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Abstract

Mutations of the tumor suppressor gene p53 occur in more than 50% of
human malignancies and lead to the loss of suppressor activity. Moreover
frequently p53 mutants gain novel, oncogenic properties by transcriptional
activation of the genes, involved in cellular proliferation, cell survival and
angiogenesis. Today’s challenge is to understand mechanisms underlying the
gain-of-function of mutant p53 proteins.

By the example of KLF4 promoter we demonstrate that mutant p53 can
carries out its gain-of-function by interaction with another p53 family member,
transcription factor p63. In the first report we provide strong evidence that KLF4
is negatively controlled by p63 in normal skin in the presence of physiological
levels of wild type p53 (wtp53) and that this regulation is subverted by
oncogenic mutations of p53, establishing a direct link between these TFs,
commonly overexpressed in squamous cell carcinoma (SCC).

These results inspired us to investigate the mechanisms of mutant p53
gain-of-function on the genome scale. In the second manuscript we demonstrate
that mutant p53 HaCaT alleles are pro-growth and mutp53 have thousands of
binding sites in the human genome; they affect gene expression profoundly,
both by binding with p63 to consensus elements and by being tethered by other
TFs to their locations.

Although 2 mutant p53 alleles are definitely gain-of-function in the
HaCaT, they are not sufficient to render these cells malignant. Based on the
sphere-forming assay we developed novel model for the tumorigenic conversion
of the HaCaT cells: while immortalized keratinocytes display transformed
phenotype in vitro and not tumorigenic upon injection into nude mice, HaCaT-

derived spheres give rise to the SCC in vivo. Thus, this simple model can be



useful for the future studies of the genetic and phenotypic signatures during
SCC initiation and development.

There is an indication that mutant p53 can execute its gain-of-function
via interaction with NF-Y transcription factor. Ongoing study is devoted to the
investigation of NF-YA subunit role in the processes of cellular proliferation

and apoptosis in the cells with different p53 status.



State of the Art

1. The skin

The smooth surface of the human skin suggests simplicity, but it
embodies one of the most complex and metabolically active organs, which is
designed to interact and cope with the environment. The skin is the largest organ
system of the body which consists of epithelial layer (epidermis), a connective
tissue layer (dermis) and an adipose layer (hypodermis). As a physical barrier it
prevents water loss and resists mechanical, chemical and microbial attacks. It
also functions to regulate temperature, produce hormones and vitamins, such as
Vitamin D, and responds to environmental factors including ultraviolet

radiation.

1.1.  The keratinocytes and the epidermis

The outer layer, the epidermis, is a terminally differentiated, stratified
squamous epithelium that forms protective covering of the skin. The major cell,
making up 95% of the total, is the keratinocyte, which moves progressively
from attachment to the epidermal basement membrane towards the skin surface,
forming several well-defined layers during its transit (Eckert, 1989; Nemes and
Steinert, 1999).

Keratinocytes arise from stem cells in the basal layer and progressively
mature through the spinous and granular layers until they reach the corneal layer
and are finally shed into the environment. Thus, in the normal epidermis, there
is a tightly controlled balance between proliferation and desquamation that
results in a complete renewal or turnover approximately every 28 days. On its
journey to the skin surface, the keratinocyte undergoes a complex program of
terminal differentiation, also called keratinization. This cellular program is
accompanied by highly regulated and marked changes in gene expression,

cellular architecture and enzyme activity. Early steps in terminal differentiation



of cells arising from the basal keratinocyte result in a permanent loss of growth
potential, or clonogenicity known as commitment and the subsequent sequential
expression of differentiation markers. Among the major products of epidermal
keratinization are the differentiated keratin intermediate filaments which are
essential for maintaining structural integrity of the epidermis (Fuchs, 1990,
1993; Fuchs and Byrne, 1994).

1.2. Epidermal growth and differentiation

Only the basal layer of epidermal cells has the capacity for DNA
synthesis and mitosis. Under an as yet unidentified trigger of terminal
differentiation, a basal cell will begin its journey to the skin surface. In transit, it
undergoes a series of morphological and biochemical changes that culminate in
the production of dead, flattened, enucleated squames, which are shed from the
surface, and continually replaced by inner cells differentiating outward.

The process of epidermal growth and differentiation has been subdivided
into four parts. Basal cells are distinguished by intracellular cytoskeleton
composed of a relatively dispersed, but extensive, network of keratin filaments.
These filaments are made of two distinct keratin proteins: keratin 5 and Keratin
14 (Nelson and Sun, 1983).

The four to eight layers of suprabasal spinous cells are postmitotic, but
metabolically active. These cells devote much of their protein synthesizing
machinery to manufacturing two new keratins, keratin 1 and keratin 10, forming
cytoskeletal filaments that aggregate into thin bundles (Eichner et al., 1986). In
addition, spinous cells make glutamine and lysine-rich envelope proteins, such
as involucrin, which are deposited on the inner surface of the plasma membrane
of each cell (Rice and Green, 1979).

As spinous cells reach the granular layer, they stop generating keratin
and envelope proteins, and make their final fitting in protein synthesis, including

production of filaggrin, a histidine-rich basic protein which may be involved in
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the bundling of single filaments into larger, macrofibrillar cables (Fleckman et
al., 1985). This process of increased filament packing is thought to enable the
keratin filaments to be among the few survivors of the massive destructive phase
which soon occurs. Loricrin, a recently described and major component of the
cornified envelope is also synthesized at this late stage (Mehrel et al., 1990). As
each differentiating cell becomes permeable, a calcium inflow activates
epidermal transglutaminase, which then catalyzes the formation bonds, thereby
biochemically cross-linking the envelope proteins into a cage (Rice and Green,
1979). As other lytic enzymes are released, all signs of metabolic activity
terminate, and the resulting flattened squames are filled with macrofibrils of
keratin filaments.

The stratum corneum, composed of terminally differentiated
keratinocytes sealed together by lipids, is an impermeable, insoluble, and highly
protective fortress, which keeps microorganisms out and essential bodily fluids
in. This two compartment system of cellular proteins held together by lipids is

called the “bricks and mortar”— construct (Nemes and Steinert, 1999).

