basic luciferase reporter vector. H1299 cells were transiently transfected with
VDR-Luc reporter alone or with TAp63y or p53 expression plasmids and the extracts
from same samples were run on SDS-PAGE gel to confirm the overexpression of
TAp63y and p53 proteins (Figure 7). As shown in Figure 7, TAp63y transfected cells

. showed a significant increase in VDR-Luc reporter activity when compared to the control
vector transfected cells. Consistent with transcript and protein levels results, p5S3 was
unable to induce VDR-Luc activity, suggesting VDR as a specific target of
TAp63y (Figure 7).

Given p53 was unable to activate VDR expression and that both p63 and p53 bind
to the similar responsive elements, next we determined whether p53 affects the TAp63y
mediated induction of VDR. H1299 and HeLa cells were over expressed with p63 alone,
p53 alone or together and expression of VDR and p21 were determined at the transcript
and protein levels. Although p53 had no effect on the TAp63y mediated activation of
VDR, p53 by itself induced the expression levels of p21 at transcript and protein levels,
suggesting that p53 does not affect VDR expression directly or indirectly (Figure 8). To
further confirm the specificity of TAp63 mediated activation of VDR, studies were
performed by inhibiting the TAp63 using the negative regulators of p63. Since, the p63y

(R279H) point mutant observed in EEC syndrome acts in dominant negative manner
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Figure 8: p53 does not affect p63 mediated induction of VDR. H1299 and HeLa cells
were transfected with empty vector, p63 vy (1.5 pg) or along with p53 (1.5ug) and p53
alone (1.5ug) as indicated. (A) At 24 hr post-transfection, total RNA was harvested and
subjected to TagMan Reverse transcriptase PCR. Y-axis represents fold change in VDR
and p21 transcript levels relative to empty vector transfected cells. (B) Immunoblot
analysis was performed to detect the endogenous VDR and p21 protein levels and also
over expressed p63 and p53 proteins. Immunoblotting for B-actin was performed to

confirm equal protein loading.
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Figure 9: Down regulation of WT p63 mediated induction of VDR by mutant p63.
H1299 and HeLa cells were co-transfected WT p63y (1.5 ug (lane 2)) or along with

p63y (R279H) mutant (1.5ug (lane 3)) and mutant alone (1.5ug (lane 4)) as indicated. (A)
TagMan Reverse transcriptase PCR analysis was performed to detect expression levels of
VDR (upper panel) and p21 (lower panel) as indicated. Y-axis represents fold change in
VDR and p21 transcript levels relative to empty vector transfected cells (lane 1). (B)
Immunoblot analysis performed to detect the endogenous VDR and p21 protein levels

and to confirm the over expression of wild type p63y and mutant p63y (R279H).
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Figure 10: Mutant p63 down regulates WT p63 mediated transactivation of VDR.
H1299 (left) and HeLa (right) cells were transfected with 250 ng of VDR-Luc reporter
alone (lane 1) or co-transfected with expression plasmids encoding WT

p63y (0.5 ng) (lane 2) or along with p63y (R279H) mutant (0.5ug (lane 4) and 1.0 pg
(lane 5) or mutant alone (lane 3) as indicated. Cells were harvested at 24 hr post-
transfection and luciferase assays were performed. Y axis represents relative luciferase
units normalized to protein concentration. Immunoblot analysis was performed to
confirm the over expression of WT p63y and mutant p63y (R279H) proteins using anti-

p63 antibody.
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towards wildtype (Celli et al., 1999; South et al., 2002;), the effect of p63y (R279H)
mutant on wildtype (WT) p63 mediated activation of VDR was studied. Co-transfection
of p63y (R279H) along with WT TAp63y led to a significant reduction in WT TAp63y
mediated induction of VDR and p21 at both transcript and protein levels (Figure 9). Co-
transfection of TAp63y with increasing concentrations of p63y (R279H) mutant resulted
in a dose dependent down regulation of WT TAp63y mediated transactivation of VDR-
Luc reporter activity (Figure 10). However, over expression of p63y (R279H) mutant by
itself had no effect on VDR expression at protein or transcript levels or on VDR-Luc
activity (Figure 9 & 10).

Since the discovery of p63, numerous studies were centered on identifying the
functional similarities and dissimilarities between p53 and p63. Particularly, studies were
carried out to understand the effect of proteins that regulate p53 on p63 function.
Recently, p63 mediated transactivation of its responsive genes was shown to be inhibited
by p14”** (Calabro et al., 2004). Tumor suppressor p14”*F promote G cell cycle arrest

4*RF along with TAp63y in

by activating p53 signaling pathway. Co-transfection of p1l
both H1299 and HeLa cells resulted in significant reduction in p63 mediated induction of
VDR expression at both transcript and protein levels (Figure 11). Additionally, p14***
inhibited TAp63y mediated transactivation of VDR-Luc reporter activity in both H1299
and HeLa cell lines (Figure 12). Co-transfection of p14**" with TAp63y also led to a
significant inhibition in TAp63y mediated activation of p21. As expected, exogenous
p14*%F by itself had no effect on VDR expression at transcript or protein levels (Figure

11). Thus inhibition of p63 mediated induction of VDR by both p14**" and p63y

(R279H) mutant validates VDR as a potential target of p63.
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Figure 11. p14**¥ inhibits TAp63y mediated up-regulation of VDR. H1299 and HeLa
cells were transfected with either empty vector, p63y alone or along with p14**" or

4*RF alone as indicated. (A) At 24 hr post-transfection, total RNA was extracted and

pl
subjected to TagMan Reverse transcriptase PCR to quantitate VDR (upper panel) and
p21(lower panel) transcript levels. Y-axis represents fold change in VDR and p21
transcript levels relative to empty vector transfected cells (lane 1). (B) At 24 hr post-
transfection, total protein was extracted and immunoblot analysis was performed to detect

the endogenous VDR expression and to confirm the over expression of p63 and p14**F.
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Figure 12. p14**" down regulates TAp63y mediated transactivation of VDR. H1299
(left) HeLa (right) cells were transfected with 250 ng of VDR-Luc reporter alone or with
p63y alone or along with p14**" or p14*%* alone as indicated. At 24 hr post-transfection
cells were harvested and luciferase assays were performed. Y axis indicates the VDR
promoter activity and represents relative luciferase units normalized to protein

concentration. Immunoblot analysis was performed to confirm the over-expression of p63
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B. VDR is direct target of p63 and identification of p63 responsive element within
VDR promoter.

Chromatin immunoprecipitation assay (ChIP) was performed to demonstrate that
VDR is a direct target of p63. H1299 cells were transfected with either p53 or TAp63y
plasmids and at 24 hr post transfection cells were subjected to ChIP assay. The sonicated
chromatin was immunoprecipitated with control IgG and p63 or IgG and p53 specific
antibodies for cells over expressed with p63 or p53 respectively (Figure 13). DNA from
the immunoprecipitated chromatin was then PCR amplified with primers specific for
VDR and 14-3-3c promoters. 14-3-3c promoter amplification was used as a positive
control for both p63 and p53 as both p63 and p53 are known to bind the 14-3-3c
promoter (Westfall et al., 2003). A substantial abundance of TAp63y protein on a specific
region within the VDR promoter was observed (Figure 13), but the occupancy of p53
protein on the VDR promoter region was not observed. These results clearly demonstrate
that VDR is direct transcriptional target of TAp63y.

A recent report indicated that TAp63y can induce genes by binding to both p63-
specific and p63/p53-specific consensus binding sites (Osada et al., 2005). Since VDR is
up regulated only by TAp63y but not by p53, studies were conducted to identify the p63
specific responsive element within the VDR promoter. To delineate the p63 responsive
element required for the induction of VDR by p63, a series of promoter deletion reporters
were constructed. VDR promoter regions (-1267 to 1), (-1020 to 1), (-765 to 1) and (-631
to -585) were cloned upstream of the pGL3 basic vector. The -631 to -585 region of the
VDR promoter was specifically cloned as our in-silico based analysis indicated the

possibility of a potential p63 responsive element within that region (Figure 14). H1299
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Figure 13. TAp63y binds to VDR promoter ir vivo. H1299 cells were transfected with
p63y or pS3 expression plasmids and at 24 hr post-transfection cells were subjected to
Chromatin Immunoprecipitation analysis. Formaldehyde cross-linked chromatin was
immunoprecipitated with anti-p63, anti-p53 or normal IgG antibodies as indicated. Eluted

DNA was PCR amplified with primers specific for VDR (RE2) and 14-3-3c promoter.
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Figure 14. Identification of p63 responsive element within the VDR promoter. The
indicated regions within VDR promoter were constructed and transfected into H1299
cells along with control vector or p63. At 24 hr post-transfection cells were harvested to
subject for luciferase assays. Y axis represents relative luciferase units normalized to
protein concentration. Lower Panel represents a schematic representation of the VDR
promoter region containing the putative p63 binding elements. The nucleotide sequences

that match the reported p63 consensus binding sequences are indicated.
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Figure 15. TAp63y promotes the differentiation of SaOS2 osteosarcoma cells. SaOS2
cells were transfected with control vector, p63y, p53 or p63y(R279H) expression
plasmids as indicated. At 48 hr post transfection morphological changes of cells were
analyzed by phase contrast microscopy. For each condition images of cells were taken
from six different fields randomly in unbiased manner. Percentage of differentiated cells
(differentiated cells/total number of counted cells from several fields), as determined by
morphological changes are indicated. The left panel graph represents the percent of

differentiated cells measured from several fields.
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cells were co-transfected with different VDR promoter deletion constructs along with
either control vector or TAp63y expression plasmids. The deletion of first 736
nucleotides (-1500 to -765) from the transcription start site did not abolish the p63
mediated increase in VDR-Luc activity (Figure 14). TAp63y also significantly increased
the VDR (-631 to -585) reporter activity which contains a potential p63 responsive
element. These results suggest that VDR is direct target of p63 and that p63 stimulates
the expression of VDR from a p63 responsive element within the VDR promoter.

C. Exogenous TAp63y promotes differentiation by inducing VDR.

Vitamin D receptor has been shown to play major role in bone formation and
osteoblastic differentiation. Therefore, studies were carried out to determine whether
VDR induction by p63 promotes osteoblastic differentiation and whether p63 potentiates
vitamin D-mediated osteoblastic differentiation. Osteosarcoma cell line SaOS2, a well
studied model system for osteoblastic differentiation was employed for these studies.
Sa0S2 cells were transfected with a control vector, TAp63y, p53 or TAp63y (R279H)
expression plasmids and morphological changes observed upon differentiation were
monitored. The morphological features observed upon SaOS2 cells differentiation
include elongated cytoplasmic processes and flattened fibroblastic appearances. A total of
63% of the cells transfected with TAp63y showed the differentiation morphology,
whereas cells transfected with p53 or TAp63y (R279H) mutant showed only 23% and
12% of differentiation morphology respectively (Figure 15). p63 mediated induction of
osteoblastic differentiation was further validated by monitoring the well studied
differentiation markers osteopontin (OPN), RUNX2 and osteocalcin (OCN). In

correlation with the morphology results, over expression of TAp63y in SaOS2 cells led to
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Figure 16. Induction of VDR and osteoblastic differentiation markers by p63 in
Sa0S82 cells. SaOS2 cells were transfected with control vector or TAp63y or p53 or
p63y (R279H) mutant expression plasmids as indicated. After 48 hrs, transcript levels of
VDR, OPN, OCN, RUNX2 and p21 were detected by performing TagMan Reverse
transcriptase PCR. Y-axis represents the relative fold change in expression levels in p63y,
p53 and p63y (R279H) mutant transfected cells compared with cells transfected with

control vector.
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Figure 17. TAp63y enhances the vitamin D mediated differentiation of SaOS2 cells.
SaOS2 cells were transfected with p63y or vector as indicated and at 24 hr post-
transfection, cells were either treated with control vehicle or with VD (100 nM). After 48
hrs, TagMan Reverse transcriptase PCR was performed to detect the transcript levels of
OPN. Y-axis represents the relative fold change in OPN expression levels relative to

vector transfected cells with no VD treatment.
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a significant induction in OPN, OCN, RUNX2 and VDR transcript levels (Figure 16).
Both p53 and p63y (R279H) mutant were unable to induce the expression of OPN, OCN,
RUNX2 and VDR (Figure 16). These results suggest that activation of VDR by p63 is
involved in differentiation of SaOS2 osteosarcoma cells. To test whether exogenous p63
potentiates vitamin D mediated differentiation, SaOS2 cells were transfected with either
control vector or TAp63y and transcript levels osteopontin were monitored in presence of
vitamin D. Compared to vector transfected cells, cells transfected with TAp63y showed
an increase in vitamin D mediated increase in OPN transcript levels. These results
suggest that p63 enhances the vitamin D mediated function by inducing the VDR
expression levels (Figure 17).
D. Transcriptional activation of VDR by all the isoforms of p63.

Having shown the transcriptional activation of VDR by TAp63y, the regulation of
VDR by all the isoforms of p63 was studied. This is important since the most abundant
isoform of p63 expressed in basal epithelial cells of the skin is ANp63o. and VDR is also
shown to be expressed in basal and upper layers of differentiating skin (Cianferotti et al.,
2007). To determine the effect of different p63 isoforms on endogenous VDR expression,
six different isoforms of p63 (TAp63y, TAp63p, TAp63a, ANp63y, ANp63f3 and
ANp63a.,) were overexpressed in H1299 and HeLa cell lines and the expression of VDR
at transcript and protein levels was monitored. As a positive control the transcript and
protein levels of p21 were monitored as p21 was shown to be positively regulated by all
the isoforms of p63 except ANp63a (Barbieri et al., 2005; Petitjean et al., 2008). A
significant increase in VDR transcript levels were observed in cells transfected with all

the isoforms of p63 when compared to control vector transfected cells (Figure 18). As
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Figure 18. Up-regulation of VDR transcript levels by p63 isoforms. H1299 (A) and
HeLa (B) cells were transfected with either empty vector, or expression plasmids
encoding all the isoforms of p63 as indicated. TagMan based Reverse transcriptase PCR
was performed to detect the transcript levels of VDR and p21. Y-axis represents the

relative fold change in VDR and p21 transcript levels relative to vector transfected cells.
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Figure 19. Induction of VDR protein levels by p63 isoforms. H1299 (A) and HeLa (B)
cells were transfected with either empty vector, or expression plasmids encoding all the
isoforms of p63 as indicated. Western blot analysis was performed to determine the

protein levels of VDR and p21.
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expected a significant increase in p21 transcript levels by TAp63y, TAp63f and TAp63a.,
and ANp63[3 isoforms but not ANp63y and ANp63a was observed. Consistent with
transcript levels results, all the isoforms of p63 elevated the VDR protein levels.
However, TAp63y, TAp63p, TAp63a and ANp63f isoforms induced the VDR protein
levels much higher than that of ANp63y and ANp63a isoforms (Figure 19). Except the
ANp63a isoform, all the isoforms of p63 induced the p21 protein levels, albeit a modest
increase by ANp63y (Figure 19). These results clearly show that, all p63 isoforms
including ANp63a can transcriptionally activate VDR.

A report indicated that ANp63a isoform exerts a dominant negative effect
towards p53 and TAp63 isoforms (Senoo et al., 2001). Since the induction of VDR by
both ANp63a and TAp63 isoforms was observed, the effect of ANp63a isoform on
TAp63 mediated activation of VDR was examined. H1229 cells were transfected with
TAp63y alone or along with increasing concentrations of ANp63a and transcript levels of
VDR, p21 and IGFBP-3 (Insulin growth factor binding protein-3) were monitored.
Earlier reports have shown that, ANp63a. represses the expression of both p21 and
IGFBP-3 (Barbieri et al., 2005; Westfall et al., 2003), therefore the expression of p21 and
IGFBP-3 were used as controls for ANp63a mediated dominant negative effect on
TAp63. As expected TAp63y but not ANp63a upregulated the transcript levels of both
p21 and IGFBP-3. While ANp63a. clearly downregulated TAp63 mediated induction of
p21 and IGFBP-3, it had no affect TAp63y mediated induction of VDR (Figure 20).
Consistent with the transcript levels results, co-transfection of ANp63a did not lead to a

significant down regulation of TAp63y mediated induction of VDR protein levels (Figure
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Figure 20. ANp63a. does not inhibit TAp63 mediated induction of VDR. A) H1299
cells were transfected with either empty vector or TAp63y alone or along with increasing
concentrations of ANp63a as indicated. After 24 hrs TagMan based real time PCR was

performed to detect the transcript levels of VDR, p21 and IGFBP-3. Y-axis represents

fold change in VDR, IGFBP-3 and p21 transcript levels relative to empty vector
transfected cells. B) H1299 cells were transfected with either empty vector or TAp63y
alone or along with ANp63a or ANp63a alone as indicated. Immunoblot analysis was

performed using VDR and p63 isoform specific antibodies.
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20). These results clearly demonstrate that ANp63a does not act in dominant negative
manner towards TAp63 mediated induction of VDR in H1299 cells.
E. VDR is a direct target of ANp63a.