1.3.  Spontaneously immortalized HaCaT keratinocytes

Fusenig and colleagues established the first and so far unique
spontaneously immortalized keratinocyte cell line derived from normal adult
human skin. This cell line was termed HaCaT to indicate that it was developed
from human adult skin keratinocytes during prolonged cultivation at a reduced

Ca®* concentration and elevated temperature (Boukamp et al., 1988).

1.3.1. Genetic alterations

The spontaneous immortalization of the HaCaT cell upon long-term
cultivation of the normal human adult keratinocytes occurred as a multistep
process, each stage of which was characterized by a number of genetic changes

(Boukamp et al., 1988; Boukamp et al., 1997). The first genetic alterations in the
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HaCaT population detected by means of cytogenetic assay were 3 translocations
leading to the loss of one copy of chromosome arms 3p, 4p, and 9p as well as
gain of 9q (Boukamp et al., 1988). A quantity of senescence genes is located on
these chromosomes and thus their loss could have contributed considerably to
the immortalization.

During continued culture of HaCaT cells additional chromosomal
changes could be discovered, such a polyploidization (72-88 chromosomes)
(Boukamp et al., 1988). However, although propagated for more than 300
population doublings and more than 6 years, HaCaT cells maintained a constant
balance of genetic material and remained non-tumorigenic in contrast to virally
transformed keratinocytes (Boukamp et al., 1997). Distinct numerical and
structural karyotypic alterations during the HaCaT immortalization process are
present in the Tablel and Fig. 1.

Passage no. Numerical distribuition (% of metaphases)
Diploid Hypodiploid Hepotetraploid
(46) (38-45) (72-88)

2 10 90 0

5 0 67 33

11 0 58 42

17 0 0 100

33 0 0 100

50 0 0 100

Table 1. Chromosomal changes of HaCaT cells during adaptation to

autonomous growth in vitro (Boukamp et al., 1988).

1.3.2. Telomeres and telomerase
Another mechanism may involve increased activity of the enzyme
telomerase that was found to be associated with immortalization of HaCaT cells

(Hérle-Bachor and Boukamp, 1996). Telomerase is a specialized cellular
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enzyme complex with reverse transcriptase activity that maintains stable
telomere length. In normal cells, continuous shortening of the telomeres occurs
as cells approach cellular senescence. In contrast, HaCaT cells exhibit
significantly increased telomerase activity resulting in largely maintained
telomere length. These observations indicate that telomerase may play an

important role in the immortalization process of these cells.
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Fig. 1. G-banded karyotype of the HaCaT cells at the passage 17 revealed
hypotetraploidy (mode of 82).

1.3.3. Phenotypic changes in the immortalized HaCaT keratinocytes

As expected, HaCaT cells displayed increasing growth potential in vitro
both at high and clonal cell density (Boukamp et al., 1988; Boukamp et al.,
1997). In the soft agar assay HaCaT cells demonstrated anchorage-independent
growth that was first visible at passage 18 but at a very low frequency and the
efficiency of the growth in soft agar was always low and remained at maximum
of 4,5% at high passages. Great increase in the proliferative activity was

observed upon transition from the passage 37 to the passage 283 HaCaT cells:
8



the population doubling time dropped from 23 to 16 hours (Boukamp et al.,
1997)

In immortalized by simian virus 40 T-antigen keratinocytes the loss of
differentiation was observed, but it’s not the case of the HaCaT keratinocytes:
even as monolayers, they maintained the capacity to express differentiation
markers of the epidermis, such as different keratins (Ryle et al., 1989).
Moreover, HaCaT cell differentiation is still regulated by calcium and as
differentiation of normal epidermal keratinocytes (Breitkreutz et al., 1993). This
differentiation capacity is even more obvious when HaCaT cells are grown as
surface transplants on nude mice (Boukamp et al., 1990; Breitkreutz et al., 1991,
Breitkreutz et al.,, 1998). Under these conditions, HaCaT cells form
multilayered keratinizing epithelia with a remarkably high degree of
organization and differentiation.

Finally, when injected subcutaneously onto nude mice, HaCaT cells do
not neither give rise to the tumors nor demonstrate invasive growth behavior up
to the highest passages examined (passage 311) (Boukamp et al., 1997). They
form epithelial cysts in which cell proliferation stops completely and
irreversibly within a few weeks (Boukamp et al., 1988). The unique properties
of HaCaT cells, a permanent and stably non-tumorigenic keratinocyte cell line
with largely preserved differentiation capacity, made this cell line a paradigm
for human epidermal keratinocytes used in more than 600 laboratories

worldwide.

1.3.4. Tumorigenic conversion of the HaCaT cells

Human cells demonstrate a remarkable resistance to transformation by
oncogenes and chemical agents, however, once immortalized, human cells can
be relatively easily transformed into neoplastic cells with these agents (Rhim et
al., 1990).



Human immortalized HaCaT keratinocytes were used as an experimental
in vitro model for studying the mechanisms of human epidermal multistep
carcinogenesis (Boukamp et al., 1988; Boukamp et al., 1997; Boukamp et al.,
1990; Fusenig and Boukamp, 1998). Immortalization of a cell is considered an
early and essential step in the transformation process in vitro (Fusenig and
Boukamp, 1998). Immortalized cells have morphological alterations,
chromosome abnormalities, unlimited growth potential - all properties not found
in any cell of the human body except for cancer cells.

The oncogenic conversion of the HaCaT cells can be induced by
introduction of additional genetic alterations, e.g. transfection of the ras
oncogene (Boukamp et al., 1990), by exposing HaCaT cells to culture stress
such as growth over many passages in serum-free medium (Hill et al., 1991) and
propagation of HaCaT cells at elevated temperature (40 °C) (Fusenig and
Boukamp, 1998). Furthermore the microenvironment was shown to play a
significant role in tumorigenic transformation of HaCaT cells. When platelet-
derived growth factor B (PDGF-B) was overexpressed in HaCaT cells grafted to
mice the cells became tumorigenic (Skobe and Fusenig, 1998). HaCaT cells do
not express PDGF-receptor and it was concluded that PDGF expressed by
HaCaT is sufficient to activate stromal cells to produce growth factors which in

turn stimulate HaCaT proliferation.