Since VDR expression was induced by ANp63a, next we determined whether
VDR is a direct target of ANp63a. First, the ability of ANp63a to transactivate full length
VDR promoter was studied. Co-transfection of full length VDR promoter construct
(VDR-Luc) along with increasing concentrations of ANp63a. led to a dose dependant
increase in VDR-Luc activity (Figure 21A). To unequivocally confirm that VDR is a
direct target of ANp63a, ChIP assay was performed on intact A431 cells. Human
epidermoid cancer cell line A431 was employed for ChIP assay, as detectable
endogenous expression levels of both ANp63a and VDR are observed in these cells.
ChIP assay was performed using two different antibodies against p63 (4A4 and H-127) to
determine the occupancy of endogenous ANp63a. protein on the VDR promoter. Since
ANp63a isoform is the only isoform observed in A431 cells, anti-p63 monoclonal 4A4
antibody which detects all the isoforms of p63 and anti-p63 polyclonal H-129 antibody
which detects only alpha isoforms of p63 were used. As shown in figure 21B,
endogenous ANp63a protein bound to two different regions (RE1 and RE2) within VDR
promoter region. Since the size of fragmented chromatin was around 500 bp and the 250
bp RE1 and RE2 regions are right next each other, it is possible that ANp63a binds to the
VDR promoter on a single region. ANp63a is known to transrepress p21 (Westfall et al.,
2003) and as expected the binding of ANp63a on the p21 promoter was observed.

Given, the occupancy of endogenous ANp63a on the VDR promoter, we

determined whether endogenous VDR expression levels are under control of ANp63a..
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Figure 21. ANp63a. transactivates VDR and binds to VDR prometer in vivo. A)
H1299 cells were co-transfected with full length VDR promoter construct along with
either control vector or increasing concentrations of ANp63a as indicated. At 24 hr post
transfection, cells were subjected to dual luciferase assay. Y-axis represents the fold
change in relative luciferase units compared to empty vector transfected cells. B) A431
cells were subjected to chromatin immunoprecipitation assay and crosslinked chromatin
was immunoprecipitated using two different antibodies for p63 and control IgG as
indicated. Eluted DNA was used for PCR amplification of two different regions within
VDR promoter (RE1 and RE2) and amplification of p21 promoter was used as positive

control for p63.
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Figure 22. Silencing ANp63a results in reduced expression of endogenous VDR in
A431 cell. A) A431 cells were transfected with either control siRNA (siCon) or two
different siRNA against p63 as indicated. At 48 hr post transfection, TagMan based
Reverse transcriptase PCR was performed to detect the transcript levels of VDR and p63.
Y -axis represents the fold change in VDR and p63 transcript levels relative to control
siRNA transfected cells. B) A431 cells were transfected with either control siRNA or two
different siRNA against p63 or p73 siRNA as indicated. At 48 hr post transfections,
whole cell lysates were made and were subjected to immunoblot analysis. The
endogenous protein expression levels of VDR, p63 and p73 were detected using anti-

VDR, anti-p63 and anti-p73 antibodies respectively.
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A431 cells were transfected with two different siRNA’s against p63 to silence the
endogenous expression of ANp63a. Compared to control siRNA transfected cells, cells
transfected with p63 siRNA 1 or p63 siRNA 2 showed a complete reduction in p63
transcript and protein levels (Figure 22). Silencing endogenous ANp63a led to a
complete abolishment in endogenous VDR expression at transcript and protein levels,
indicating the requirement of endogenous ANp63a. for the basal expression of VDR
(Figure 22). Eventhough VDR can be activated by multiple isoforms of p73 (Kommagani
et al., 2007), down regulation of endogenous ANp73a in A431 cells did not result in
reduction in endogenous VDR expression. These results indicate that VDR is a direct
target of ANp63a and that ANp63a is essential for basal VDR expression.

F. The role of VDR regulation by ANp63a in cell migration and invasiveness.

A recent report demonstrated that loss of p63 expression lead to an increase in
invasiveness of squamous cell carcinoma cells including A431 cells (Higashikawa et al.,
2007). Since silencing p63 led to a down regulation in VDR expression and vitamin D is
shown to regulate genes involved in metastasis (Tokar and Webber, 2005), the role of
ANp63a mediated regulation of VDR in inhibition of invasiveness was determined. A431
cells were silenced for either p63 or VDR and cell migration and cell invasion were
assessed by wound healing and matrigel based assays, respectively. As shown in Figure
23A & B, silencing either p63 or VDR in A431 cells led to an increase in wound closure,
compared to control siRNA transfected cells, indicating enhanced cell migration. The
matrigel membrane based invasion assays accurately measures the invasiveness and
migration of cancer cell lines. Interestingly, knockdown of either p63 or VDR resulted in

significant increase in number of invading cells (Figure 23C).
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Figure 23. Down regulation of p63 or VDR results in increased cell migration and
cell invasion in A431 cells. A431 cells were transfected with either control siRNA or
p63 siRNA or VDR siRNA as indicated. A) After 24 hrs cells were initiated for wound
healing assay and microscopic pictures were taken at O hr and 24 hr post initiation of
wound healing assay. B) The extent of wound closure after 24 hr was measured and
normalized to 100% at O hr. Y-axis represents the percent in wound closure compared to
0 hr and error bars represents the standard deviation from two independent experiments.
C) Cells were subjected to matrigel based invasion assay as explained in methods section.
After 24 hrs micrographic pictures of cells migrated through transwell membranes were
taken and total number cells migrated through membranes were counted. Y-axis
represents the number of cells invaded through membrane in p63 or VDR siRNA
transfected cells compared to control siRNA transfected cells and error bars represent the
standard deviation from two independent experiments. D) Immunoblot analysis was

performed to confirm the effective silencing of p63 and VDR.
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Since the loss of either VDR or p63 results in enhanced invasiveness, we next tested
whether induction of VDR by ectopic p63 results in diminished invasiveness. A431 cells
stably expressing p63 or control eGFP were established and as expected, compared to
A431 eGFP stable pool cells, a significant increase in both p63 and VDR expression
levels were observed in A431-p63 stable pool cells (Figure 24A). Compared to A431-
eGFP stable pool cells, a significant reduction in number of invading cells was observed
in A431-p63 stable pool cells, indicating that overexpression of p63 and VDR abrogates
the normal invasion of A431 cells (Figure 24A). Additionally, to demonstrate that p63
mediated inhibition of cell invasiveness occurs via VDR, the control A431-eGFP and
A431-p63 stable pool cells were transfected with control siRNA or p63 siRNA and
matrigel based invasion assays were performed. Since the p63 siRNA used for these
studies targets the 3’UTR of p63 mRNA, the A431-p63 stable cells expressing only the
coding region of p63 will not be silenced, therefore detectable expression of VDR can be
observed even in absence of p63 (Figure 24B, right panel compare lane 2 and 4).
Compared to control siRNA transfected cells, silencing p63 led to an increase in number
of invading cells only in A431-eGFP cells but not in A431-p63 stable cells (Figure 24B).
These results provide evidence that p63 mediated regulation of VDR play a role in
inhibiting the migration and invasiveness of A431 cells.
G. Significance of VDR regulation by p63 during embryonic development.

The functional roles of p63 and VDR in epidermal development are well
established, VDR has been shown to induce terminal epidermal differentiation markers
and VDR null mice had severe alopecia conditions (Xie et al., 2002). To determine the

role of p63 in regulating VDR expression during embryonic development, transcript
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Figure 24. Re-expression of p63 and VDR results in reduced cell migration and cell
invasion of A431 cells. A) A431-eGFP and A431-ANp63a stable pool cells were
subjected to matrigel based invasion assay (right panel). Y-axis represent the fold change
in number of A431-ANp63a stable pool cells invaded, compared to A431-eGFP stable
pool cells. Immunoblot analysis was performed to detect the expression of ANp63a and
VDR in both A431-eGFP and A431-ANp63a stable pool cells (left panel). B & C) A431-
eGFP and A431-ANp63a stable pool cells were transfected with either control siRNA or
p63 siRNA as indicated. 24 hr post siRNA transfections cells were subjected to Matrigel
based invasion assay (right panel). After 24 hrs cell images were taken from multiple
fields and the invading cells were counted. B) Y-axis represent the fold change in
number of cells invaded compared to control siRNA transfected A431-eGFP cells and
error bars represent the standard deviation from two independent experiments.
Immunoblot analysis was performed to detect the expression of ANp63a and VDR in
both A431-eGFP and A431-ANp63a stable pool cells transfected with control siRNA or
p63 siRNA as indicated (left panel). C) Representative cell images from A431-eGFP and
A431-ANp63a stable pool cells that were transfected with either control siRNA or p63

siRNA as indicated.
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Figure 25- p63 is essential for VDR expression during embryonic development.
Total RNA from 18.5 embryonic day wild type MEFs and p63-/- MEFs were extracted
and transcript levels of p63, VDR and 1d2 were determined by using TagMan based real
time PCR analysis. Y-axis represents fold change in VDR, 1d2 and p63 transcript levels
relative to wild type MEFs. Detection of 1d2 expression was used as negative control for

p63.
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levels of both p63 and VDR were assessed in mouse embryonic fibroblast (MEF) from
both wildtype and p63 null mice. Compared with wildtype MEF’s a significant reduction
in VDR transcript levels were observed in p63 null MEF’s (Figure 25). Histochemical
analysis of new born (NB), postnatal day 4 (P4) and day 16 (P16) wildtype mice skin
showed the similar VDR and p63 expression pattern and the single layered skin of p63
null mice showed a complete lack in VDR expression (data not shown (obtained by Dr.
Satrajit Sinha)). Since the p63 mutations are observed in developmental diseases, the
effect of several naturally occurring p63 mutants on VDR expression was determined. As
shown in figure 26, a differential effect of p63 mutants on VDR expression was
observed; while TAp63y (R227C) and TAp63y (R298Q) mutants were able to induce the
VDR expression, all other tested mutants showed no effect on VDR expression.

H. DNA damage induced expression of VDR is independent of pS3 and correlates
with p73 expression.

The results from our earlier studies clearly demonstrated that p63, but not p53,
induces VDR expression (Kommagani et al., 2006). Recently, Maruyama et. al. (2006)
demonstrated that p53 induces VDR expression and that VDR expression was induced
upon DNA damage in p53 positive cell lines (Maruyama et al., 2006). One possible
explanation for this discrepancy could be the differences in the amount of p53 employed
for the over expression studies. Towards understanding the possible dose dependent
effect of p53 on VDR expression, studies were carried out to test the effect of increasing
concentrations of p53 on endogenous VDR expression. H1299 and HeLa cells were over
expressed with increasing concentrations of p53 alone or p63 alone and transcript and

protein levels of VDR and p21 were monitored. Regulation of p21 was used as a
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Figure 26. Differential effect of naturally occurring p63 mutants on VDR. H1299
cells were transfected with either empty vector or expression plasmids encoding WT p63
or indicated p63 mutants alone. At 24 hr post-transfection, total RNA was extracted and
subjected to TagMan Reverse transcriptase to detect the VDR transcript levels. Y-axis

represents fold change in VDR transcript levels relative to empty vector transfected cells.
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Figure 27. p53 does not induce VDR expression. H1299 and HeLa cells were
transfected with either empty vector, increasing doses of expression plasmids encoding
p53 (1 pg, 2 pg and 3 pg) and p63 alone (3 pg) as indicated. A) At 24 hr post-
transfection, total RNA was harvested and subjected to TagMan reverse transcriptase
PCR. Y-axis represents fold change in VDR and p21 mRNA levels relative to empty
vector transfected cells. B) Whole cell lysates were subjected to immunoblot analysis to

determine the protein expression levels of VDR, p21, p53, B-actin and p63.
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positive control for the transactivation of both p53 and p63. As seen earlier, exogenous
p63 up-regulated the expression of both VDR and p21 at transcript and protein levels
(Figure 27). In contrast, over expression of p53 at any tested dose did not result in
induction of VDR at transcript or protein levels in both the cell lines (Figure 27). As
expected, p21 was significantly induced by p53 at all the tested doses, thus confirming
the transactivation potential of p53. Further, similar studies were performed to test the
ability of p53 to transactivate VDR promoter using VDR-Luc reporter. Consistent with
protein and transcript results, ectopic p53 had no effect on VDR-Luc reporter activity
(data not shown).

Since ectopic p53 was unable to induce VDR expression in p53-/- cell lines
(H1299 and HeLa), studies were carried out to determine whether DNA damage induced
expression of VDR is dependent or independent of p53. H1299 and SaOS2 cells were
examined for the effects of two DNA damaging agents, doxorubicin and etoposide, on
VDR expression. An in depth multiple dose analysis was conducted prior to choosing
appropriate doses for doxorubicin (0.2 uM and 0.4 M) and etoposide (6 M, 8 uM for
H1299 and 2 uM, 4 uM for Sa0S2). At 24 hr post etoposide and doxorubicin treatments
transcript levels of VDR and CYP27B1 were measured by performing TagMan based
real time PCR. Measuring the transcript levels of CYP27B1, a known down stream target
of VDR, was used as a positive control for VDR mediated induction of its target genes. In
both cell lines, compared with untreated cells, a significant increase in VDR and
CYP27BI transcript levels were observed with etoposide and doxorubicin treatments
(Figure 28), which suggests that transcriptional activation of VDR upon DNA damage

occurs independent of p53.
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Figure 28. DNA damage induced expression of VDR is independent of p53. H1299
and SaOS2 cells were either untreated or treated with Doxorubicin (0.2 uM and 0.4 uM)
or Etoposide (6 uM, 8 uM for H1299 and 2 uM, 4 uM for SaOS2). After 24 hr TagMan
real time PCR was performed to determine the transcript levels of VDR, CYP27B1 and

p73.Y axis indicates change in transcript levels compared with untreated cells.
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Figure 29. Induction of VDR expression upon DNA damage correlates with p73
expression and p73 up-regulation precedes VDR expression upon DNA damage. A)
H1299 cells were either untreated or treated with doxorubicin or etoposide for 24 hr
following which immunoblot analysis was performed to detect the protein levels of VDR
and p73. For the detection of p73 protein levels whole cell lysates were first
immunoprecipitated with monoclonal anti-p73 antibody and immunoblotted with
polyclonal anti-p73 antibody. B) H1299 cells were treated with 8 uM etoposide and total
RNA was extracted at indicated post-treatment time points. TagMan based reverse
transcriptase PCR was performed to detect the transcript levels of p73 and VDR. Y-axis
represents the fold change in VDR and p73 transcript levels relative to untreated cells at

respective time points.
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Previous reports demonstrated that both these cell lines have endogenous p73, and p73 is
induced upon DNA damage in various cancer cell lines (Chen et al., 2001; Urist et al.,
2004), therefore, the correlation between p73 and VDR expression levels upon DNA
damage was studied. A considerable correlation between p73 and VDR transcript levels
were observed with etoposide and doxorubicin treatment in both cell lines (Figure 28).
Consistent with the transcript levels, endogenous protein levels of both VDR and p73
were also significantly up-regulated upon etoposide and doxorubicin treatments in H1299
cells (Figure 29A). Given the correlation between p73 and VDR expression levels upon
DNA damage, we tested whether p73 induction precedes the VDR induction upon DNA
damage. H1299 cells were treated with 8 uM etoposide then at 4, 6 and 16 hr post
treatment transcript levels of VDR and p73 were measured. A significant increase in p73
transcript levels were observed at 4 hr post etoposide treatment and VDR induction was
observed only at 8 hr post etoposide treatment (Figure 29B), suggesting that p73
induction precedes VDR induction upon DNA damage.

I. Direct transcriptional regulation of VDR by p73.

To determine the possible direct transcriptional activation of VDR by p73, studies
were carried out to determine whether p73 activates VDR and whether basal VDR
expression levels are regulated by p73. To address this, the transcriptional activation of
VDR by multiple p73 isoforms was determined. H1299 cells were transfected with
different p73 isoforms or TAp63y alone and the expression of VDR and p21 at transcript
and protein levels were determined. TAp63y was used as a positive control for both VDR
and p21 induction. Over expression of TAp73 and TAp73a in H1299 cells led to a

significant increase in VDR and p21 expression at both transcript and protein levels
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Figure 30. Multiple isoforms of p73 up regulates VDR expression. H1299 cells were
transfected with control vector, TAp63y, TAp733, ANp738, or TAp73a as indicated. A)
At 24 hr post transfection, transcript levels of VDR and p21 were determined by Real
time PCR and Y-axis represents the fold change in transcript levels of VDR and p21
compared to empty vector transfected cells. B) At 24 hr post-transfection, immunoblot
analysis was performed to detect the endogenous VDR and p21 protein levels and to
detect the ectopic expression of p63 and p73 isoforms. C) H1299 cells were co-
transfected with full length VDR promoter reporter along with indicated plasmids. At 24
hr post transfection, cells were subjected to dual luciferase assays. RLU/R-Luc ratios
were calculated to normalize for transfection efficiency. Y-axis represents fold change

relative to empty vector control.
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Figure 31. Endogenous p73 is essential for basal VDR expression and binds to VDR
promoter in vivo. A) H1299 cells were transfected with either control siRNA or p73
siRNA and at 48 hr post transfection, Real time PCR was performed to detect the
transcript levels of p73, VDR and CYP27B1. Y-axis represents fold change in transcript
levels of VDR, CYP27B1 and p73 compared to control siRNA transfected cells. B) ChIP
analysis on H1299 cells. Formaldehyde cross-linked chromatin was immunoprecipitated
with anti-p73 or normal IgG antibodies as indicated. Eluted DNA was PCR amplified

with primers specific for VDR and p21.
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(Figure 30 A & B). In contrast, ANp73f led to a modest increase in both VDR and p21
expression levels when compared to the other TAp73 isoforms (Figure 30A & B). Next
the ability of different p73 isoforms in transactivating full length VDR promoter was
tested. As expected, both TAp733 and TAp73a isoforms significantly increased the
VDR-Luc reporter activity (Figure 30C).

Additionally, we determined whether endogenous p73 binds to the VDR promoter
and controls the basal VDR expression levels. To test this, endogenous p73 was silenced
in H1299 cells and VDR and CYP27BI1 transcript levels were monitored. As shown in
Figure 31A, compared with control siRNA, 80% reduction in p73 transcript levels were
observed with p73 siRNA. Silencing p73 led to a concomitant decrease in the basal
transcript levels of VDR as well as CYP27B1 (Figure 31A). Finally, ChIP analysis on
intact H1299 cells demonstrated that p73 binds onto the VDR promoter in vivo. A
significant abundance of endogenous p73 protein was observed on the VDR and p21
promoters (Figure 31B). These results clearly suggest that VDR is transcriptionally
activated by p73 and that endogenous p73 is essential for basal VDR expression in
H1299 cells.

J. p73 is required for DNA damage induced expression of VDR.

The requirement of p73 for the induction of VDR upon DNA damage was
determined by either inhibiting the transcriptional activity of p73 or by silencing p73 in
presence of DNA damage. To demonstrate that the transcriptional activity of p73 is
required for VDR induction upon DNA damage, a dominant negative p53 (R248W)
mutant shown to inhibit the transcriptional activity of p73 was employed. Since

TAp73a is the predominant p73 isoform observed upon DNA damage, the inhibition of
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Figure 32. Mutant p53 but not WT p53 inhibits p73 mediated induction of VDR
upon DNA damage. A) H1299 cells were transfected with control vector or expression
plasmids encoding TAp73a, WT p53 and p53 (R248W) mutant alone or in combination
as indicated. Immunoblot analysis was performed to detect the endogenous VDR and p21
protein levels and over expressed p73 and p53 proteins. B) H1299 cells were transfected
with empty vector or p53 (R248W) or WT p53 as indicated. Next day cells were either
untreated or treated with 8 uM etoposide as indicated. Immunoblot analysis was
performed to detect the endogenous VDR protein levels and to confirm the over
expression of WT and mutant p53. p73 protein levels were detected by performing
immunoprecipitation with monoclonal anti-p73 antibody and immunoblotted with

polyclonal anti-p73 antibody.
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Figure 33. p73 is required for DNA damage induced expression of VDR. H1299 cells
were transfected with control siRNA, VDR siRNA, or p73 siRNA and after 24 hr post
transfections cells were trypsinised and re-plated onto 6 well plates. After cells adhered
properly in wells, cells were treated with 8 uM etoposide or left untreated for 24 hrs. A)
TagMan real time PCR was performed to detect the mRNA levels of p73 and VDR. Y-
axis represents the fold change in transcript levels of VDR and p73 compared to control
siRNA transfected cells with control vehicle (UT).B) Immunoblot analysis was
performed to detect the endogenous VDR and p73 protein levels. p73 protein levels were
detected by performing immunoprecipitation with monoclonal anti-p73 antibody and

immunoblotted with polyclonal anti-p73 antibody.
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VDR induction by ectopic TAp73a was determined. As shown in Figure 32A, p53
(R248W) mutant modestly down regulated TAp73a mediated induction of VDR.
Consistent with previous observation that wild type p53 cannot inhibit p73 mediated
transcriptional activity (Di Como et al., 1999), wild type p53 by itself did not affect
TAp73a mediated induction of VDR (Figure 32A). Further, blocking the endogenous
TAp73 transcriptional activity by p53 (R248W) mutant but not wild type p53
significantly down regulated the etoposide induced VDR protein expression levels
(Figure 32B). To unequivocally demonstrate that p73 is essential for VDR expression
upon DNA damage, VDR induction upon DNA damage was assessed in presence and
absence of p73. As shown in Figure 33, in control siRNA transfected cells, compared
with untreated cells, etoposide treated cells showed a significant induction in both p73
and VDR transcript and protein levels. However, in presence of p73 siRNA a significant
inhibition of both basal and etoposide induced transcript and protein levels of p73 were
observed. Concomitant decreases in elevated levels of VDR with etoposide were also
observed in the presence of p73 siRNA, suggesting the requirement of p73 for DNA
damage induced VDR expression (Figure 33). Overall, results from these studies
demonstrate a novel p73 dependant induction of VDR in p53 null cell lines.
K. DNA damage induced VDR expression sensitizes the cells to vitamin D treatment
through p73.

Given that vitamin D exerts its transcriptional activity through VDR, endogenous
p73 must be essential for vitamin D-mediated transcriptional activity. In addition, p73
mediated induction of VDR upon DNA damage should further enhance the vitamin D-

mediated transcriptional activity. To address this, studies were conducted to test whether
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Figure 34. Schematic representation of experimental design for Figure 35. Flowchart
representing the experimental design to determine the effect of p73 silencing on vitamin

D mediated transcriptional activity in presence and absence of DNA damage.
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Figure 35. p73 is required for DNA damage mediated enhancement of vitamin D
transcriptional activity. A) H1299 cells were transfected with control vector or p63
alone or along with shVDR or shNSC as indicated. At 24 hr post transfection cells were
harvested for whole cell lysates and subjected to immunoblot analysis to detect VDR, p63
and B-actin using specific antibodies. B) H1299 cells were plated on 12 well plates and
co-transfected with VDRE-Luc reporter along with either saNSC or shVDR as indicated.
Next day cells were either treated with 8 uM etoposide or left untreated as indicated.
After 12 hr of post treatment cells were treated with 100 nM VD as indicated. At 24 hr
post VD treatment cells were subjected to dual luciferase assay. Y-axis represents the
ratio of firefly luciferase units to renilla luciferase units. C) H1299 cells were transfected
with control siRNA or p73 siRNA and after two rounds of transfections with siRNA cells
were re-plated onto 24 well plates and reverse transfections were performed with VDRE-
Luc reporter. Next day cells were either treated with 8 uM etoposide or left untreated as
indicated. Subsequently cells were treated with 100 nM VD as indicated. At 24 hr post
VD treatment cells were subjected to dual luciferase assay as mentioned earlier. Y-axis

represents fold change relative to control siRNA transfected cells with control vehicle

(UT).
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elevated levels of VDR observed upon DNA damage enhances the vitamin D-mediated
transcriptional activity using short hairpin VDR construct (shVDR). A vitamin D
responsive reporter, VDRE-Luc which bears two VDR responsive elements upstream of
luciferase gene was used to monitor the vitamin D-mediated transcriptional activity.
Silencing of VDR was achieved by using a short hairpin RNA (shRNA) specific to VDR
(shVDR) and non-silencing control shRNA (shNSC) was used as a negative control. To
confirm the effective silencing of VDR by shVDR, H1299 cells were transfected with
expression plasmid encoding TAp63y along with shVDR or non-silencing control. The
increase in VDR levels induced by TAp63y were abolished by shVDR but not by shNSC,
confirming the specificity of the shVDR (Figure 35A). H1299 cells were co-transfected
with VDRE-Luc reporter along with either siINSC or shVDR and subsequently cells were
treated with etoposide, followed by 24 hr incubation in vitamin D. After 24 hrs, cells
were harvested and VDRE-Luc activity was measured. Compared with control vehicle
(UT), a significant increase in VDRE-Luc activity was observed with vitamin D
treatment (Figure 35B). As expected, etoposide enhanced the increase in vitamin D-
mediated VDRE-Luc activity (Figure 35B). The increase in VDRE-Luc activity observed
with vitamin D in presence and absence of etoposide was completely abolished in the
absence of VDR, indicating that elevated VDR levels upon DNA damage enhance
vitamin D mediated transcriptional activity (Figure 35B).

Next, to address whether p73 is required for DNA damage mediated enhancement
of vitamin D transcriptional activity, a similar experiment was carried out by silencing
p73 in H1299 cells as illustrated in Figure 34. As shown earlier, etoposide significantly

enhanced the vitamin D-mediated transcriptional activity, however silencing p73 led to a
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Figure 36. Silencing p73 results in reduction in vitamin D mediated transcriptional
activity in SaOS2 cells. A) SaOS2 cells, mock transfected or transfected with two rounds
of control siRNA or p73 siRNAs and after 48 hrs VDR and p73 transcript levels were
determined. Y-axis represents the fold change in transcript levels of VDR, OCN and p73
compared to control siRNA transfected cells. B) SaOS2 cells transfected with either
control siRNA or p73 siRNA were transfected with VDRE-Luc construct along with
Renilla luciferase construct. Dual luciferase assays were performed to detect the VDRE-
Luc activity and Y-axis represents the fold change in VDRE-Luc activity compared to

control siRNA transfected cells treated with vehicle.
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dramatic reduction in VDRE-Luc activity that was observed with etoposide and vitamin
D together (Figure 35C). In addition, depletion of p73 also resulted in reduced basal
vitamin D-mediated transcriptional activity (Figure 35C). These results clearly
demonstrate the requirement of p73 for vitamin D-mediated transcriptional activity in
presence and absence of DNA damage.

L. p73 is required for vitamin D mediated osteoblastic differentiation.

To investigate the role of p73 in vitamin D mediated differentiation, we first
tested whether endogenous p73 is essential for the basal VDR expression of SaOS2 cells,
a well studied model system for vitamin D mediated osteoblastic differentiation. SaOS2
cells were transfected with either control siRNA or two different p73 siRNA (siRNA
p73 1 or siRNA p73 2). At 48 hr post transfections, real time PCR was performed to
determine the transcript levels of p73 and VDR. Since vitamin D promotes the terminal
differentiation, the detection of terminal osteoblastic differentiation marker OCN was
used as a control for VDR down stream target. Compared to control siRNA transfected
cells, cells transfected with siRNA p73 1 showed a considerable reduction in both p73
and VDR transcript levels (Figure 36A). However, compared to control siRNA
transfected cells, cells transfected with siRNA p73 2 showed a modest reduction in VDR
transcript levels. In addition, a substantial down regulation in OCN transcript levels was
also observed with both p73 siRNA 1 and p73 siRNA 2. Although both siRNA’s against
p73 reduced the basal p73 expression levels, siRNA p73 1 was more potent than siRNA
p73_ 2, and thus p73 siRNA 1 was employed for subsequent studies. Consistent with the
reduction in VDR transcript levels, compared to control siRNA transfected cells, a

significant reduction in VDR protein expression was observed in p73 siRNA transfected
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Figure 37. Effect of vitamin D on p73 expression in Sa0S2 cells. SaOS2 cells were
treated with either vehicle (UT) or increasing concentrations of vitamin (VD) as
indicated. At 48 hr post-treatment, total RNA was extracted and TagMan based real time
PCR was performed to detect the transcript levels of p73 and OPN and OCN. Y-axis

represents the fold change in the transcript levels compared to vehicle treated cells (UT).
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Figure 38. p73 is required for vitamin D mediated differentiation of SaOS2 cells. A)
Sa0S2 cells transfected with control siRNA or p73 siRNA were harvested and re-plated
onto 6 well plates. Next day, cells were treated for 48 hr with vehicle or 10 nM or 100
nM VD and total RNA was extracted and transcript levels of p73, VDR, OPN and OCN
were determined. Y-axis represents the fold change in transcript levels compared to
control siRNA transfected cells with vehicle treatment (UT). B) SaOS2 cells transfected
with control siRNA or p73 siRNA were split and re-plated onto 6 wells. Next day, cells
were treated with vehicle or 10 nM VD as indicated and at 48 hr post VD treatment

morphological changes in cells were observed by phase contrast microscopy.
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cells in immunofluorescence (IF) assay (data not shown). Since, vitamin D mediated
genomic actions are exclusively dependant on its receptor VDR, the effect of p73
silencing on vitamin D mediated transcriptional activity in SaOS2 cells was determined.
This was determined by monitoring the vitamin D mediated increase in VDRE-Luc
reporter activity in presence and absence of p73. As expected, a significant increase in the
VDRE-Luc activity was observed in cells transfected with control siRNA and treated
with vitamin D (Figure 36B). However, silencing p73 lead to a significant reduction in
vitamin D mediated VDRE-Luc activity (Figure 36B).

Since vitamin D and VDR primarily promote osteoblastic differentiation and p73
knockdown also led to a decrease in basal VDR expression levels in osteosarcoma cells,
next the effect of p73 silencing on vitamin D mediated osteoblastic differentiation was
investigated. To investigate this, studies were conducted first to determine whether
vitamin D by itself has any effect on endogenous p73 expression in SaOS2 cells. SaOS2
cells were treated with increasing concentrations of vitamin D (10 nM, 25 nM, 50 nM,
and 100 nM) for 48 hours, and the transcript levels of p73, OCN and OPN were
examined. Since vitamin D mediated osteoblastic differentiation is associated with the
induction of OPN and OCN expression, detection of OCN and OPN transcript levels
were used as a positive control for vitamin D mediated genomic effect. As expected, a
dose dependant induction in both OCN and OPN transcript levels were observed with
increasing concentrations of vitamin D (Figure 37). However, vitamin D had no effect on
p73 transcript levels at any of the tested doses, indicating that p73 is not regulated by
vitamin D in osteosarcoma cells (Figure 37A). Next, to examine whether p73 is essential

for vitamin D mediated osteoblastic differentiation, expression of OPN and OCN
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Figure 39. Effect of different p73 siRNA on vitamin D mediated induction of OCN.
Sa0OS2 cells transfected with control siRNA or p73 siRNA 1 & 2 were harvested and re-
plated onto 6 well plates. Next day, cells were treated with vehicle (UT) or 10 nM VD
and total RNA was extracted. After 48 hrs transcript levels of p73 and VDR (A) and
OCN (B) were determined. Y-axis represents the fold change in transcript levels

compared to control siRNA transfected cells with vehicle treatment.
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was monitored in SaOS2 cells treated from vitamin D in presence and absence of p73. As
expected, p73 knockdown led to a significant decrease in p73 as well as VDR transcript
levels (Figure 38A). A significant increase in OCN and OPN expression levels was
observed in cells transfected with control siRNA and treated with vitamin D for 48 hrs,
indicating the onset of differentiation in SaOS2 cells (Figure 38). p73 silencing however,
led to a significant reduction in the elevated expression levels of OCN and OPN that were
observed with vitamin D (Figure 38A).

In addition, morphological changes in cells observed upon differentiation were
also monitored from cells treated with vitamin D in presence and absence of p73. In
control siRNA transfected cells, compared to control vehicle a significant number of cells
with differentiation morphology features were observed with vitamin D treatment (Figure
38B, marked by an arrow). However, silencing p73 led to a significant reduction in
number of cells with differentiation features that were observed with vitamin D treatment
(Figure 38B).

To validate the role of p73 in vitamin D mediated differentiation, next the effect
of two different siRNA against p73 on vitamin D mediated differentiation was carried
out. Testing two different siRNA against p73 will also address the off target effects of
p73 siRNA during vitamin D mediated differentiation. SaOS2 cells were transfected with
two different siRNA against p73 and vitamin D mediated osteoblastic differentiation was
monitored by detecting the OCN expression. As shown in Figure 39, cells treated with
vitamin D showed a increase in OCN transcript levels, however both the siRNA against
p73 down regulated the OCN transcript levels that were observed with vitamin D

treatment. Since, p73 siRNA_2 was less effective in silencing p73, compared
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Figure 40. DNA damage enhances vitamin D mediated differentiation of SaOS2
cells. SaOS2 cells were pretreated for 24 hrs with 4 uM etoposide or 4 uM doxorubicin
and subsequently cultured with vehicle or 10 nM VD for an additional 48 hrs. Total RNA
was extracted and transcript levels of VDR, OPN (top panel) and p73, OCN (lower panel)
were determined by TagMan based real time PCR. Y-axis represents the fold change in

transcript levels compared to vehicle treated (UT) cells.
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to p73 siRNA 1, a modest decrease on OCN transcript levels was observed with p73
siRNA 2. Together these results clearly indicate that p73 is required for vitamin D
mediated differentiation of SaOS2 osteosarcoma cell lines.