1.3.5. Heterogeneity within human epidermal and other cells

Pioneering work of Barrandon and Green revealed 3 clonal types of
epidermal keratinocytes with profoundly different proliferative capacity:
holoclone has the greatest growth potential and forms large rapidly growing
colonies; fewer than 5% of the colonies abort and terminally differentiate. The
growth potential of paraclones is limited by 15 generations and then the cells
abort and terminally differentiate. The meroclone contains a mixture of the cells

of both types and represent transitional stage between paraclone and holoclone
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(Barrandon and Green, 1987). Recent studies demonstrated that clonogenic
holoclones are bona fide multipotent epidermal stem cells (Barrandon 2005).

The heterogeneity of the cellular composition was demonstrated not just
for the normal tissues but also for most human tumors (Heppner et al., 1978).
Even if the mechanisms underlying the development of tumor heterogeneity still
remain poorly understood, during the past several years the cancer stem cell
(CSC) hypothesis for the tumor initiation and progression gained strong support
in the cancer research community. CSC model assumes that cancers are
maintained and propagated by a small population of the cells within a tumor that
possess main stem cell characteristics. The existence of the CSC was first
demonstrated in the context of human leukemia (Lapidot et al., 1994), but
recently the CSC subset was identified also in the solid tumors, including
pancreas (Hermann et al., 2007), prostate (Patrawala et al., 2006), lung (Eramo
et al., 2008), colon cancer (Ricci-Vitiani et al., 2007).

Interestingly, also within established malignant cell lines a small
population of the cells with self-renewal characteristics and ability to give rise to
the differentiated progeny was found (Kondo et al., 2004; Patrawala et al., 2005;
Szotek et al., 2006).

2. Tumor suppressor p53

The p53 tumor suppressor is considered to be one of the most important
proteins in preventing cancer. The first reports described p53 as protein able to
interact with SV-40 T antigen (Lane and Crawford, 1979; Linzer et al., 1979).
The protein was prevalent in many transformed cell lines, unlike normal cells
where its expression was undetectable (Lane and Crawford, 1979; Rotter et al.,
1980), when ectopically expressed p53 contributed to the cellular transformation
and there was a great correlation between p53 protein levels and transformation.
For these reasons ironically p53 was classified initially as protein, associated

with transformation and proto-oncogene. Luckily Levine and colleagues 10
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years realized that in all previous reports the mutant forms of p53 were implied
and their landmark manuscript demonstrated that wild type p53 (wtp53) actually
inhibits cellular transformation (Finlay et al., 1989). Thus, wtp53 was
established as a bona fide tumor suppressor rather than an oncogene.

Several factors underscore the importance of p53 in tumor suppression: (1)
p53 is the most frequently mutated gene identified in human cancer (50% of all
cancers); (2) Li-Fraumeni syndrome is a genetic disease often attributed to a
germline mutation in p53 (Malkin et al., 1990); people affected by this
syndrome usually develop malignant tumours by early adulthood, upon mutation
or deletion of the normal p53 allele; and (3) mice that lack p53 develop
normally, but are predisposed to developing lymphoma and a broad spectrum of
other cancers, and usually die from their malignancies within 3—-6 months of age
(Jacks et al., 1994).

2.1.  The p53 gene product

Human p53 is a 53 kDa nuclear phosphoprotein, encoded by a 20-Kb
gene containing 11 exons and 10 introns (Lamb and Crawford, 1986). This gene
belongs to a highly conserved gene family containing at least two other
members, p63 and p73, which possess some of the same properties as p53
(Prives and Hall, 1999).

wtp53 protein is composed of 393 amino acids and is commonly
divided into three functional domains (Fig. 2): the N-terminus contains an
acidic domain (amino acids 1-42) that interacts with components of the
transcriptional machinery, such as TBP and TAFs and a proline-rich region with
multiple copies of the PXXP sequence (residues 61-94, where P is proline and X
- any amino acid). Acidic domain was demonstrated to be crucial for the p53
transcriptional activity (Lu and Levine, 1995) and proline-rich domain is
required for apoptosis (Walker and Levine, 1996) and is involved in the p53

negative regulation: this region region plays a role in p53 stability regulated by
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MDMZ2, wherein p53 becomes more susceptible to degradation by MDMZ2 if this
region is deleted (Sakamuro et al., 1997). The central core domain (AA 102-
292) contains domain for specific DNA binding and recognizes at least two
repeats of the DNA consensus sequence 50-PuPuPuC(A/T)-(T/A)GPyPyPy-30
(Levine, 1997). The oligomerization domain of wtp53 (AA 324-355)
participates in the formation of p53 tetramers (dimers of dimers) and this form
typically binds DNA in a sequence-specific manner (Wang et al., 1993). The C-
terminus of p53 (AA 311-393) includes a nuclear localization sequence and
exhibits nonspecific DNA binding (Wu et al., 1995). The role of these
interactions is still not well understood. The C-terminus also functions as a
negative regulatory domain, perhaps in coupling with DNA-binding domain, to

maintain p53 in an inactive form till posttranslational modifications don’t active

the protein.
N-terminal Central core C-terminal

NLS NES
I T T E— I 1
1-42 63-97 96-292 300323 324-355| | 363-393

L ! i W——
Transaclivation SH3 DNA-binding comain Tetramerization C-terminal
comain domain reguiatory

domain

Figure 2. p53 protein structure. The 53 kDa nuclear phosphoprotein p53, of 393 amino
acids, comprises several domains, including an acidic N-terminal region containing the
transactivation domain, a core containing the sequence-specific DNA-binding domain

and a complex C-terminal domain with multiple functions (Bode and Dong, 2004).

2.2.  The physiological functions of p53

p53 protein is a tumor suppressor and transcription factor, that plays
central role in prevention of the inappropriate cell growth and maintenance of
the genome integrity following genotoxic stress (Vogelstein et al., 2000;
Vousden and Lu, 2002). After DNA damage (ionizing radiation, UV radiation,
cytotoxic drugs treatment, viral infection), heat shock, hypoxia, and oncogene
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overexpression, p53 protein undergo post-translational modifications, this leads
to overall increase of protein level and as a consequence to the p53 activation
(Vogelstein et al., 2000; Vousden and Lu, 2002). The ability of p53 to execute a
role of tumor suppressor is attributed to its ability to act as sequence-specific
transcription factor that regulates expression of numerous genes (Farmer et al.,
1992). Genes activated by wtp53 are functionally diverse and belong to different
signalling pathways such as cell-cycle checkpoints, cell survival, apoptosis, and
senescence (Hofseth et al., 2004).

Activation of p53 primarily results in cell cycle arrest, presumably to
allow for DNA repair before replication or mitosis. A mechanism by which p53
blocks cell cycle progression is through the transcriptional activation of

p2 1WAF1/CIP1

dependent kinases, thereby preventing phosphorylation (inactivation) of Rb,

(Prives and Hall, 1999). In normal cells p21 inhibits cyclin-

which consequently arrests cells in the G1/S phase. Gadd45a is also induced by
p53 in response to DNA damage (Kastan et al., 1992). The Gadd45 gene
product interacts with various cell cycle-related proteins such as Cdc2 and
PCNA and contributes to DNA repair and G2/M cell cycle arrest (Smith et al.,
1994). Gadd45a-deficient mice display increased genomic instability and
radiation-induced carcinogenesis, similar to p53-deficient mice (Hollander et al.,
1999). Thus, Gadd45 participates together with p53 in maintenance of genomic
stability.

In some cell types, activation of p53 results in apoptosis rather than cell
cycle arrest. Activation of the cell death program by p53 is not clear, but a
number p53 target genes are well established pro-apoptotic inducers. One such
gene is bax, and overexpression of Bax protein is sufficient to induce cell death
(Miyashita and Reed, 1995). The insulin-like growth factor binding protein 3
(IGF-BP3) is also regulated by p53 and IGF-BP3 may activate apoptosis by
selectively blocking mitogen-activated survival signalling pathways (Levine,

1997). Other p53-regulated genes that may contribute to apoptosis include
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KILLER/DR5 and FAS/APO1 (both membrane receptors in the TNFR
superfamily) (Owen-Schaub et al., 1995) and Noxa, ei24/P1G8 and Puma (Yu et
al., 2001).

It’s well known that wtp53 is also able to repress a number of cellular
promoters. For example, expression of the survival factor Bcl-2 is suppressed by
wtp53 (Miyashita et al., 1994) and loss of this regulation by p53 mutation or
inactivation may lead to an up-regulation of Bcl-2 expression and an impaired
apoptotic response to genotoxic damage. Expression of the c-myc proto-
oncogene is also repressed by wtp53 (Moberg et al., 1992) and elevated levels of
c-Myc promote cell cycle progression (Baudino and Cleveland, 2001). As a
result, impaired regulation of c-Myc expression through p53 mutation may lead
to improper signalling and cell growth, thereby contributing to tumor formation.
Thus, p53-mediated transcriptional repression represents another important
biological activity, apart from transactivation, by which p53 can negatively

regulate cell growth.

2.3.  Transcription factor p63

Transcription factor p63 is a member of p53 family that plays a central
role in the development of stratified epithelium such as epidermis, breast and
prostate. p63 expresses multiple protein isoforms: p63 can be expressed from
two different promoters that gives rise to TA- and ANp63 isoforms. p63 exhibits
60% homology with p53 in DNA-binding domain and it is 37% identical to p53
in the oligomerization domain (Barbieri et al., 2006). At the C-terminus of p63
a, B, vy isoforms can be produced creating another level of p63 protein diversity.
a isoform possess a Sterile alpha-motif (SAM) that is involved in protein-
protein interactions (Schultz et al., 1997). TAp63 isoforms could transactivate a
reporter gene through a canonical p53 responsive element as well as induce
apoptosis (Osada et al., 1998; Yang et al., 1998). Tap63a is the most potent
transactivator of the p63 isoforms (Yang et al., 1998). On the contrary, ANp63
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displays dominant-negative effect on the p53-mediated transcriptional activation
(Yang et al., 1998). ANp63 is expressed in the proliferative, basal compartment
of epithelia, and it’s specifically expressed in epidermal stem cells that possess
the highest proliferative potential (Westfall et al., 2003). Numerous studies have
shown that ANp63a is predominant, if not the only one isoform, expressed in
epithelial cells (Mills et al., 1999; Yang et al., 1999). ANp63a isoform is
overexpressed in several epithelial cancers and was detected to have oncogenic
potential (Hibi et al., 2000).

p63 deficient mice demonstrate severe developmental problems, for
example, the lack of stratified squamous epithelia (Mills et al., 1999; Yang et
al., 1999). In the absence of epidermal barrier the mice dehydrate and die shortly
after birth. In addition p63-/- mice have major defects in limb development
(Osada et al., 1998; Yang et al., 1998). Mutations of p63 in humans also results
in numerous developmental defects: malformation of hands and feet, epidermal
dysplasia (EEC syndrome) (Roelfsema and Cobben, 1996).

2.4.  Mutations of p53

Mutations in the p53 gene are the most frequent mutations observed in
human cancers (Hollstein et al., 1991). The unique feature of p53 compared to
other tumor suppressor genes is its mode of inactivation: while most tumor
suppressor genes are inactivated by mutations leading to absence of protein
synthesis (or production of a truncated product), more than 80% of p53
alterations are missense mutations that lead to the synthesis of a stable full-
length protein (Soussi and Béroud, 2001) (Fig.3). This selection is believed to be
necessary for both a dominant negative activity on wtp53 in the heterozygous
cells, and for a gain-of-function that transforms mutant p53 into a dominant
oncogene.

An important feature of the p53 protein is the extreme fragility of the
DNA binding domain (residues 90-300) (Milner, 1995), as more than 200 of the
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393 residues have been found to be modified. Most p53 mutations are localized
in the DNA binding domain of the protein (residues 100-300) with 80% of p53
mutations located on exons 5-8 (residues 126-306) (Soussi and Béroud, 2001).
Of the mutations in this domain, about 30% fall within 6 “hotspot” residues
(residues R175, G245, R248, R249, R273, and R282) and are frequent in almost
all types of cancer (Cho et al., 1994). Codon distribution of p53 mutations is
represented in the Fig.4.

669
1048
52 I_

BEFS 9,01%
116 ®intronic 0,76%
W large del 0,12%
Hmissense 73.28%
ENA 0,41%
B nonsense 8,14%
other 2.28%
silent 3,67%

splice 2.,34%

Figure 3. Distribution of p53 mutation type. Somatic mutations — mutations effect
(N=28581) (Petitjean et al., 2007). FS —frameshift mutation.