M. DNA damage induced enhancement of vitamin D mediated osteoblastic
differentiation requires p73.

To test whether p73 mediated induction of VDR expression upon DNA damage
enhances the vitamin D mediated differentiation of SaOS2 cells, the effect of DNA
damage on vitamin D mediated induction of OPN and OCN was determined. SaOS2 cells
were pretreated with etoposide or doxorubicin for 24 hr and then were cultured in vitamin
D for 2 days. Compared with untreated cells, cells treated with etoposide or doxorubicin
showed a significant induction in both VDR and p73 transcript levels (Figure 40, top
panel). As expected, a significant increase in transcript levels of both OPN and OCN
were observed in cells treated with vitamin D alone (Figure 40, lower panel).
Interestingly, cells pre-treated with etoposide or doxorubicin and cultured in vitamin D
for 2 days showed a synergistic increase in both OPN and OCN expression levels that
were observed with vitamin D treatment alone (Figure 40, lower panel). These results
suggest that DNA damage induced expression of p73 is responsible for the synergistic
increase in vitamin D mediated differentiation.

Further, to confirm that p73 is essential for DNA damage-mediated enhancement
in vitamin D mediated differentiation, the transcript levels of OPN and OCN were
examined in presence and absence of p73 in cells pre-treated with etoposide and
subsequently with vitamin D. As expected, p73 silencing led to a reduction of VDR

expression levels in cells treated with etoposide alone or in combination with vitamin D,
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Figure 41. DNA damage enhances vitamin D mediated osteoblastic differentiation
through p73. SaOS2 cells were transfected with either control siRNA or p73 siRNA as
indicated and treated with 4 uM etoposide or left untreated as indicated. After 24 hrs cells
were either cultured in control vehicle or 10 nM VD for 48 hrs. Transcript levels of VDR,
p73, OPN (top panel) and OCN (lower panel) were determined and Y-axis represents the
fold change in transcript levels compared to control siRNA transfected cells treated with

vehicle.
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indicating that p73 is essential for induction of VDR upon DNA damage in these cells
(Figure 41). Additionally, silencing p73 also led to a significant decrease in OPN and
OCN expression levels in cells treated with vitamin D alone or in combination with
etoposide (Figure 41). In particular, silencing p73 led to a remarkable decrease in OCN
expression levels in cells treated with vitamin D alone or in combination with etoposide
(Figure 41). Together, these results clearly suggest that induction of VDR expression by

p73 upon DNA damage enhances vitamin D mediated differentiation of SaOS2 cells.
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IV. DISCUSSION

A. Significance of VDR regulation by p63

Human cancers of epithelial origin comprise eighty percent of solid tumors and
are preserved through specific subpopulation of stem cells (Visvader and Lindeman,
2008). The molecular or cellular processes responsible for the origin of epithelial cancers
are yet to be identified. Particularly, the underlying signaling pathways associated with
hyper proliferative nature of epithelial cancer stem cells are vastly understudied. In
contrast to cancers, the epithelial morphogenesis program is associated with coordinated
regulation of various signaling networks. Therefore, understanding the critical genetic
paradigms associated with the origin of epithelial tissues will give significant insight on
the de-regulated cellular factors associated with the initiation of epithelial cancers. The
initiation and execution of epithelial morphogenesis program has been shown to be
entirely dependent on transcription factor p63 (Koster et al., 2004). In accordance with
the role of p63 in epithelial stratification program, p63 null mice lack the tissues of
epithelial origin. Further, p63 has been shown to determine the differentiation of
mullerian duct epithelium and loss of p63 expression was shown to result in single
layered uterine epithelia (Kurita et al., 2004).

These studies implicated a critical role for p63 in epithelial tissue formation, thus

identifying the underlying p63 regulated genetic pathways are subject of intense research.
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Primarily two different approaches were carried out in identifying such p63 target genes;
1) p63 deficient cells were overexpressed with specific isoforms of p63 and altered gene
expression profiles were determined using cDNA profiling assays; 2) endogenous p63
expression was silenced in p63 containing cells and the gene expression profiles were
monitored. Each approach has its own advantages and drawbacks, however considerable
number of p63 regulated genes were determined using these two approaches (Trink et al.,
2007). Similarly, our lab performed a gene expression analysis by over expressing
TAp63y isoform in H1299 cells (data not shown). VDR was one of the several hundred
of genes that were up regulated by TAp63y in H1299 cells. Nuclear receptor family
member VDR is a natural receptor for steroid hormone vitamin D. The classical function
of vitamin D is to maintain the calcium and mineral homeostasis during the bone re-
absorption process. Apart from its classical functions, vitamin D also plays a vital role in
epidermal differentiation, cell cycle arrest and in immune responses.

A substantial induction in VDR expression at protein and transcript levels was
observed with ectopic TAp63y in H1299 and HeLa cell (Figure 6). H1299 and HeLa cell
lines lack a functional p53 protein and ectopic p53 had no effect on VDR expression in
these cell lines, suggesting that the upregulation of VDR by p63 is independent of p53
(Figure 6). Several studies were carried out to understand the co-operation and regulation
between p53 and p63 proteins (Harmes et al., 2003). Although a direct interaction was
not observed between p63 or p73 and p53, both p63 and p73 were shown to be required
for the activation of apoptosis related gene promoters by p53 (Davison et al., 1999; Flores
et al., 2002). These observations suggest that p5S3 family members can modulate each

other’s ability to regulate target genes through indirect mechanisms. Interestingly, p53
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showed no effect on TAp63y mediated induction of VDR at protein or transcript level
(Figure 8), indicating that p53 does not have an effect on VDR expression directly or
indirectly.

To understand the functional similarities between p63 and p53, studies were
carried out to understand the effect of upstream regulators of p53 on p63 (Bergamaschi et
al., 2004; Bernassola et al., 2005; MacPartlin et al., 2005). While some proteins exerted
the similar effect on p63 and p53, others showed a differential effect on p63 and p53. For

4*RF was shown to activate p53 transcriptional activity by sequestering

example, pl
MDM2 a negative regulator of p53, p14**" however was shown to inhibit the
transcriptional activity of p63 (Calabro et al., 2004; Honda and Yasuda, 1999). In
transient transfection studies, co-transfection of p14**" with TAp63y resulted in
substantial down regulation of p63 mediated induction of VDR (Figure 11 & 12). These
observations highlight VDR as a bona fide target of p63 and additional studies are
required to decipher the effect of other p53 co-activators on p63 mediated induction of
VDR.

In general, p53 family members activate target genes by binding to canonical p53
responsive RRRCWWGYYY tandem repeats (Osada et al., 2005). While p53 and p63
bind to response elements with RRRC(A/T)(A/T)GYYY repeats, response elements
consisting of RRRCGTGYYY tandem repeats were specifically activated by p63 (Osada
et al., 2005; Osada et al., 2007). Reports also suggest that sequence differences in the
response elements might govern the target gene specificity of p53 and p63 proteins

(Osada et al., 2006; Perez et al., 2007). A significant increase in full length VDR

promoter activity was observed with ectopic TAp63y but not with p53 (Figure 7). In
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addition, deletion of 750 bp fragment from 5’ end of VDR promoter did not abolish p63
mediated transactivation of VDR (Figure 14). Interestingly, in silico based analysis
predicted several RRRCGTGYYY tandem repeats within the -635 to -581 region of VDR
promoter (Figure 14 lower panel). A significant increase in -635/-581 region containing
reporter activity was also observed with ectopic TAp63y, suggesting the presence of a
potential p63 specific responsive element within VDR promoter (Figure 14). Results
from ChIP analysis clearly demonstrated the binding of ectopic TAp63y but not p53 on
VDR promoter in vivo (Figure 13). Moreover, the -635/-581 region of VDR promoter
was amplified from the p63 immunoprecipitated DNA in the ChIP analysis. These
observations clearly suggest that p63 activates VDR by binding to a p63 specific
responsive element within the VDR promoter.

Recently adenoviral based gene transfer studies were carried to test the efficacy of
p53 family members in promoting the growth suppression (Ganjavi et al., 2006; Ishida et
al., 2000; Sasaki et al., 2001). Particularly, adenoviral based transfer of TAp63y and
TAp73B were shown to promote apoptosis and cell cycle arrest in multiple cancer cell
lines (Das et al., 2005; Kunisaki et al., 2006). Administration of adenoviral-TAp63y into
Sa0S2-xenografts has been shown to promote the tumor growth retardation much higher
than that of p53 (Oshima et al., 2007). However, in vitro studies showed a similar level of
apoptosis induction by both p53 and TAp63y in SaOS2 osteosarcoma cells (Oshima et al.,
2007). These reports clearly suggest that p63 promotes the growth inhibition of
osteosarcoma through multiple cellular processes. Results from this study showed a
significant induction in differentiation of SaOS2 cells with over expression of TAp63

(Figure 15). Additionally, in SaOS2 cells ectopic p63 up-regulated the transcript levels of
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VDR and osteoblastic differentiation markers OPN, OCN and RUNX2 (Figure 16).
Interestingly, osteoblastic differentiation markers OPN, OCN and RUNX2 are shown to
be the downstream targets of VDR (Bikle, 1992; Koszewski et al., 1996; Noda et al.,
1990). In contrast, both p53 and p63y (R279H) mutant failed to induce VDR expression
and differentiation of SaOS2 cells (Figure 14 & 15), suggesting that activation of VDR is
essential for the effective differentiation of SaOS2 cells. These results indicate that
TAp63y promotes the growth inhibition of SaOS2 cells by promoting the differentiation
through VDR. Vitamin D and its analogues are shown to promote the differentiation of
Sa0S2 cell through VDR (Wu et al., 2007). Interestingly, results from this study showed
that ectopic p63 sensitizes the SaOS2 cells to the vitamin D mediated differentiation
(Figure 17). Therefore, adenoviral based gene therapy of p63 in combination with
vitamin D may be considered for an effective therapeutic strategy against osteosarcoma.
The role of p63 in epithelial tissue development, in particular in stratified
epithelial morphogenesis is well established (Candi et al., 2007). The proliferative
potential of epithelial stem cells in stratified epithelia is dependent on p63 (Senoo et al.,
2007). The predominant isoforms of p63 observed during development are TAp63a and
ANp63a, however the functional relevance of other p63 isoforms still needs to be
addressed (Koster et al., 2004). Therefore, generation of isoform specific p63 knock-out
mice and deciphering the isoform specific target genes will give better insight on the
functional significance of each isoform in development. Vitamin D receptor has also been
implicated in epidermal differentiation. The ablation of VDR leads to development of
alopecia due to the defects in hair follicle regeneration (Xie et al., 2002), and reduced

expression of epidermal differentiation markers including involucrin and loricrin (Bikle
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et al., 2002; Hawker et al., 2007). Results from this study demonstrated that all the
isoforms of p63 induce the VDR expression (Figure 18 & 19). Recent genetic
complementation studies suggested that ANp63a isoform by itself does not complement
epidermal defects in p63-deficient mice, indicating the functional relevance of other p63
isoforms in development (Candi et al., 2006). Thus it is intriguing to test whether VDR is
a vital component of both TAp63 and ANp63 associated functions during development.
The predominant p63 isoform, ANp63a is expressed in basal layers of stratified
epithelia and has been shown to be overexpressed in multiple cancers. ANp63a isoform
is considered to antagonize the functions of p53 and TAp63 by forming hetero-tetramers
or by competitive binding to specific DNA sequences (Yang et al., 1998). In support of
this notion, several studies have shown the down regulation of TAp63 mediated
transactivation by ANp63a (Barbieri et al., 2005; Petitjean et al., 2008). Interestingly, in
co-transfection studies, while ANp63a down regulated the TAp63 y mediated induction
of p21 and IGFBP-3, ANp63a showed no effect on the induction of VDR by TAp63y
(Figure 20). This result argues against the assumed dominant negative function for
ANp63a towards all the targets that are regulated by TAp63. Although ANp63 lacks the
full length N-terminal TA domain, ANp63a isoform has been shown to activate target
genes transcriptionally (Helton et al., 2006; Wu et al., 2005). Results from transient
transfection studies clearly showed the induction of VDR expression by ANp63a isoform
at protein and transcript levels (Figure 18 & 19). Additionally, a significant dose
dependant increase in VDR-Luc activity with increasing concentrations of ANp63a was
observed, suggesting a direct transcriptional activation of VDR by ANp63a isoform

(Figure 21A). Results from ChIP assay on A431 cells clearly showed the occupancy of
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ANp63a protein on the VDR promoter (Figure 21B). Furthermore, silencing endogenous
ANp63a. but not ANp73a in A431 cells led to complete abolishment in endogenous
VDR expression (Figure 22). These results strongly suggest VDR as a direct
transcriptional target of ANp63a..

The ability of cancer cells to invade is an essential component of metastasis and
depends upon multiple factors. Recently, down regulation of p63 has been shown to
increase the cell migration and invasiveness of multiple cancer cells including A431
(Barbieri et al., 2006; Higashikawa et al., 2007). The active form of vitamin D has also
been shown to inhibit the invasiveness of prostate cancer cells (Tokar and Webber,
2005). Results from our studies indeed showed that down regulation of both ANp63a and
VDR results in increased cell migration and invasion (Figure 23). Additionally,

ANp63a mediated re-expression of VDR in A431 cells abrogated the increase in
invasiveness observed with down regulation of p63 or VDR (Figure 24B). Thus, findings
from this study illustrate a novel role for ANp63a in ligand independent function of
VDR.

Zinc finger transcription factor SNAIL has been shown to promote invasion and
metastasis by repressing multiple proteins including E-cadherin and ANp63a (Barrallo-
Gimeno and Nieto, 2005; Higashikawa et al., 2007). Interestingly, a direct transcriptional
activation of E-cadherin by vitamin D has also been shown to promote growth arrest in
colon cancer cells (Palmer et al., 2001). Finally, VDR has been shown to be repressed by
SNAIL and a negative correlation between SNAIL and VDR expression has been
reported in colon cancer cell line (Palmer et al., 2004; Pena et al., 2005). Thus, it is likely

that at least in A431 cells, SNAIL represses ANp63a-VDR-E-cadherin axis to promote

122



invasiveness of cancer cells. A recent report indicated that induction of ANp63a protein
levels by vitamin D is associated with the protection of transformed keratinocytes from
irradiation mediated stress (Langberg et al., 2009). Interestingly, in A431 cells down
regulation of VDR resulted in down regulation of endogenous ANp63a protein levels
(Figure 23D). Therefore, it is possible that a feedback regulation of p63 by VDR or vice
versa might play a vital role in normal functioning of keratinocytes.

Several reports implicated a functional role for ligand independent VDR in
epidermal development (Ellison et al., 2007). Vitamin D receptor has been shown to be
essential for normal keratinocyte stem cell function and severe epidermal defects were
observed in vdr-deficient mice (Cianferotti et al., 2007; Xie et al., 2002). However, the
factors involved in the molecular regulation of VDR during epithelial morphogenesis are
poorly studied. We observed a marked down regulation of VDR expression levels in p63
deficient MEF’s and both p63 and VDR were co-localized in basal layers of epidermis in
newborn wildtype mice (Figure 25 and data not shown). In contrast to wildtype mice, p63
deficient mice lack well formed skin and a single layer of cells can be observed.
Histochemical analysis on singe layered p63 deficient mice showed the complete
abolishment in VDR expression (data obtained from our collaborator Dr. Satrajit Sinha).

Although p63 mutations are shown to be responsible for several human
developmental diseases, the precise molecular mechanisms associated with p63 mutants
are yet to be identified. Interestingly, we observed a differential effect of naturally
occurring p63 mutants on VDR expression (Figure 26). Furthermore, p63y (R279H)
mutant downregulated the WT TAp63y mediated induction of VDR (Figure 9 & 10).

These findings suggest that impairment in VDR regulation by p63 mutants might
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contribute to the pathophysiology of the diseases. Altogether these results suggest that the
expression of VDR during embryonic development is dependant on p63 expression.
However, additional studies are required to understand the precise role of VDR in p63
mediated functions, in particular in epithelial morphogenesis. In conclusion, results from
this part of dissertation sheds light on the cross talk between two transcription factors
ANp63a and VDR, which might be playing a critical role in invasion and epidermal
differentiation.
B. Significance of VDR regulation by p73

Identification of new transcriptional networks of p53 family members has given
significant insight on the functional diversities of each member (Deyoung and Ellisen,
2007). However, understanding the functional cross talk between each member on basis
of their binding to common and unique target genes will be crucial in deciphering their
role in tumorigenesis. Recently, Maruyama et al (2006) demonstrated VDR as common
target of p53 family (Maruyama et al., 2006). In contrast, results from our earlier studies
demonstrated VDR as specific target of p63 (Kommagani et al., 2006). The possible
explanation for this discrepancy could be the cell line specificity or the amount of p53
employed for the transient transfection studies. The stability of p53 protein is regulated
by a negative feedback process through its canonical target MDM?2 (Bose and Ghosh,
2007). Since the transcriptional activity of p53 protein depends on its stability, the dose
dependent effect of p53 on VDR expression was carried out in p53 null cells. As
expected, expression of VDR was not affected by p53 at any of the tested doses (Figure
27). In addition, elevation of p21 expression by p53 at all the tested doses ruled out the

possibility of nonfunctional ectopic p53 (Figure 27). Nonetheless, additional in depth
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functional analysis was required to determine the variability in the outcomes of these two
groups.