All p53 mutations can be divided into 2 classes on basis of p53
structural differences: mutations that change p53 folding and mutations in the
residues involved in DNA recognition (Gannon et al., 1990). Class | mutations,
exemplified by mutants at codon 248 (7.6% in the p53 database,
http://p53.free.fr/), affect amino acids directly involved in the protein—~DNA
interaction (Cho et al., 1994). They have a wild-type conformation and they do
not bind to the chaperone hsp70 (Ory et al., 1994). Class Il mutations,
exemplified by the R175H mutant (4.9% in the database), have an altered
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Figure 4. Codon distribution of TP53 mutations (Petitjean et al., 2007).

conformation with intense binding to hsp70. These mutations are associated
with a more severe phenotype in vitro than class | mutations (Ory et al., 1994).
Such heterogeneity can also lie in the nature of the resulting residue. Mutant
R273H has a wild type conformation whereas mutant R273P is denatured (Ory
etal., 1994).

2.5. Biological effect of mutation

The concept that mutant p53 acquires some novel, tumor-promoting
properties, was established more than 2 decades ago (Dittmer et al., 1993; Sigal
and Rotter, 2000). Several studies on genetically modified mice, harbouring
some of the most frequently observed in cancers p53 mutations provide a strong
evidence of mutant p53 gain-of-function: in contrast to p53 heterozygous or null
mice (p53*" or p53”) mice with one p53 allele mutated developed diverse
tumor spectrum — in addition to lymphomas more carcinomas and sarcomas
were observed. The following tumours demonstrated enhanced resistance to
chemotherapy and genomic instability (Lang et al., 2004; Olive et al., 2004). In
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cell culture models mutant p53 was proved to participate in different pathways:
mutant p53 was able to promote invasion, migration, angiogenesis, proliferation
and survival.

Different models have been proposed to explain the contribution of
mutant p53 to tumor progression (Fig.5): 1) loss of wtp53 tumor suppressor
activity; 2) dominant-negative inhibition of wtp53 function, and possibly p53
family members (p73/p63), through oligomerization with mutant p53 in
heterozygous cells; and 3) gain-of-function which confers a selective growth
advantage to cells expressing mutant p53.

2.6. Dominant-negative interference with p53 family members

One of the hypotheses to explain mutant p53 pro-oncogenic activity
assumes that some mutant p53 proteins can interact with and downregulate the
transcriptionally active forms of p53 homologous, p63 and p73, leading to
reduced apoptotic response and chemioresistance in tumor cells.

p63 and p73 genes are members of p53 family that share significant
homology and whose products can function as sequence-specific transcriptional
activators (Jost et al., 1997; Kaghad et al., 1997; Osada et al., 1998). It has been
demonstrated that ectopic expression of p73 and p63 can transactivate
endogenous targets of p53, such as the cell cycle inhibitor p21 (Jost et al., 1997;
Kaghad et al., 1997; Pinhasi-Kimhi et al., 1986), as well as p21-containing
promoters (Jost et al., 1997; Pinhasi-Kimhi et al., 1986; Yang et al., 1998). Di
Como et al. have shown that p73 can activate other p53 target promoters (Di
Como et al., 1999) such as the proapoptotic bax gene (Miyashita and Reed,
1995), IGF-BP3 (Buckbinder et al., 1995) and cyclin G (Okamoto and Prives,
1999).
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Figure 5. Proposed mechanisms for the role of p53 mutations in tumorigenesis.
(A) Loss-of-function. The wtp53 tetramer (green) is transcriptionally active in response
to cellular stresses and induces the expression of downstream target genes, such as
p21°"* An inactivating mutation (purple) or deletion of p53 (purple dotted line) results
in a complete loss-of-function that eliminates the p53-mediated stress response. (B)
Dominant-negative. Some p53 mutants (orange) oligomerize with wtp53 (green) (C)
Gain-of-function. Other p53 mutants (fuchsia) possess new functions not shared by
wtp53. These are referred to as gain-of-function mutants, which do not transactivate
normal p53 target genes; rather, these mutants transactivate a different subset of genes,
such as MDR1 and c-myc (Cadwell and Zambetti, 2001).

One of the cellular functions of p53 is to induce apoptosis in response to
genotoxic stress, such as damaged DNA (Gottlieb and Oren, 1996; Ko and
Prives, 1996; Levine, 1997). Similarly, it has been found that overexpression of
both p73 and p63 can inhibit cell growth by inducing apoptosis (Jost et al.,
1997; Osada et al., 1998; Zhu et al., 1998).
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Despite the reports mentioned above the role of p63 and p73 in tumor
suppression is still unclear. p63 and p73 knockout mice display defects in
development rather than increased tumorigenesis: transgenic p73” mice harbour
developmental problems in their nervous and immune systems (Yang et al.,
2000) and p63” mice present severe defects in limb and skin development
(Yang et al., 1999). Furthermore, p63/p73 mutations are not commonly found in
human tumours: only 3 missense p73 mutations have been found among almost
1000 tumours screened. Multiple studies demonstrate that in different tumour
types there is an overexpression of p73 (Kovalev et al., 1998; Sunahara et al.,
1998; Yokomizo et al., 1999; Zaika et al., 1999). More recently the
overexpression has been shown also for ANp63 isoform (Crook et al., 2000;
Park et al., 2000; Yamaguchi et al., 2000). Moreover endogenous p73 can be
stabilized upon treatment with DNA-damaging agents and its inactivation results
in enhanced chemoresistence (Bergamaschi et al., 2003; Irwin et al., 2003).
Although less studied, endogenous p63 can determine chemotherapeutic
efficiency (Gressner et al., 2005). Finally, in one genetic background mice
heterozygous for p63 and p73 can develop tumours (Flores et al., 2005).

It has been shown that a number of p53 mutants are able to associate
with p73 and p63 in co-immunoprecipitation assays when they are either
expressed ectopically or endogenously (Bergamaschi et al., 2003; Di Como et
al., 1999; Gaiddon et al., 2001; Irwin et al., 2003; Marin et al., 2000; Strano et
al., 2000). Both “conformation” mutants (e.g. R175 and G245) and “contact”
p53 mutants (e.g. R248, R273, R283) have been reported to associate with
p63/p73. Furthermore, purified mutant p53 and p63/p73 can bind to each other,
strongly indicating that this interaction is direct (Gaiddon et al., 2001; Strano et
al., 2002).

Even if the structural basis of interaction between mutant p53 and its
homologues is still not well understood, there is a strong evidence that p53

mutants can decrease transcriptional activity of p73 and p63 and their ability to
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induce growth suppression and apoptosis (Bergamaschi et al., 2003; Di Como et
al., 1999; Gaiddon et al., 2001; Marin et al.,, 2000; Strano et al., 2000).
Importantly, these studies indicate good correlation between mutant p53 binding
efficiency and inactivation of p73/p63. Since mutant p53 interacts with p73/p63
DNA-binding domain (Strano et al., 2002), it’s possible that p73 and p63 are no
longer able to recognize and bind its target genes. Moreover it has been
demonstrated in ChiP experiments that p63 recruitment to the target genes as
p21, bax was impaired in the presence of endogenous or ectopic mutant p53
(Strano et al., 2002).

Taking into account all these studies we can put forward a hypothesis
that mutant p53 can contribute to the cellular chemoresistance by inhibiting
endogenous p73 and p63 (Bergamaschi et al., 2003; Irwin et al., 2003).
Particularly, human tumours that express endogenously or ectopically mutant
forms of p53 capable to bind p73 are more resistant to chemotherapy. It’s worth
mentioning that cells harbouring p53 mutants that have a greater potential to
bind p73 are more resistant to chemotherapeutic drugs. Mutually,
downregulation of mutant p53 by introduction of small-interfering RNA
enhances the cellular response to drug-induced cell death.

In summary, results obtained from cell culture, mouse models and
clinical correlation have implied that some mutants of p53 have gained novel

function by inactivation of p63/p73.

2.7. Mechanisms of mutant p53 gain-of-function

Several models have been proposed to explain mutant p53 gain-of-
function: 1) altered DNA binding by mutant p53; 2, 3) changes in interaction of
mutant p53 with other protein, for example, transcriptional factors; 4) or with
proteins that are not directly involved in the regulation of gene expression.

As it was mentioned above most p53 mutants possess amino acid

substitution in the DNA-binding domain and don’t affect N-terminal
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transactivation domain. From this point of view it’s reasonable to contemplate
that mutation in the DNA-binding domain would rather attenuate than eliminate
completely DNA binding. It’s apparent that mutant p53 still possesses DNA
binding activity even if the ability to recognize classical wtp53 response
elements is impaired (Ludwig et al., 1996; Thukral et al., 1995). The presence of
mutant p53 bound to DNA allows to put forward a hypothesis that mutant p53
can recognize unique mutant p53 responsive element, which allows it to
function as oncogenic factor (Strano et al., 2007; Weisz et al.). However, a
consensus for mutant p53 binding still hasn’t been recognized (Donzelli et al.,
2008; Vaughan et al., 2012).

Another transcriptional activity of mutant p53 consists in interaction with
other transcription factors that leads to altered regulation of the target genes
(Bargonetti et al., 1997; Sampath et al., 2001; Stambolsky et al., 2010). In some
cases, mutant p53 can enhance the transcription by forming complex with
transcriptional partner factor, cofactors and other proteins. In other cases the
picture can be more complex, for example, in the case of interaction with NF-Y
mutant p53 is recruited to its transcription regulatory complex in response to
DNA damage and it deregulates the cell cycle checkpoint (Fig. 2b) (Di Agostino
et al., 2006; Liu et al., 2011). In the same way following genotoxic stress DNA
topoisomerase 2-binding protein 1 (TopBP1) interacts with p53 mutants and
NF-YA and promotes mutant p53 and p300 recruitment to NF-Y target gene
promoters with following activation of the NF-Y target genes activation (Liu et
al., 2011).

On the other hand the interaction with mutant p53 can be inhibitory.
Involvement of p53 family members as p63 and p73 — is one of the best
examples confirming this model (Gaiddon et al., 2001; Strano et al., 2002).
Several reports demonstrated that mutant p53 binds to p63 and p73 and restrains
its binding to DNA (Girardini et al., 2011; Liu et al., 2011). In our recent work
we provide a proof that mutant p53 is actually hijacked to DNA by p63 and
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albeit p63 binding at the classical p63 responsive elements to some other sites,
consequently changing the regulation of its target genes expression (Martynova
et al., 2012). The main obstacle to get inside mutant p53 and p63/p73 interaction
Is an existence of various, functionally diverse isoforms of p53 family members:
TA isoforms of p63 and p73 (containing the full-length sequence) and the AN
forms (lacking the N-terminus). All these isoforms are transcriptionally active,
but each regulates a different group of genes. Intriguingly, although mutant p53
inhibits the transcriptional activity of the TA isoforms, in some systems the
mutant p53—p63 interaction was found to enhance — rather than repress — the
expression of some p63-regulated genes (Neilsen et al., 2011). This may reflect
a different effect of mutant p5S3 on TA and ANp63, and indicates that, as is also
the case for vitamin D receptor (VDR) and the SP1 transcription factor, mutant
p53 might act as both an activator and repressor of p63 function (Bargonetti et
al., 1997; Gualberto and Baldwin, 1995; Stambolsky et al., 2010).

Another “dark side” of mutant p53 is that it also binds and modulates the
function of proteins that are not directly involved in transcription. For instance,
p53 gain-of-function mutants promote tumorigenesis by a novel mechanism
involving active disruption of critical DNA damage-response pathways: p53
mutants interact with the nuclease Mrell and suppress the binding of the
Mrell-Rad50-NBS1 complex to DNA double-stranded breaks, leading to
impaired ATM activation and as consequence, impaired homologous
recombination (Liu et al., 2010; Song et al., 2007). Furthermore, the structural
mutant p53 proteins interact with BTG2, a cell cycle regulator, preventing it
from de-activating H-Ras — with the potential for a number of oncogenic
outcomes (Solomon et al., 2012).