Although ectopic p53 was unable to induce VDR expression, it does not rule out
the possibility of VDR regulation by activated p53 upon DNA damage. To test this, we
carried out in depth analysis of VDR expression upon DNA damage in multiple cancer
cell lines. Induction of VDR protein expression levels upon DNA damage was observed
in HeLa , isogenic colon cancer cell lines HCT116 (p53 null) and HCT116 (p53 positive)
as well as in SaOS2 (p53 null) and U20S (p53 positive) cells (data not shown),
suggesting a possible p53 independent activation of VDR upon DNA damage.
Additionally, in p53 deficient H1299 and SaOS2 cells a significant induction in VDR
transcript levels was also observed (Figure 28), which suggest that the elevated levels of
VDR observed upon DNA damage are due to the transcriptional activation of VDR rather
than the protein stabilization.

Human cancers display genetic alterations of key components involved in DNA
damage response signaling pathways, which leads to metastasis and invasiveness
(Lengauer et al., 1998). Although, p53 has been shown to be inactivated in 50% human
cancers, several other genes are shown to substitute the p53 functions in multiple cancers
including p73 (Deyoung and Ellisen, 2007; Levine, 1997). Transcription factor p73 has
been shown to be induced upon DNA damage in several different cancer cell lines and
shown to be critical for chemosensitivity of these cells (Chen et al., 2001; Kang et al.,
2002). Interestingly, a strong correlation between p73 and VDR expression at transcript
and protein levels upon DNA damage was observed in H1299 and SaOS2 cells (Figure

29). Monitoring the expression of p73 and VDR at multiple time points demonstrated that
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p73 precedes VDR induction upon DNA damage (Figure 29). As seen with p63, a
significant induction in VDR expression at transcript and protein levels was also
observed with multiple isoforms of p73 (Figure 30). Additionally, silencing endogenous
p73 led to reduction in endogenous VDR levels and endogenous p73 did bind to the VDR
promoter in vivo, indicating VDR as a direct transcriptional target of p73 (Figure 31).
These results clearly suggest a potential role for p73 in DNA damage induced VDR
expression.

Recently a subset of tumor derived mutants of p53 has been shown to inhibit p73
transcriptional activity through direct physical interaction (Gaiddon et al., 2001; Li and
Prives, 2007). Additionally, lack of p73 mediated growth suppression has been reported
in cells harboring p53 mutations (Prabhu et al., 1998) and knock down of p53 mutants
resulted in enhanced growth suppression of various cancer cell lines (Scian et al., 2004;
Vikhanskaya et al., 2007). Ectopic expression of p53 (R248W) mutant resulted in down
regulation of VDR expression levels observed upon DNA damage, thus indicating the
requirement of p73 for the induction of VDR upon DNA damage (Figure 32). As
reported earlier a direct interaction between p73 and p53 (R248W) mutant was observed
in immunoprecipitation analysis (data not shown). Furthermore, silencing p73 resulted in
significant reduction in VDR expression observed upon DNA damage (Figure 33). Since
DNA damage induced VDR expression occurs via p73 and tumor derived mutants
inhibits this regulation, one should consider the status of both p73 and mutant p53 when
vitamin D mediated growth inhibitions studies are conducted in human cancer cell lines.

It is well documented that vitamin D and its analogues exert their anti

proliferative activities through VDR and are extensively used for cancer chemotherapy
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(Banwell et al., 2003; Campbell and Adorini, 2006; Ordonez-Moran et al., 2005; Rashid
et al., 2001). Since the activity of vitamin D analogues entirely depends on the expression
levels of VDR (Palmer et al., 2001), p73 mediated induction of VDR upon DNA damage
should further enhance the vitamin D mediated functions. Pre-treatment of cells with
etoposide resulted in a substantial increase in vitamin D transcriptional activity (Figure
35B). Further, down regulation of p73 or VDR expression levels resulted in marked
decrease in etoposide mediated augmentation of vitamin D transcriptional activity (Figure
35C). These results suggest that induction of VDR by p73 upon DNA damage can
sensitize the cells to vitamin D. Additionally, chemotherapeutic agents have been shown
to stimulate vitamin D mediated biological functions; particularly etoposide and cisplatin
were shown to stimulate vitamin D mediated differentiation and apoptosis (Hershberger
et al., 2002; Torres et al., 2000). However, the molecular mechanisms behind this
stimulation in vitamin D mediated anti-proliferative activates are poorly studied. Since
p73 is essential for the vitamin D transcriptional activity, it is likely that p73 is essential
for the stimulation of vitamin D mediated anti-proliferative activates by
chemotherapeutic agents. Taken together, the results from this study demonstrate a novel
p73 dependent and p53-independent activation of VDR upon DNA damage.

Osteoblasts are the main bone forming cells, which are essential for deposition of
bone extracellular matrix. Osteoblasts derive from pluriopotent mesenchymal cells during
embryonic development. The characteristic feature of osteoblasts is that they can be
cultured in vitro to proliferate and differentiate (Stein et al., 1996). Osteoblastic
differentiation is essential for proper bone formation and the osteoblastic differentiation

is mediated by multiple factors including VDR (St-Arnaud, 2008). The role of vitamin D
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in bone formation and in osteoblastic differentiation is well documented (Y oshizawa et
al., 1997). Vitamin D has been shown to promote differentiation of mature osteoblasts
through the regulation of osteoblast associated genes including osteocalcin and
osteopontin (Matsumoto et al., 1991). Osteosarcomas are the most common type of bone
cancers; osteosarcoma cells have characteristics of primary osteoblasts and are widely
used for studying osteoblasts (Gill and Bell, 2000).

Vitamin D and vitamin D analogues are in fact shown to promote the
differentiation of osteosarcoma cells (Barroga et al., 1999; Matsumoto et al., 1998).
Although vitamin D exerts its biological functions on osteoblasts or osteosarcoma cells,
the upstream regulation of vitamin D pathway in osteoblasts is still understudied. In this
study silencing p73 resulted in a significant down regulation of basal VDR expression in
SaOS2 osteosarcoma cells (Figure 36A). The down regulation of p73 in SaOS2 cells also
led to the down regulation of vitamin D mediated transcriptional activity (Figure 36B). In
addition, down regulation of p73 resulted in significant down regulation in vitamin D
mediated induction of osteopontin and osteocalcin and the differentiation of SaOS2 cells
(Figure 38). These results clearly suggest a novel upstream regulation of vitamin D
signaling pathway by p73 in osteosarcoma cells. Transforming growth factor 3 (TGF-f3)
has also shown to play vital role in bone remodeling (Centrella et al., 1991). Particularly
TGF-p shown to promote the proliferation of primary osteoblasts and also shown to
suppress the vitamin D mediated induction of osteocalcin (Kassem et al., 2000).
Interestingly, transcriptional repression of TAp73 by TGF-f has been reported in
transformed keratinocytes (Waltermann et al., 2003). Thus, it is likely that TGF-f3 inhibits

the vitamin D mediated differentiation of osteoblasts by repressing p73. Furthermore,
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given both VDR and p73 null mice are runted in phenotype; it is interesting to see
whether regulation of vitamin D functions by p73 is essential for bone formation during
embryonic development (Yang et al., 2000; Yoshizawa et al., 1997).
Vitamin D and its analogues exert anti proliferative actions in different cancer cells
through VDR and expression of p73 was reported in majority of human cancer cells
(Muller et al., 2006). In light of results from this study, it is intriguing to see whether p73
is essential for VDR expression and subsequently for vitamin D mediated biological
functions in all vitamin D responsive human cancer cell lines. Combinatorial use of
vitamin D and its analogues with chemotherapeutic agents have shown to be more potent
in promoting growth inhibition than using them alone (Hershberger et al., 2002; Moffatt
et al., 1999; St-Arnaud, 2008). Clinical trials are currently underway, testing the
combinatorial use of vitamin D analogues and chemotherapeutic agents for cancer
chemotherapy (Fakih et al., 2007; Trump et al., 2006). Interestingly, a wide range of
chemotherapeutic agents have been shown to induce the p73 expression levels in multiple
cancer cells (Irwin et al., 2003; Urist et al., 2004). Results from this study demonstrated
that regulation of VDR by p73 upon DNA damage can potentiate vitamin D mediated
differentiation (Figure 40 & 41). Thus, these findings clearly suggest a novel upstream
regulation of the vitamin D signaling pathway by p73 and provide evidence for the
requirement of p73 for vitamin D mediated osteoblastic differentiation. Altogether,
outcomes from this part of study will aid in designing better strategies for combinatorial
use of chemotherapeutic agents with vitamin D.

In conclusion, this dissertation work illustrated the biological significance

associated with the regulation of VDR by p53 family members (Figure 42). Biochemical
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Figure 42. Model illustrating the differential regulation of VDR by p53, p63 and
p73. VDR is activated by both p63 and p73 but not p53. Regulation of VDR by p63 is
associated with inhibition of invasiveness and possibly in epidermal differentiation. p73

appears to play a role in vitamin D mediated differentiation by regulating VDR.
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and molecular studies demonstrated VDR as a direct transcriptional target of both p63
and p73. In contrast, p53 had no effect on VDR directly or indirectly. Functional studies
in A431 cells demonstrated that regulation of VDR by p63 is associated with the
inhibition of invasiveness. In addition, VDR appears to be regulating the p63 expression
in A431 cells, suggesting a possible feedback regulation of p63 through VDR. However,
additional functional studies are required to uncover the role of VDR in p63 mediated
epidermal differentiation. Furthermore, regulation of VDR by p73 proves to be essential
for vitamin D mediated osteoblastic differentiation. Finally DNA damage sensitized the
cells to vitamin D mediated differentiation through p73. Taken together, these
observations highlight a novel role for p73 in vitamin D functions and will enhance the

effects of vitamin D based cancer chemotherapeutics.

131



References

Agami, R., Blandino, G., Oren, M., and Shaul, Y. (1999). Interaction of c-Abl and
p73alpha and their collaboration to induce apoptosis. Nature 399, 809-813.

Baker, A. R., McDonnell, D. P., Hughes, M., Crisp, T. M., Mangelsdorf, D. J., Haussler,
M. R, Pike, J. W., Shine, J., and O'Malley, B. W. (1988). Cloning and expression of full-
length cDNA encoding human vitamin D receptor. Proc Natl Acad Sci U S A 85, 3294-
3298.

Banerjee, P., and Chatterjee, M. (2003). Antiproliferative role of vitamin D and its
analogs--a brief overview. Mol Cell Biochem 253, 247-254.

Banwell, C. M., Singh, R., Stewart, P. M., Uskokovic, M. R., and Campbell, M. J.
(2003). Antiproliferative signalling by 1,25(0OH)2D3 in prostate and breast cancer is
suppressed by a mechanism involving histone deacetylation. Recent Results Cancer Res
164, 83-98.

Barbieri, C. E., Perez, C. A., Johnson, K. N., Ely, K. A., Billheimer, D., and Pietenpol, J.
A. (2005). IGFBP-3 is a direct target of transcriptional regulation by DeltaNp63alpha in
squamous epithelium. Cancer Res 65, 2314-2320.

Barbieri, C. E., Tang, L. J., Brown, K. A., and Pietenpol, J. A. (2006). Loss of p63 leads
to increased cell migration and up-regulation of genes involved in invasion and
metastasis. Cancer Res 66, 7589-7597.

Barrallo-Gimeno, A., and Nieto, M. A. (2005). The Snail genes as inducers of cell
movement and survival: implications in development and cancer. Development /32,
3151-3161.

Barroga, E. F., Kadosawa, T., Okumura, M., and Fujinaga, T. (1999). Effects of vitamin
D and retinoids on the differentiation and growth in vitro of canine osteosarcoma and its
clonal cell lines. Res Vet Sci 66, 231-236.

Bergamaschi, D., Samuels, Y., Jin, B., Duraisingham, S., Crook, T., and Lu, X. (2004).
ASPP1 and ASPP2: common activators of p53 family members. Mol Cell Biol 24, 1341-
1350.

Bernassola, F., Oberst, A., Melino, G., and Pandolfi, P. P. (2005). The promyelocytic
leukaemia protein tumour suppressor functions as a transcriptional regulator of p63.
Oncogene 24, 6982-6986.

132



Bikle, D. D. (1992). Clinical counterpoint: vitamin D: new actions, new analogs, new
therapeutic potential. Endocr Rev 73, 765-784.

Bikle, D. D. (2004). Vitamin D and skin cancer. J Nutr /34, 3472S-3478S.

Bikle, D. D., Ng, D., Oda, Y., Hanley, K., Feingold, K., and Xie, Z. (2002). The vitamin
D response element of the involucrin gene mediates its regulation by 1,25-
dihydroxyvitamin D3. J Invest Dermatol /79, 1109-1113.

Bikle, D. D., Oda, Y., and Xie, Z. (2004). Calcium and 1,25(OH)2D: interacting drivers
of epidermal differentiation. J Steroid Biochem Mol Biol §9-90, 355-360.

Bjorkqvist, A. M., Husgafvel-Pursiainen, K., Anttila, S., Karjalainen, A., Tammilehto, L.,
Mattson, K., Vainio, H., and Knuutila, S. (1998). DNA gains in 3q occur frequently in
squamous cell carcinoma of the lung, but not in adenocarcinoma. Genes Chromosomes
Cancer 22, 79-82.

Bose, 1., and Ghosh, B. (2007). The p53-MDM2 network: from oscillations to apoptosis.
J Biosci 32, 991-997.

Bouillon, R., Eelen, G., Verlinden, L., Mathieu, C., Carmeliet, G., and Verstuyf, A.
(2006). Vitamin D and cancer. J Steroid Biochem Mol Biol 102, 156-162.

Boyle, B. J., Zhao, X. Y., Cohen, P., and Feldman, D. (2001). Insulin-like growth factor
binding protein-3 mediates 1 alpha,25-dihydroxyvitamin d(3) growth inhibition in the
LNCaP prostate cancer cell line through p21/WAF1. J Urol 165, 1319-1324.

Calabro, V., Mansueto, G., Santoro, R., Gentilella, A., Pollice, A., Ghioni, P., Guerrini,
L., and La Mantia, G. (2004). Inhibition of p63 transcriptional activity by pl4ARF:
functional and physical link between human ARF tumor suppressor and a member of the
p53 family. Mol Cell Biol 24, 8529-8540.

Cam, H., Griesmann, H., Beitzinger, M., Hofmann, L., Beinoraviciute-Kellner, R., Sauer,
M., Huttinger-Kirchhof, N., Oswald, C., Friedl, P., Gattenlohner, S., et al. (2006). p53
family members in myogenic differentiation and rhabdomyosarcoma development.
Cancer Cell 10, 281-293.

Campbell, M. J., and Adorini, L. (2006). The vitamin D receptor as a therapeutic target.
Expert Opin Ther Targets /0, 735-748.

Campbell, M. J., Gombart, A. F., Kwok, S. H., Park, S., and Koeffler, H. P. (2000). The
anti-proliferative effects of lalpha,25(OH)2D3 on breast and prostate cancer cells are
associated with induction of BRCA1 gene expression. Oncogene /9, 5091-5097.

133



Campbell, M. J., Reddy, G. S., and Koeffler, H. P. (1997). Vitamin D3 analogs and their
24-oxo metabolites equally inhibit clonal proliferation of a variety of cancer cells but
have differing molecular effects. J Cell Biochem 66, 413-425.

Candi, E., Dinsdale, D., Rufini, A., Salomoni, P., Knight, R. A., Mueller, M., Krammer,
P. H., and Melino, G. (2007). TAp63 and DeltaNp63 in cancer and epidermal
development. Cell Cycle 6, 274-285.

Candi, E., Rufini, A., Terrinoni, A., Dinsdale, D., Ranalli, M., Paradisi, A., De Laurenzi,
V., Spagnoli, L. G., Catani, M. V., Ramadan, S., et al. (2006). Differential roles of p63

isoforms in epidermal development: selective genetic complementation in p63 null mice.
Cell Death Differ /3, 1037-1047.

Carroll, D. K., Carroll, J. S., Leong, C. O., Cheng, F., Brown, M., Mills, A. A., Brugge, J.
S., and Ellisen, L. W. (2006). p63 regulates an adhesion programme and cell survival in
epithelial cells. Nat Cell Biol 8, 551-561.

Caserta, T. M., Kommagani, R., Yuan, Z., Robbins, D. J., Mercer, C. A., and Kadakia,
M. P. (2006). p63 overexpression induces the expression of Sonic Hedgehog. Mol Cancer
Res 4, 759-768.