It has been also demonstrated that mutant p53 gain-of-function can also
contribute to genomic instability and this effect is mediated by topoisomerase 1
(Topl), which maintains topology of DNA. Whereas wtp53 both promotes and
counteracts Topl function, mutant p53 has specifically lost the negative
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regulation of Topl, resulting in hyper-recombination and genomic instability
(Restle et al., 2008).

Since mutant p53 is expressed at high levels in human tumors it makes
this protein extremely attractive target for the anticancer drug development.
Ongoing studies are focused on destabilization or inactivation of mutant p53,
restoration of wtp53 functions of the mutants or inhibition of mutant p53
aggregation with other proteins. Several molecules have been already unraveled
and they are promising for the clinical application in the future. The main
obstacle to develop anticancer agents targeting mutant p53 is that different p53
mutants are not functionally identical and therapy should be designed based on
the type of p53 mutation present in the cancer. This problem represents a

challenge for investigators and opens a wide field for the future research work.

2.8.  UV-induced p53 mutations in HaCaT cells

The p53 gene is mutated in a large number of tumors, including
squamous cell carcinomas and basal cell carcinomas of the skin (Brash et al.,
1991; Brash et al., 1996). Interestingly, in skin carcinomas and also in
premalignant lesions on sun-exposed sites, the p53 mutations are mostly Cto T
base transitions, including about 10% CC — TT double base changes, which are
characteristic consequences of UV-induced pyrimidine dimers in DNA
(Nakazawa et al., 1994). This is in accordance with epidemiologic data that
clearly demonstrated that UV is one of the most important carcinogenic agents
for inducing skin tumors. Mutations in the p53 gene are considered early if not
initial events in the development of skin cancer (Ziegler et al., 1994).

In accordance with the data obtained from skin carcinomas, HaCaT cells
exhibited mutations in both alleles of the p53 gene, as do a number of skin
carcinomas (Brash et al., 1996). Interestingly, the p53 mutations in the HaCaT
cell line were identified as a C — T transition at codon 179 and a CC — TT

base change at codons 281 and 282 (Lehman et al., 1993). Because these
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changes are in typical UV hot spots (Brash et al., 1996) and the biopsy sample
from which the primary keratinocyte cultures were obtained was from a sun-
exposed area, these p53 mutations probably occurred in the patient and
subsequently caused the immortalization of the HaCaT cells. However, the
mutations in the p53 gene might not have been solely responsible for the
immortalization of HaCaT cells, because so far transfection of mutant p53 into
human keratinocytes has failed to induce immortality. Hence, other genetic
changes leading to the loss of senescence genes may be required for completion
of this process. As mentioned above, the immortalized phenotype developed
during prolonged cultivation of the keratinocytes in primary culture, and this
cultivation was initially performed at an elevated temperature of 38.5°C. Higher
culture temperatures induce increased rates of chromosomal breaks and
translocations as well as a higher proliferative activity in keratinocytes and
fibroblasts (Boukamp et al., 1988; Marczynska et al., 1980). Thus, elevated
temperatures may also have contributed to an increased rate of genetic
alterations during the process of HaCaT cell immortalization.

In view of these findings, it can be hypothesized that the UV-induced
p53 mutations in situ, in combination with stressful culture conditions that led to
increased genetic alterations, caused the immortalization of the HaCaT cells. In
skin cancer in humans, UV-induced p53 mutations are probably an initial event
caused by excessive UV irradiation. This, however, is usually combined with
sunburn, which increases skin temperature, which may in turn increase the
number of genetic alterations. The postulated etiology of HaCaT cells may thus
be representative for the early mechanism of skin carcinoma induction. From
these data and the considerations outlined above, it can be concluded that the
HaCaT cell line is indeed a biologically meaningful in vitro model for studying

human skin carcinogenesis.
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3. Nuclear Factor Y (NF-Y)

The CCAAT box is one of the most common cis elements present in 30%
of all eukaryotic promoters (Bucher, 1990). A number of CCAAT-binding
proteins have been identified and nuclear factor for Y box (NF-Y) is the most
ubiquitous and specific acting as a key proximal promoter factor in the
transcriptional regulation of different eukaryotic genes. For NF-Y binding all 5
nucleotides are and there is a strong preference for specific flanking sequences.
Genes that harbor NF-Y sites include constitutive, inducible, and cell-cycle-
dependent genes, but the mechanism of regulating the expression of these
different genes cannot simply be due to NF-Y DNA binding. It is likely that
additional factors will be involved in the action of NF-Y. Indeed, recent studies
from several laboratories have suggested that NF-Y interacts, either functionally
or physically, with other transcription factors or nuclear proteins both in vitro
and in vivo (Framson and Bornstein, 1993; van Ginkel et al., 1997; Zwicker et
al., 1995).

NF-Y is a heteromeric protein composed of three subunits, NF-YA, NF-
YB and NF-YC, all indispensable for DNA binding (Sinha et al., 1995). Each of
the three subunits possesses highly conserved domains. Association of NF-YB
with NF-YC is necessary for NF-YA binding and sequence-specific DNA
interactions (Sinha et al., 1995). Both NF-YB and NF-YC conserved domains
contain putative histone fold motifs (Baxevanis et al., 1995). This motif,
common to all core histones, enables histones to dimerize with companion
subunits; this motif is responsible for formation of the histone octamer. Recent
experiments indicate that this 65 amino acid long motif is necessary for subunit
interactions and DNA binding (Sinha et al., 1996).

NF-Y was initially identified as the factor associating with the so-called
Y-box, a conserved element of major histocompatibility complex class 1l
promoters (Dorn et al., 1987; Hooft van Huijsduijnen et al., 1990). This

transcription factor is involved in the activation of numerous other eukaryotic
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promoters such as the type | collagen, albumin, globin, thrombospondin 1, and
human thymidine kinase gene promoters (Chodosh et al., 1988; Delvoye et al.,
1993; Framson and Bornstein, 1993; Mantovani et al., 1992; Raymondjean et
al., 1988). NF-Y is specifically required for genes regulated during the cell-
cycle and inducible by external stimuli: essentially all G,/M genes, for example,
are dependent on NF-Y (Elkon et al., 2003; Hu et al., 2006). NF-Y is generally
important to recruit neighbouring TFs and, in some systems, Polll, before
induction of transcription (Kabe et al., 2005). Consistent with the widespread
activity, inactivation of the NF-YA gene in mice is embryonic lethal at a very

early stage of development (Bhattacharya et al., 2003).