Celli, J., Duijf, P., Hamel, B. C., Bamshad, M., Kramer, B., Smits, A. P., Newbury-Ecob,
R., Hennekam, R. C., Van Buggenhout, G., van Haeringen, A., et al. (1999).
Heterozygous germline mutations in the p53 homolog p63 are the cause of EEC
syndrome. Cell 99, 143-153.

Centrella, M., McCarthy, T. L., and Canalis, E. (1991). Transforming growth factor-beta
and remodeling of bone. J Bone Joint Surg Am 73, 1418-1428.

Chen, T. L., Cone, C. M., Morey-Holton, E., and Feldman, D. (1983). 1 alpha,25-
dihydroxyvitamin D3 receptors in cultured rat osteoblast-like cells. Glucocorticoid
treatment increases receptor content. J Biol Chem 258, 4350-4355.

Chen, T. L., and Feldman, D. (1985). Retinoic acid modulation of 1,25(OH)2 vitamin D3
receptors and bioresponse in bone cells: species differences between rat and mouse.
Biochem Biophys Res Commun /32, 74-80.

Chen, X., Zheng, Y., Zhu, J., Jiang, J., and Wang, J. (2001). p73 is transcriptionally
regulated by DNA damage, p53, and p73. Oncogene 20, 769-774.

Cianferotti, L., Cox, M., Skorija, K., and Demay, M. B. (2007). Vitamin D receptor is
essential for normal keratinocyte stem cell function. Proc Natl Acad Sci U S A 104,
9428-9433.

134



Concin, N., Becker, K., Slade, N., Erster, S., Mueller-Holzner, E., Ulmer, H.,
Daxenbichler, G., Zeimet, A., Zeillinger, R., Marth, C., and Moll, U. M. (2004).
Transdominant DeltaTAp73 isoforms are frequently up-regulated in ovarian cancer.
Evidence for their role as epigenetic p53 inhibitors in vivo. Cancer Res 64, 2449-2460.

Cooke, N. E., and David, E. V. (1985). Serum vitamin D-binding protein is a third
member of the albumin and alpha fetoprotein gene family. J Clin Invest 76, 2420-2424.

Cooke, N. E., and Haddad, J. G. (1989). Vitamin D binding protein (Gc-globulin).
Endocr Rev 710, 294-307.

Corn, P. G., Kuerbitz, S. J., van Noesel, M. M., Esteller, M., Compitello, N., Baylin, S.
B., and Herman, J. G. (1999). Transcriptional silencing of the p73 gene in acute
lymphoblastic leukemia and Burkitt's lymphoma is associated with 5' CpG island
methylation. Cancer Res 59, 3352-3356.

Costanzo, A., Merlo, P., Pediconi, N., Fulco, M., Sartorelli, V., Cole, P. A., Fontemaggi,
G., Fanciulli, M., Schiltz, L., Blandino, G., et al. (2002). DNA damage-dependent
acetylation of p73 dictates the selective activation of apoptotic target genes. Mol Cell 9,
175-186.

Cui, R., He, J., Mei, R., de Fromentel, C. C., Martel-Planche, G., Taniere, P., and
Hainaut, P. (2005). Expression of p53, p63, and p73 isoforms in squamous cell carcinoma
and adenocarcinoma of esophagus. Biochem Biophys Res Commun.

Das, S., Nama, S., Antony, S., and Somasundaram, K. (2005). p73 beta-expressing
recombinant adenovirus: a potential anticancer agent. Cancer Gene Ther /2, 417-426.

Davison, T. S., Vagner, C., Kaghad, M., Ayed, A., Caput, D., and Arrowsmith, C. H.
(1999). p73 and p63 are homotetramers capable of weak heterotypic interactions with
each other but not with p53. J Biol Chem 274, 18709-18714.

De Laurenzi, V., and Melino, G. (2000). Evolution of functions within the p53/p63/p73
family. Ann N'Y Acad Sci 926, 90-100.

Deyoung, M. P., and Ellisen, L. W. (2007). p63 and p73 in human cancer: defining the
network. Oncogene.

DeYoung, M. P., Johannessen, C. M., Leong, C. O., Faquin, W., Rocco, J. W., and
Ellisen, L. W. (2006). Tumor-specific p73 up-regulation mediates p63 dependence in
squamous cell carcinoma. Cancer Res 66, 9362-9368.

135



Di Como, C. J., Gaiddon, C., and Prives, C. (1999). p73 function is inhibited by tumor-
derived p53 mutants in mammalian cells. Mol Cell Biol 79, 1438-1449.

Dominguez, G., Garcia, J. M., Pena, C., Silva, J., Garcia, V., Martinez, L., Maximiano,
C., Gomez, M. E., Rivera, J. A., Garcia-Andrade, C., and Bonilla, F. (2006). DeltaTAp73
upregulation correlates with poor prognosis in human tumors: putative in vivo network
involving p73 isoforms, p53, and E2F-1. J Clin Oncol 24, 805-815.

Dominguez, G., Silva, J. M., Silva, J., Garcia, J. M., Sanchez, A., Navarro, A., Gallego,
I., Provencio, M., Espana, P., and Bonilla, F. (2001). Wild type p73 overexpression and
high-grade malignancy in breast cancer. Breast Cancer Res Treat 66, 183-190.

Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, C. A., Jr.,
Butel, J. S., and Bradley, A. (1992). Mice deficient for p53 are developmentally normal
but susceptible to spontaneous tumours. Nature 356, 215-221.

Douc-Rasy, S., Barrois, M., Echeynne, M., Kaghad, M., Blanc, E., Raguenez, G.,
Goldschneider, D., Terrier-Lacombe, M. J., Hartmann, O., Moll, U, et al. (2002).
DeltaN-p73alpha accumulates in human neuroblastic tumors. Am J Pathol 760, 631-639.

Ellison, T. 1., Eckert, R. L., and MacDonald, P. N. (2007). Evidence for 1,25-
dihydroxyvitamin D3-independent transactivation by the vitamin D receptor: uncoupling
the receptor and ligand in keratinocytes. J Biol Chem 282, 10953-10962.

Fakih, M. G., Trump, D. L., Muindji, J. R., Black, J. D., Bernardi, R. J., Creaven, P. J.,
Schwartz, J., Brattain, M. G., Hutson, A., French, R., and Johnson, C. S. (2007). A phase
I pharmacokinetic and pharmacodynamic study of intravenous calcitriol in combination

with oral gefitinib in patients with advanced solid tumors. Clin Cancer Res /3, 1216-
1223.

Finch, J. L., Dusso, A. S., Pavlopoulos, T., and Slatopolsky, E. A. (2001). Relative
potencies of 1,25-(OH)(2)D(3) and 19-Nor-1,25-(OH)(2)D(2) on inducing differentiation
and markers of bone formation in MG-63 cells. ] Am Soc Nephrol /2, 1468-1474.

Flores, E. R. (2007). The roles of p63 in cancer. Cell Cycle 6, 300-304.

Flores, E. R., Sengupta, S., Miller, J. B., Newman, J. J., Bronson, R., Crowley, D., Yang,
A., McKeon, F., and Jacks, T. (2005). Tumor predisposition in mice mutant for p63 and
p73: evidence for broader tumor suppressor functions for the p53 family. Cancer Cell 7,
363-373.

136



Flores, E. R., Tsai, K. Y., Crowley, D., Sengupta, S., Yang, A., McKeon, F., and Jacks,
T. (2002). p63 and p73 are required for p53-dependent apoptosis in response to DNA
damage. Nature 476, 560-564.

Gaiddon, C., Lokshin, M., Ahn, J., Zhang, T., and Prives, C. (2001). A subset of tumor-
derived mutant forms of p53 down-regulate p63 and p73 through a direct interaction with
the p53 core domain. Mol Cell Biol 2/, 1874-1887.

Ganjavi, H., Gee, M., Narendran, A., Parkinson, N., Krishnamoorthy, M., Freedman, M.
H., and Malkin, D. (2006). Adenovirus-mediated p53 gene therapy in osteosarcoma cell
lines: sensitization to cisplatin and doxorubicin. Cancer Gene Ther /3, 415-419.

Giaccia, A. J., and Kastan, M. B. (1998). The complexity of p53 modulation: emerging
patterns from divergent signals. Genes Dev /2, 2973-2983.

Gill, R. K., and Bell, N. H. (2000). Steroid receptor co-activator-1 mediates 1,25-
dihydroxyvitamin D(3)-stimulated alkaline phosphatase in human osteosarcoma cells.
Calcif Tissue Int 66, 370-374.

Glickman, J. N., Yang, A., Shahsafaei, A., McKeon, F., and Odze, R. D. (2001).
Expression of p53-related protein p63 in the gastrointestinal tract and in esophageal
metaplastic and neoplastic disorders. Hum Pathol 32, 1157-1165.

Gombart, A. F., Luong, Q. T., and Koeftler, H. P. (2006). Vitamin D compounds: activity
against microbes and cancer. Anticancer Res 26, 2531-2542.

Gong, J. G., Costanzo, A., Yang, H. Q., Melino, G., Kaelin, W. G., Jr., Levrero, M., and
Wang, J. Y. (1999). The tyrosine kinase c-Abl regulates p73 in apoptotic response to
cisplatin-induced DNA damage. Nature 399, 806-809.

Gressner, O., Schilling, T., Lorenz, K., Schulze Schleithoff, E., Koch, A., Schulze-
Bergkamen, H., Maria Lena, A., Candi, E., Terrinoni, A., Valeria Catani, M., et al.
(2005). TAp63alpha induces apoptosis by activating signaling via death receptors and
mitochondria. Embo J 24, 2458-2471.

Grob, T. J., Novak, U., Maisse, C., Barcaroli, D., Luthi, A. U., Pirnia, F., Hugli, B.,
Graber, H. U., De Laurenzi, V., Fey, M. F., et al. (2001). Human delta Np73 regulates a
dominant negative feedback loop for TAp73 and p53. Cell Death Differ 8, 1213-1223.

Guzey, M., Kitada, S., and Reed, J. C. (2002). Apoptosis induction by lalpha,25-
dihydroxyvitamin D3 in prostate cancer. Mol Cancer Ther 7, 667-677.

137



Hara, T., Kijima, H., Yamamoto, S., Kenmochi, T., Kise, Y., Tanaka, H., Chino, O.,
Shimada, H., Takazawa, K., Tanaka, M., et al. (2004). Ubiquitous p63 expression in
human esophageal squamous cell carcinoma. Int ] Mol Med /4, 169-173.

Harmes, D. C., Bresnick, E., Lubin, E. A., Watson, J. K., Heim, K. E., Curtin, J. C.,
Suskind, A. M., Lamb, J., and DiRenzo, J. (2003). Positive and negative regulation of
deltaN-p63 promoter activity by p53 and deltaN-p63-alpha contributes to differential
regulation of p53 target genes. Oncogene 22, 7607-7616.

Harms, K., Nozell, S., and Chen, X. (2004). The common and distinct target genes of the
p53 family transcription factors. Cell Mol Life Sci 6/, 822-842.

Hawker, N. P., Pennypacker, S. D., Chang, S. M., and Bikle, D. D. (2007). Regulation of
human epidermal keratinocyte differentiation by the vitamin D receptor and its
coactivators DRIP205, SRC2, and SRC3. J Invest Dermatol /27, 874-880.

Helton, E. S., Zhu, J., and Chen, X. (2006). The unique NH2-terminally deleted (DeltaN)
residues, the PXXP motif, and the PPXY motif are required for the transcriptional
activity of the DeltaN variant of p63. J Biol Chem 287, 2533-2542.

Hershberger, P. A., McGuire, T. F., Yu, W. D., Zuhowski, E. G., Schellens, J. H., Egorin,
M. J., Trump, D. L., and Johnson, C. S. (2002). Cisplatin potentiates 1,25-
dihydroxyvitamin D3-induced apoptosis in association with increased mitogen-activated
protein kinase kinase kinase 1 (MEKK-1) expression. Mol Cancer Ther 7, 821-829.

Higashikawa, K., Yoneda, S., Tobiume, K., Taki, M., Shigeishi, H., and Kamata, N.
(2007). Snail-induced down-regulation of DeltaNp63alpha acquires invasive phenotype
of human squamous cell carcinoma. Cancer Res 67, 9207-9213.

Hisatake, J., O'Kelly, J., Uskokovic, M. R., Tomoyasu, S., and Koeffler, H. P. (2001).
Novel vitamin D(3) analog, 21-(3-methyl-3-hydroxy-butyl)-19-nor D(3), that modulates
cell growth, differentiation, apoptosis, cell cycle, and induction of PTEN in leukemic
cells. Blood 97, 2427-2433.

Holick, M. F., MacLaughlin, J. A., Clark, M. B., Holick, S. A., Potts, J. T., Jr., Anderson,
R. R., Blank, I. H., Parrish, J. A., and Elias, P. (1980a). Photosynthesis of previtamin D3
in human skin and the physiologic consequences. Science 270, 203-205.

Holick, S. A., Holick, M. F., and MacLaughlin, J. A. (1980b). Chemical synthesis of [1
beta-3H] 1 alpha, 25-dihydroxyvitamin D3 and [1 alpha-3H] 1 beta, 25-dihydroxyvitamin
D2: biological activity of 1 beta, 25-dihydroxyvitamin D3. Biochem Biophys Res
Commun 97, 1031-1037.

138



Hollstein, M., Sidransky, D., Vogelstein, B., and Harris, C. C. (1991). p53 mutations in
human cancers. Science 253, 49-53.

Honda, R., and Yasuda, H. (1999). Association of pl 9(ARF) with Mdm2 inhibits
ubiquitin ligase activity of Mdm2 for tumor suppressor p53. Embo J /8, 22-27.

Huang, Y. C., Chen, J. Y., and Hung, W. C. (2004). Vitamin D3 receptor/Sp1l complex is
required for the induction of p27Kip1 expression by vitamin D3. Oncogene 23, 4856-
4861.

Irwin, M. S., Kondo, K., Marin, M. C., Cheng, L. S., Hahn, W. C., and Kaelin, W. G., Jr.
(2003). Chemosensitivity linked to p73 function. Cancer Cell 3, 403-410.

Ishida, S., Yamashita, T., Nakaya, U., and Tokino, T. (2000). Adenovirus-mediated
transfer of p53-related genes induces apoptosis of human cancer cells. Jpn J Cancer Res
91, 174-180.

Jiang, F., Li, P., Fornace, A. J., Jr., Nicosia, S. V., and Bai, W. (2003). G2/M arrest by
1,25-dihydroxyvitamin D3 in ovarian cancer cells mediated through the induction of
GADDA45 via an exonic enhancer. J Biol Chem 278, 48030-48040.

Kaghad, M., Bonnet, H., Yang, A., Creancier, L., Biscan, J. C., Valent, A., Minty, A.,
Chalon, P., Lelias, J. M., Dumont, X., et al. (1997). Monoallelically expressed gene

related to p53 at 1p36, a region frequently deleted in neuroblastoma and other human
cancers. Cell 90, 809-819.

Kane, K. F., Langman, M. J., and Williams, G. R. (1996). Antiproliferative responses to
two human colon cancer cell lines to vitamin D3 are differently modified by 9-cis-
retinoic acid. Cancer Res 56, 623-632.

Kang, K. H,, Lee, J. H., Kim, K. C., Ham, S. W., Kim, M. Y., and Choi, K. H. (2002).
Induction of p73beta by a naphthoquinone analog is mediated by E2F-1 and triggers
apoptosis in HeLa cells. FEBS Lett 522, 161-167.

Kassem, M., Kveiborg, M., and Eriksen, E. F. (2000). Production and action of
transforming growth factor-beta in human osteoblast cultures: dependence on cell
differentiation and modulation by calcitriol. Eur J Clin Invest 30, 429-437.

Kawano, S., Miller, C. W., Gombart, A. F., Bartram, C. R., Matsuo, Y., Asou, H.,
Sakashita, A., Said, J., Tatsumi, E., and Koeffler, H. P. (1999). Loss of p73 gene
expression in leukemias/lymphomas due to hypermethylation. Blood 94, 1113-1120.

139



Keyes, W. M., Vogel, H., Koster, M. 1., Guo, X., Qi, Y., Petherbridge, K. M., Roop, D.
R., Bradley, A., and Mills, A. A. (2006). p63 heterozygous mutant mice are not prone to
spontaneous or chemically induced tumors. Proc Natl Acad Sci U S A 103, 8435-8440.

Kim, C. A., and Bowie, J. U. (2003). SAM domains: uniform structure, diversity of
function. Trends Biochem Sci 28, 625-628.

Koga, F., Kawakami, S., Fujii, Y., Saito, K., Ohtsuka, Y., Iwai, A., Ando, N., Takizawa,
T., Kageyama, Y., and Kihara, K. (2003). Impaired p63 expression associates with poor

prognosis and uroplakin III expression in invasive urothelial carcinoma of the bladder.
Clin Cancer Res 9, 5501-5507.

Koike, M., Elstner, E., Campbell, M. J., Asou, H., Uskokovic, M., Tsuruoka, N., and
Koeffler, H. P. (1997). 19-nor-hexafluoride analogue of vitamin D3: a novel class of
potent inhibitors of proliferation of human breast cell lines. Cancer Res 57, 4545-4550.

Kommagani, R., Caserta, T. M., and Kadakia, M. P. (2006). Identification of vitamin D
receptor as a target of p63. Oncogene 25, 3745-3751.

Kommagani, R., Payal, V., and Kadakia, M. P. (2007). Differential regulation of vitamin
D receptor (VDR) by the p53 Family: p73-dependent induction of VDR upon DNA
damage. J Biol Chem 282, 29847-29854.

Koster, M. 1., Kim, S., Mills, A. A., DeMayo, F. J., and Roop, D. R. (2004). p63 is the
molecular switch for initiation of an epithelial stratification program. Genes Dev /8, 126-
131.

Koszewski, N. J., Reinhardt, T. A., and Horst, R. L. (1996). Vitamin D receptor
interactions with the murine osteopontin response element. J Steroid Biochem Mol Biol
59,377-388.

Kovalev, S., Marchenko, N., Swendeman, S., LaQuaglia, M., and Moll, U. M. (1998).
Expression level, allelic origin, and mutation analysis of the p73 gene in neuroblastoma
tumors and cell lines. Cell Growth Differ 9, 897-903.

Krishnan, A. V., Cramer, S. D., Bringhurst, F. R., and Feldman, D. (1995). Regulation of
1,25-dihydroxyvitamin D3 receptors by parathyroid hormone in osteoblastic cells: role of
second messenger pathways. Endocrinology /36, 705-712.

Krishnan, A. V., and Feldman, D. (1991a). Activation of protein kinase-C inhibits
vitamin D receptor gene expression. Mol Endocrinol 5, 605-612.

140



Krishnan, A. V., and Feldman, D. (1991b). Stimulation of 1,25-dihydroxyvitamin D3
receptor gene expression in cultured cells by serum and growth factors. J Bone Miner Res
6, 1099-1107.

Krishnan, A. V., and Feldman, D. (1992). Cyclic adenosine 3',5'-monophosphate up-
regulates 1,25-dihydroxyvitamin D3 receptor gene expression and enhances hormone
action. Mol Endocrinol 6, 198-206.

Kunisaki, R., Ikawa, S., Maeda, T., Nakazaki, Y., Kurita, R., Harata, M., Shutoh, Y., Bai,
Y. S., Soda, Y., Tanabe, T., et al. (2006). p51/p63, a novel p5S3 homologue, potentiates
p53 activity and is a human cancer gene therapy candidate. J] Gene Med 8, 1121-1130.

Kurita, T., Mills, A. A., and Cunha, G. R. (2004). Roles of p63 in the diethylstilbestrol-
induced cervicovaginal adenosis. Development /37, 1639-1649.

Lane, D. P. (1992). Cancer. p53, guardian of the genome. Nature 358, 15-16.

Langberg, M., Rotem, C., Fenig, E., Koren, R., and Ravid, A. (2009). Vitamin D protects
keratinocytes from deleterious effects of ionizing radiation. Br J Dermatol /60, 151-161.

Lapi, E., lovino, A., Fontemaggi, G., Soliera, A. R., lacovelli, S., Sacchi, A., Rechavi, G.,
Givol, D., Blandino, G., and Strano, S. (2006). ST00A2 gene is a direct transcriptional
target of p53 homologues during keratinocyte differentiation. Oncogene 25, 3628-3637.

Lawson, D. E., Fraser, D. R., Kodicek, E., Morris, H. R., and Williams, D. H. (1971).
Identification of 1,25-dihydroxycholecalciferol, a new kidney hormone controlling
calcium metabolism. Nature 230, 228-230.

Lazarova, D. L., Bordonaro, M., and Sartorelli, A. C. (2001). Transcriptional regulation
of the vitamin D(3) receptor gene by ZEB. Cell Growth Differ 72, 319-326.

Lengauer, C., Kinzler, K. W., and Vogelstein, B. (1998). Genetic instabilities in human
cancers. Nature 396, 643-649.

Leong, C. O., Vidnovic, N., DeYoung, M. P., Sgroi, D., and Ellisen, L. W. (2007). The
p63/p73 network mediates chemosensitivity to cisplatin in a biologically defined subset
of primary breast cancers. J Clin Invest /77, 1370-1380.

Leupin, N., Luthi, A., Novak, U., Grob, T. J., Hugli, B., Graber, H., Fey, M. F., and
Tobler, A. (2004). P73 status in B-cell chronic lymphocytic leukaemia. Leuk Lymphoma
45,1205-1207.

141



Levine, A. J. (1997). p53, the cellular gatekeeper for growth and division. Cell 88, 323-
331.

Levine, A. J., Finlay, C. A., and Hinds, P. W. (2004). P53 is a tumor suppressor gene.
Cell 116, S67-69, 61 p following S69.

Levrero, M., De Laurenzi, V., Costanzo, A., Gong, J., Wang, J. Y., and Melino, G.
(2000). The p53/p63/p73 family of transcription factors: overlapping and distinct
functions. J Cell Sci 713 ( Pt 10), 1661-1670.

Li, C. Y., Zhu, J., and Wang, J. Y. (2005). Ectopic expression of p73alpha, but not
p73beta, suppresses myogenic differentiation. J Biol Chem 280, 2159-2164.

Li, Y., and Prives, C. (2007). Are interactions with p63 and p73 involved in mutant p53
gain of oncogenic function? Oncogene 26, 2220-2225.

Lissy, N. A., Davis, P. K., Irwin, M., Kaelin, W. G., and Dowdy, S. F. (2000). A common
E2F-1 and p73 pathway mediates cell death induced by TCR activation. Nature 407, 642-
645.

Liu, M., Lee, M. H., Cohen, M., Bommakanti, M., and Freedman, L. P. (1996).
Transcriptional activation of the Cdk inhibitor p21 by vitamin D3 leads to the induced
differentiation of the myelomonocytic cell line U937. Genes Dev 70, 142-153.

MacPartlin, M., Zeng, S., Lee, H., Stauffer, D., Jin, Y., Thayer, M., and Lu, H. (2005).
p300 regulates p63 transcriptional activity. J Biol Chem 280, 30604-30610.

Mahonen, A., Pirskanen, A., and Maenpaa, P. H. (1991). Homologous and heterologous
regulation of 1,25-dihydroxyvitamin D-3 receptor mRNA levels in human osteosarcoma
cells. Biochim Biophys Acta /088, 111-118.

Maruyama, R., Aoki, F., Toyota, M., Sasaki, Y., Akashi, H., Mita, H., Suzuki, H., Akino,
K., Ohe-Toyota, M., Maruyama, Y., et al. (2006). Comparative genome analysis

identifies the vitamin D receptor gene as a direct target of p5S3-mediated transcriptional
activation. Cancer Res 66, 4574-4583.

Massion, P. P., Taflan, P. M., Jamshedur Rahman, S. M., Yildiz, P., Shyr, Y., Edgerton,
M. E., Westfall, M. D., Roberts, J. R., Pietenpol, J. A., Carbone, D. P., and Gonzalez, A.
L. (2003). Significance of p63 amplification and overexpression in lung cancer
development and prognosis. Cancer Res 63, 7113-7121.

Masumoto, O., Ohyama, Y., and Okuda, K. (1988). Purification and characterization of
vitamin D 25-hydroxylase from rat liver mitochondria. J Biol Chem 263, 14256-14260.

142



Matsumoto, T., Igarashi, C., Takeuchi, Y., Harada, S., Kikuchi, T., Yamato, H., and
Ogata, E. (1991). Stimulation by 1,25-dihydroxyvitamin D3 of in vitro mineralization
induced by osteoblast-like MC3T3-E1 cells. Bone 72, 27-32.

Matsumoto, T., Sowa, Y., Ohtani-Fujita, N., Tamaki, T., Takenaka, T., Kuribayashi, K.,
and Sakai, T. (1998). p53-independent induction of WAF1/Cipl is correlated with
osteoblastic differentiation by vitamin D3. Cancer Lett /29, 61-68.

Maurer, U., Jehan, F., Englert, C., Hubinger, G., Weidmann, E., DeLuca, H. F., and
Bergmann, L. (2001). The Wilms' tumor gene product (WT1) modulates the response to
1,25-dihydroxyvitamin D3 by induction of the vitamin D receptor. J Biol Chem 276,
3727-3732.

McKeon, F. (2004). p63 and the epithelial stem cell: more than status quo? Genes Dev
18, 465-469.

Melino, G., De Laurenzi, V., and Vousden, K. H. (2002). p73: Friend or foe in
tumorigenesis. Nat Rev Cancer 2, 605-615.

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P., and Moll, U.
M. (2003). p53 has a direct apoptogenic role at the mitochondria. Mol Cell 117, 577-590.

Mills, A. A., Zheng, B., Wang, X. J., Vogel, H., Roop, D. R., and Bradley, A. (1999). p63
is a p53 homologue required for limb and epidermal morphogenesis. Nature 398, 708-
713.

Moftatt, K. A., Johannes, W. U., Hedlund, T. E., and Miller, G. J. (2001). Growth
inhibitory effects of lalpha, 25-dihydroxyvitamin D(3) are mediated by increased levels
of p21 in the prostatic carcinoma cell line ALVA-31. Cancer Res 61, 7122-7129.

Moffatt, K. A., Johannes, W. U., and Miller, G. J. (1999). 1Alpha,25dihydroxyvitamin
D3 and platinum drugs act synergistically to inhibit the growth of prostate cancer cell
lines. Clin Cancer Res 5, 695-703.

Moll, U. M. (2003). The Role of p63 and p73 in tumor formation and progression:
coming of age toward clinical usefulness. Commentary re: F. Koga et al., Impaired p63
expression associates with poor prognosis and uroplakin III expression in invasive
urothelial carcinoma of the bladder. Clin. Cancer Res., 9: 5501-5507, 2003, and P. Puig
et al., p73 Expression in human normal and tumor tissues: loss of p73alpha expression is
associated with tumor progression in bladder Cancer. Clin. Cancer Res., 9: 5642-5651,
2003. Clin Cancer Res 9, 5437-5441.

143



Moll, U. M., Erster, S., and Zaika, A. (2001). p53, p63 and p73--solos, alliances and
feuds among family members. Biochim Biophys Acta 7552, 47-59.

Moll, U. M., and Slade, N. (2004). p63 and p73: roles in development and tumor
formation. Mol Cancer Res 2, 371-386.

Muller, M., Schilling, T., Sayan, A. E., Kairat, A., Lorenz, K., Schulze-Bergkamen, H.,
Oren, M., Koch, A., Tannapfel, A., Stremmel, W., et al. (2005). TAp73/Delta Np73

influences apoptotic response, chemosensitivity and prognosis in hepatocellular
carcinoma. Cell Death Differ /12, 1564-1577.

Muller, M., Schleithoff, E. S., Stremmel, W., Melino, G., Krammer, P. H., and Schilling,
T. (2006). One, two, three--p53, p63, p73 and chemosensitivity. Drug Resist Updat 9,
288-306.

Nezbedova, P., and Brtko, J. (2004). 1alpha,25-dihydroxyvitamin D3 inducible
transcription factor and its role in the vitamin D action. Endocr Regul 38, 29-38.

Nguyen, B. C., Lefort, K., Mandinova, A., Antonini, D., Devgan, V., Della Gatta, G.,
Koster, M. 1., Zhang, Z., Wang, J., Tommasi di Vignano, A., et al. (2006). Cross-
regulation between Notch and p63 in keratinocyte commitment to differentiation. Genes
Dev 20, 1028-1042.

Noda, M., Vogel, R. L., Craig, A. M., Prahl, J., DeLuca, H. F., and Denhardt, D. T.
(1990). Identification of a DNA sequence responsible for binding of the 1,25-
dihydroxyvitamin D3 receptor and 1,25-dihydroxyvitamin D3 enhancement of mouse
secreted phosphoprotein 1 (SPP-1 or osteopontin) gene expression. Proc Natl Acad Sci U
S A 87,9995-9999.

Ordonez-Moran, P., Larriba, M. J., Pendas-Franco, N., Aguilera, O., Gonzalez-Sancho, J.
M., and Munoz, A. (2005). Vitamin D and cancer: an update of in vitro and in vivo data.
Front Biosci 10, 2723-2749.

Osada, M., Park, H. L., Nagakawa, Y., Begum, S., Yamashita, K., Wu, G., Kim, M. S.,
Trink, B., and Sidransky, D. (2006). A novel response element confers p63- and p73-

specific activation of the WNT4 promoter. Biochem Biophys Res Commun 339, 1120-
1128.

Osada, M., Park, H. L., Nagakawa, Y., Yamashita, K., Fomenkov, A., Kim, M. S., Wu,
G., Nomoto, S., Trink, B., and Sidransky, D. (2005). Differential recognition of response

elements determines target gene specificity for pS3 and p63. Mol Cell Biol 25, 6077-
6089.

144



Osada, M., Park, H. L., Park, M. J., Liu, J. W., Wu, G., Trink, B., and Sidransky, D.
(2007). A p53-type response element in the GDF15 promoter confers high specificity for
p53 activation. Biochem Biophys Res Commun 354, 913-918.

Oshima, Y., Sasaki, Y., Negishi, H., [dogawa, M., Toyota, M., Yamashita, T., Wada, T.,
Nagoya, S., Kawaguchi, S., and Tokino, T. (2007). Antitumor Effect of Adenovirus-
Mediated p53 Family Gene Transfer on Osteosarcoma Cell Lines. Cancer Biol Ther 6.

Palmer, H. G., Gonzalez-Sancho, J. M., Espada, J., Berciano, M. T., Puig, 1., Baulida, J.,
Quintanilla, M., Cano, A., de Herreros, A. G., Lafarga, M., and Munoz, A. (2001).
Vitamin D(3) promotes the differentiation of colon carcinoma cells by the induction of E-
cadherin and the inhibition of beta-catenin signaling. J Cell Biol 754, 369-387.

Palmer, H. G., Larriba, M. J., Garcia, J. M., Ordonez-Moran, P., Pena, C., Peiro, S., Puig,
I., Rodriguez, R., de la Fuente, R., Bernad, A., et al. (2004). The transcription factor
SNAIL represses vitamin D receptor expression and responsiveness in human colon
cancer. Nat Med /0, 917-919.

Palmer, H. G., Sanchez-Carbayo, M., Ordonez-Moran, P., Larriba, M. J., Cordon-Cardo,
C., and Munoz, A. (2003). Genetic signatures of differentiation induced by lalpha,25-
dihydroxyvitamin D3 in human colon cancer cells. Cancer Res 63, 7799-7806.

Paredes, R., Arriagada, G., Cruzat, F., Olate, J., Van Wijnen, A., Lian, J., Stein, G., Stein,
J., and Montecino, M. (2004). The Runx2 transcription factor plays a key role in the
lalpha,25-dihydroxy Vitamin D3-dependent upregulation of the rat osteocalcin (OC)
gene expression in osteoblastic cells. J Steroid Biochem Mol Biol §9-90, 269-271.

Park, B.J., Lee, S. J., Kim, J. L., Lee, C. H., Chang, S. G., Park, J. H., and Chi, S. G.
(2000). Frequent alteration of p63 expression in human primary bladder carcinomas.
Cancer Res 60, 3370-3374.

Pena, C., Garcia, J. M., Silva, J., Garcia, V., Rodriguez, R., Alonso, 1., Millan, 1., Salas,
C., de Herreros, A. G., Munoz, A., and Bonilla, F. (2005). E-cadherin and vitamin D
receptor regulation by SNAIL and ZEBI in colon cancer: clinicopathological
correlations. Hum Mol Genet /4, 3361-3370.

Perez-Losada, J., Wu, D., DelRosario, R., Balmain, A., and Mao, J. H. (2005). p63 and
p73 do not contribute to p53-mediated lymphoma suppressor activity in vivo. Oncogene
24, 5521-5524.

Perez, C. A., Ott, J., Mays, D. J., and Pietenpol, J. A. (2007). p63 consensus DNA-
binding site: identification, analysis and application into a p63MH algorithm. Oncogene
26, 7363-7370.

145



Petitjean, A., Cavard, C., Shi, H., Tribollet, V., Hainaut, P., and Caron de Fromentel, C.
(2005). The expression of TA and DeltaNp63 are regulated by different mechanisms in
liver cells. Oncogene 24, 512-519.

Petitjean, A., Ruptier, C., Tribollet, V., Hautefeuille, A., Chardon, F., Cavard, C.,
Puisieux, A., Hainaut, P., and Caron de Fromentel, C. (2008). Properties of the six
isoforms of p63: p53-like regulation in response to genotoxic stress and cross talk with
DeltaNp73. Carcinogenesis 29, 273-281.

Petkovich, P. M., Heersche, J. N., Tinker, D. O., and Jones, G. (1984). Retinoic acid
stimulates 1,25-dihydroxyvitamin D3 binding in rat osteosarcoma cells. J Biol Chem 259,
8274-8280.

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res 29, e45.

Pillai, S., Bikle, D. D., Su, M. J., Ratnam, A., and Abe, J. (1995). 1,25-Dihydroxyvitamin
D3 upregulates the phosphatidylinositol signaling pathway in human keratinocytes by
increasing phospholipase C levels. J Clin Invest 96, 602-609.

Prabhu, N. S., Somasundaram, K., Satyamoorthy, K., Herlyn, M., and El-Deiry, W. S.
(1998). p73beta, unlike p53, suppresses growth and induces apoptosis of human
papillomavirus E6-expressing cancer cells. Int J Oncol /3, 5-9.

Quade, B. J., Yang, A., Wang, Y., Sun, D., Park, J., Sheets, E. E., Cviko, A.,
Federschneider, J. M., Peters, R., McKeon, F. D., and Crum, C. P. (2001). Expression of
the p53 homologue p63 in early cervical neoplasia. Gynecol Oncol 80, 24-29.

Rashid, S. F., Mountford, J. C., Gombart, A. F., and Campbell, M. J. (2001). 1alpha,25-
dihydroxyvitamin D(3) displays divergent growth effects in both normal and malignant
cells. Steroids 66, 433-440.

Redon, R., Muller, D., Caulee, K., Wanherdrick, K., Abecassis, J., and du Manoir, S.
(2001). A simple specific pattern of chromosomal aberrations at early stages of head and

neck squamous cell carcinomas: PIK3CA but not p63 gene as a likely target of 3q26-qter
gains. Cancer Res 61, 4122-4129.

Rinne, T., Brunner, H. G., and van Bokhoven, H. (2007). p63-associated disorders. Cell
Cycle 6, 262-268.

Rizzo, M. G., Giombini, E., Diverio, D., Vignetti, M., Sacchi, A., Testa, U., Lo-Coco, F.,
and Blandino, G. (2004). Analysis of p73 expression pattern in acute myeloid leukemias:

146



lack of DeltaN-p73 expression is a frequent feature of acute promyelocytic leukemia.
Leukemia /8, 1804-1809.

Rocco, J. W., Leong, C. O., Kuperwasser, N., DeYoung, M. P., and Ellisen, L. W.
(2006). p63 mediates survival in squamous cell carcinoma by suppression of p73-
dependent apoptosis. Cancer Cell 9, 45-56.

Sasaki, Y., Morimoto, ., Ishida, S., Yamashita, T., Imai, K., and Tokino, T. (2001).
Adenovirus-mediated transfer of the p53 family genes, p73 and p51/p63 induces cell
cycle arrest and apoptosis in colorectal cancer cell lines: potential application to gene
therapy of colorectal cancer. Gene Ther &8, 1401-1408.

Schuler, M., and Green, D. R. (2001). Mechanisms of p53-dependent apoptosis. Biochem
Soc Trans 29, 684-688.

Scian, M. J., Stagliano, K. E., Ellis, M. A., Hassan, S., Bowman, M., Miles, M. F., Deb,
S. P, and Deb, S. (2004). Modulation of gene expression by tumor-derived p53 mutants.
Cancer Res 64, 7447-7454.

Scoumanne, A., Harms, K. L., and Chen, X. (2005). Structural basis for gene activation
by p53 family members. Cancer Biol Ther 4, 1178-1185.

Senoo, M., Manis, J. P., Alt, F. W., and McKeon, F. (2004). p63 and p73 are not required
for the development and p53-dependent apoptosis of T cells. Cancer Cell 6, 85-89.

Senoo, M., Matsumura, Y., and Habu, S. (2002). TAp63gamma (p51A) and dNp63alpha
(p73L), two major isoforms of the p63 gene, exert opposite effects on the vascular
endothelial growth factor (VEGF) gene expression. Oncogene 217, 2455-2465.

Senoo, M., Pinto, F., Crum, C. P., and McKeon, F. (2007). p63 Is essential for the
proliferative potential of stem cells in stratified epithelia. Cell 729, 523-536.

Senoo, M., Tsuchiya, 1., Matsumura, Y., Mori, T., Saito, Y., Kato, H., Okamoto, T., and
Habu, S. (2001). Transcriptional dysregulation of the p73L / p63 / p51 / p40 / KET gene
in human squamous cell carcinomas: expression of Delta Np73L, a novel dominant-

negative isoform, and loss of expression of the potential tumour suppressor p51. Br J
Cancer 84, 1235-1241.

Serber, Z., Lai, H. C., Yang, A., Ou, H. D., Sigal, M. S., Kelly, A. E., Darimont, B. D.,
Duijf, P. H., Van Bokhoven, H., McKeon, F., and Dotsch, V. (2002). A C-terminal
inhibitory domain controls the activity of p63 by an intramolecular mechanism. Mol Cell
Biol 22, 8601-8611.

147



Shah, S., Islam, M. N., Dakshanamurthy, S., Rizvi, 1., Rao, M., Herrell, R., Zinser, G.,
Valrance, M., Aranda, A., Moras, D., et al. (2006). The molecular basis of vitamin D
receptor and beta-catenin crossregulation. Mol Cell 21, 799-809.

Shen, Q., and Christakos, S. (2005). The vitamin D receptor, Runx2, and the Notch
signaling pathway cooperate in the transcriptional regulation of osteopontin. J Biol Chem
280, 40589-40598.

Shimada, A., Kato, S., Enjo, K., Osada, M., Ikawa, Y., Kohno, K., Obinata, M.,
Kanamaru, R., Ikawa, S., and Ishioka, C. (1999). The transcriptional activities of p53 and
its homologue p51/p63: similarities and differences. Cancer Res 59, 2781-2786.

Sniezek, J. C., Matheny, K. E., Westfall, M. D., and Pietenpol, J. A. (2004). Dominant
negative p63 isoform expression in head and neck squamous cell carcinoma.
Laryngoscope 114, 2063-2072.

Spiesbach, K., Tannapfel, A., Mossner, J., and Engeland, K. (2005). TAp63gamma can
substitute for p53 in inducing expression of the maspin tumor suppressor. Int J Cancer
114,555-562.

St-Arnaud, R. (2008). The direct role of vitamin D on bone homeostasis. Arch Biochem
Biophys 473, 225-230.

Stein, G. S., Lian, J. B., Stein, J. L., Van Wijnen, A. J., and Montecino, M. (1996).
Transcriptional control of osteoblast growth and differentiation. Physiol Rev 76, 593-629.

Stewart, L. V., and Weigel, N. L. (2005). Role of insulin-like growth factor binding
proteins in lalpha,25-dihydroxyvitamin D(3)-induced growth inhibition of human
prostate cancer cells. Prostate 64, 9-19.

Stiewe, T., Theseling, C. C., and Putzer, B. M. (2002a). Transactivation-deficient Delta
TA-p73 inhibits p53 by direct competition for DNA binding: implications for
tumorigenesis. J Biol Chem 277, 14177-14185.

Stiewe, T., Zimmermann, S., Frilling, A., Esche, H., and Putzer, B. M. (2002b).
Transactivation-deficient DeltaTA-p73 acts as an oncogene. Cancer Res 62, 3598-3602.

Sunahara, M., Shishikura, T., Takahashi, M., Todo, S., Yamamoto, N., Kimura, H., Kato,
S., Ishioka, C., Ikawa, S., Ikawa, Y., and Nakagawara, A. (1999). Mutational analysis of

pS1A/TAp63gamma, a p53 homolog, in non-small cell lung cancer and breast cancer.
Oncogene /8, 3761-3765.

148



Thanos, C. D., and Bowie, J. U. (1999). p53 Family members p63 and p73 are SAM
domain-containing proteins. Protein Sci &, 1708-1710.

Tokar, E. J., and Webber, M. M. (2005). Cholecalciferol (vitamin D3) inhibits growth
and invasion by up-regulating nuclear receptors and 25-hydroxylase (CYP27A1) in
human prostate cancer cells. Clin Exp Metastasis 22, 275-284.

Tomasini, R., Tsuchihara, K., Wilhelm, M., Fujitani, M., Rufini, A., Cheung, C. C.,
Khan, F., Itie-Youten, A., Wakeham, A., Tsao, M. S., et al. (2008). TAp73 knockout
shows genomic instability with infertility and tumor suppressor functions. Genes Dev 22,
2677-2691.

Torres, R., Calle, C., Aller, P., and Mata, F. (2000). Etoposide stimulates 1,25-
dihydroxyvitamin D3 differentiation activity, hormone binding and hormone receptor
expression in HL-60 human promyelocytic cells. Mol Cell Biochem 208, 157-162.

Trink, B., Osada, M., Ratovitski, E., and Sidransky, D. (2007). p63 transcriptional
regulation of epithelial integrity and cancer. Cell Cycle 6, 240-245.

Trump, D. L., Potter, D. M., Muindi, J., Brufsky, A., and Johnson, C. S. (2006). Phase II
trial of high-dose, intermittent calcitriol (1,25 dihydroxyvitamin D3) and dexamethasone
in androgen-independent prostate cancer. Cancer /06, 2136-2142.

Urist, M., Tanaka, T., Poyurovsky, M. V., and Prives, C. (2004). p73 induction after
DNA damage is regulated by checkpoint kinases Chk1 and Chk2. Genes Dev /8, 3041-
3054.

van Bokhoven, H., Hamel, B. C., Bamshad, M., Sangiorgi, E., Gurrieri, F., Duijf, P. H.,
Vanmolkot, K. R., van Beusekom, E., van Beersum, S. E., Celli, J., et al. (2001). p63
Gene mutations in eec syndrome, limb-mammary syndrome, and isolated split hand-split
foot malformation suggest a genotype-phenotype correlation. Am J Hum Genet 69, 481-
492.

van Bokhoven, H., and McKeon, F. (2002). Mutations in the p53 homolog p63: allele-
specific developmental syndromes in humans. Trends Mol Med &, 133-139.

Vayssade, M., Haddada, H., Faridoni-Laurens, L., Tourpin, S., Valent, A., Benard, J., and
Ahomadegbe, J. C. (2005). P73 functionally replaces p53 in Adriamycin-treated, p53-
deficient breast cancer cells. Int J Cancer 116, 860-869.

Vikhanskaya, F., Lee, M. K., Mazzoletti, M., Broggini, M., and Sabapathy, K. (2007).
Cancer-derived p53 mutants suppress pS3-target gene expression--potential mechanism
for gain of function of mutant p53. Nucleic Acids Res.

149



Visvader, J. E., and Lindeman, G. J. (2008). Cancer stem cells in solid tumours:
accumulating evidence and unresolved questions. Nat Rev Cancer &, 755-768.

Vousden, K. H. (2000). p53: death star. Cell 7103, 691-694.

Wager, M., Guilhot, J., Blanc, J. L., Ferrand, S., Milin, S., Bataille, B., Lapierre, F.,
Denis, S., Chantereau, T., Larsen, C. J., and Karayan-Tapon, L. (2006). Prognostic value
of increase in transcript levels of Tp73 DeltaEx2-3 isoforms in low-grade glioma
patients. Br J Cancer 95, 1062-1069.

Waltermann, A., Kartasheva, N. N., and Dobbelstein, M. (2003). Differential regulation
of p63 and p73 expression. Oncogene 22, 5686-5693.

Wang, T. Y., Chen, B. F., Yang, Y. C., Chen, H., Wang, Y., Cviko, A., Quade, B. J., Sun,
D., Yang, A., McKeon, F. D., and Crum, C. P. (2001). Histologic and immunophenotypic
classification of cervical carcinomas by expression of the p53 homologue p63: a study of
250 cases. Hum Pathol 32, 479-486.

Westfall, M. D., Mays, D. J., Sniezek, J. C., and Pietenpol, J. A. (2003). The Delta Np63
alpha phosphoprotein binds the p21 and 14-3-3 sigma promoters in vivo and has
transcriptional repressor activity that is reduced by Hay-Wells syndrome-derived
mutations. Mol Cell Biol 23, 2264-2276.

Wietzke, J. A., Ward, E. C., Schneider, J., and Welsh, J. (2005). Regulation of the human
vitamin D3 receptor promoter in breast cancer cells is mediated through Spl sites. Mol
Cell Endocrinol 230, 59-68.

Wu, G., Osada, M., Guo, Z., Fomenkov, A., Begum, S., Zhao, M., Upadhyay, S., Xing,
M., Wu, F., Moon, C., et al. (2005). DeltaNp63alpha up-regulates the Hsp70 gene in
human cancer. Cancer Res 65, 758-766.

Wu, W., Zhang, X., and Zanello, L. P. (2007). 1alpha,25-Dihydroxyvitamin D(3)
antiproliferative actions involve vitamin D receptor-mediated activation of MAPK
pathways and AP-1/p21(wafl) upregulation in human osteosarcoma. Cancer Lett 254,
75-86.

Xie, Z., and Bikle, D. D. (1997). Cloning of the human phospholipase C-gammal
promoter and identification of a DR6-type vitamin D-responsive element. J Biol Chem
272, 6573-6577.

Xie, Z., and Bikle, D. D. (2001). Inhibition of 1,25-dihydroxyvitamin-D-induced
keratinocyte differentiation by blocking the expression of phospholipase C-gammal. J
Invest Dermatol 777, 1250-1254.

150



Xie, Z., Komuves, L., Yu, Q. C., Elalieh, H., Ng, D. C., Leary, C., Chang, S., Crumrine,
D., Yoshizawa, T., Kato, S., and Bikle, D. D. (2002). Lack of the vitamin D receptor is
associated with reduced epidermal differentiation and hair follicle growth. J Invest
Dermatol /18, 11-16.

Yamaguchi, K., Wu, L., Caballero, O. L., Hibi, K., Trink, B., Resto, V., Cairns, P.,
Okami, K., Koch, W. M., Sidransky, D., and Jen, J. (2000). Frequent gain of the

p40/p51/p63 gene locus in primary head and neck squamous cell carcinoma. Int J Cancer
86, 684-689.

Yamamoto, H., Miyamoto, K., Li, B., Taketani, Y., Kitano, M., Inoue, Y., Morita, K.,
Pike, J. W., and Takeda, E. (1999). The caudal-related homeodomain protein Cdx-2
regulates vitamin D receptor gene expression in the small intestine. J] Bone Miner Res /74,
240-247.

Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M. D., Dotsch, V., Andrews, N.
C., Caput, D., and McKeon, F. (1998). p63, a p5S3 homolog at 3q27-29, encodes multiple
products with transactivating, death-inducing, and dominant-negative activities. Mol Cell
2,305-316.

Yang, A., and McKeon, F. (2000). P63 and P73: P53 mimics, menaces and more. Nat
Rev Mol Cell Biol 7, 199-207.

Yang, A., Schweitzer, R., Sun, D., Kaghad, M., Walker, N., Bronson, R. T., Tabin, C.,
Sharpe, A., Caput, D., Crum, C., and McKeon, F. (1999). p63 is essential for regenerative
proliferation in limb, craniofacial and epithelial development. Nature 398, 714-718.

Yang, A., Walker, N., Bronson, R., Kaghad, M., Oosterwegel, M., Bonnin, J., Vagner, C.,
Bonnet, H., Dikkes, P., Sharpe, A., et al. (2000). p73-deficient mice have neurological,
pheromonal and inflammatory defects but lack spontaneous tumours. Nature 404, 99-103.

Yoshikawa, H., Nagashima, M., Khan, M. A., McMenamin, M. G., Hagiwara, K., and
Harris, C. C. (1999). Mutational analysis of p73 and p53 in human cancer cell lines.
Oncogene /8, 3415-3421.

Yoshizawa, T., Handa, Y., Uematsu, Y., Takeda, S., Sekine, K., Yoshihara, Y.,
Kawakami, T., Arioka, K., Sato, H., Uchiyama, Y., ef al. (1997). Mice lacking the
vitamin D receptor exhibit impaired bone formation, uterine hypoplasia and growth
retardation after weaning. Nat Genet /6, 391-396.

Zella, L. A., Kim, S., Shevde, N. K., and Pike, J. W. (2006). Enhancers located within
two introns of the vitamin D receptor gene mediate transcriptional autoregulation by
1,25-dihydroxyvitamin D3. Mol Endocrinol 20, 1231-1247.

151



Zenmyo, M., Komiya, S., Hamada, T., Hiraoka, K., Kato, S., Fujii, T., Yano, H., Irie, K.,
and Nagata, K. (2001). Transcriptional activation of p21 by vitamin D(3) or vitamin K(2)

leads to differentiation of p53-deficient MG-63 osteosarcoma cells. Hum Pathol 32, 410-
416.

152



	Wright State University
	CORE Scholar
	2009

	Differential Regulation of Vitamin D Receptor (VDR) By P53, P63 and P73
	Ramakrishna Kommagani
	Repository Citation


	tmp.1466622011.pdf.q_Irb