3.1. Role of NF-Y in cellular proliferation and apoptosis

The NF-YA isoform of the NF-Y transcription factor is believed to be
the limiting and regulatory subunit of the trimer, tightly regulated by post-
translational modifications (Dolfini et al., 2012a). Expression of the protein is
modulated during the cell cycle (Bolognese et al., 1999) and its inactivation
leads to downregulation of the cell-cycle genes in differentiated muscle cells
(Farina et al., 1999; Gurtner et al., 2003). Moreover NF-Y was shown to be a
crucial TF, required for moues ES cell proliferation (Grskovic et al., 2007).

Previous studies aimed at understanding the biological role of NF-Y took
advantage of a loss of function approach, such as expression of dominant-
negative NF-YA mutants and conditional deletion of the mouse NF-YA gene.
When a dominant-negative NF-Y A mutant that interacts with -YB/YC but does
not bind DNA is expressed in mouse fibroblasts, retardation of cell growth is
observed {Hu, 2000}. In MEFs conditional inactivation of NF-YA results in a
block in cell proliferation and inhibition of S phase or DNA synthesis, which is
followed by induction of apoptosis (Bhattacharya et al., 2003). Taken together,
these studies demonstrate that binding of NF-Y to cellular promoters is essential

for cell proliferation.
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Apoptosis and proliferation are intimately connected. A tight association
between regulation of cell cycle and apoptosis was demonstrated for c-myc,
E2F1, and cyclins. These genes may induce cell proliferation, cell-cycle arrest,
or cell death, with the different outcomes depending on cell type, cellular
environment, and genetic background (Vermeulen et al., 2003). Intriguingly,
many of these genes are NF-Y transcriptional targets (Di Agostino et al., 2006;
Elkon et al., 2003; Farina et al., 1999; Manni et al., 2001).

Less is known by the moment about involvement of NF-Y in the process
of programmed cell death. Hughes et al. demonstrated that NF-Y actively
participates in the regulation of the Bim expression that is well known mediator
of apoptosis in many cell types. Their results indicate that NF-Y cooperates with
FOXO3a to recruit CBP/p300 to the Bim promoter to form a stable multi-
protein/DNA complex that activates Bim transcription after survival factor
withdrawal (Hughes et al., 2011).

Furthermore, it was demonstrated that NF-Y interacts with endogenous
Fas/APO1 promoter and these cooperation is enhanced upon DNA damage
(Morachis et al., 2010). Moreover overexpression of the NF-Y complex can
stimulate basal Fas/APOL1 transcription in vivo. Thus, NF-Y positively regulates
Fas/APO1 expression.

Several studies implicated a relationship between p53 and NF-Y in
which p53 interacts directly with NF-Y to repress various cell cycle genes
(Imbriano et al., 2005). Interestingly, Morachis et al. provide a proof that NF-Y
knockdown by siRNA causes apoptosis while activating many p53 target genes
(Morachis et al., 2010). They analyzed RNA levels in NF-Y knockdown cells
and observed activation of Fas/APQO1, p21, and PUMA genes. This is consistent
with previous studies (Benatti et al., 2008).

Recent reports underline a role of NF-YA subunit in the processes of
apoptosis, although a role of this protein the programmed cell death is not well

understood yet. Numerous efforts to study the role of NF-YA in the cellular
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proliferation and apoptosis by overexpression experiments were non successful
neither in our lab nor in other research groups. Gurtner et al. failed to obtain
stable clones overexpressing NF-YA, since in MEFs unrestrained NF-Y activity
promotes apoptosis depending on E2F1 induction and wtp53 activation. On the
other hand also inactivation of the NF-YA leads to a remarkable apoptotic

response (Benatti et al., 2011).

3.2. Different NF-YA isoforms

Due to alternative splicing event subunit NF-YA exists in human and
mouse cells in short (NF-YAs) and long (NF-YAL) isoforms (Li et al., 1992a; Li
et al.,, 1992b). The long isoform carries the full complement of the gene
sequence. In short isoform 84 nucleotides are missing; the reading frame is
maintained, so that the protein encoded by “short form” mRNAs is shorter by 28
amino acids. Expression of different NF-YA isoforms was demonstrated to be
tissue-specific: the long form is more prevalent in the brain, liver, lung, and in
fibroblast and teratocarcinoma cells. Conversely, the short form predominates in
thymus and spleen and in cells of the B lymphoid lineage (Li et al., 1992a).

Nowadays there is a growing body of evidence about functional duality
of NF-YA isoforms: the first indication that NF-YA isoforms are functionally
diverse comes from the study of Cystathionine-p-synthase promoter (Ge et al.,
2002). NF-Y As demonstrated significantly less synergistic transactivation of the
CBS-1b promoter with Spl than NF-YAI. Another report provides strong
evidence that NF-YAs is a potent cellular regulator of mouse hematopoietic
stem cell self-renewal (Dolfini et al., 2012a). Report of our laboratory describes
NF-YAs as a crucial TF, involved in the processes of mouse embryonic stem
cell (ESC) renewal: NF-YA was demonstrated to activate directly key stem cells
genes and, and to promote in the indirect way the association of NANOG to a
large part of its regulated ESCs targets (Dolfini et al., 2012b).
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4.3. NF-Y and mutant p53 interaction
Even if the mechanisms of mutp53 gain-of-function are still not yet well

defined, several models have been arisen. The model of direct transcriptional
regulation proposes that mutant p53 proteins, most of which are not supposed to
bind DNA directly, may selectively regulate the expression of downstream
targets by interacting with other factors that tether p53 to the
promoter/regulatory regions of these genes. Di Agostino et al. provide strong
experimental support for this model (Di Agostino et al., 2006). The authors
demonstrate that three different mutant p53 (p53Hisl75, p53His273,
p53His273/Ser309) interact physically with the heterotrimeric transcription
factor NF-Y in vivo and these mutant p53/NF-Y complexes modulate the
expression of key NF-Y-regulated cell cycle genes after adriamycin treatment. It
has been already reported that upon DNA damage the expression of some cycle-
related NF-Y targets is repressed by wtp53: wtp53 forms a complex with NF-Y
on CCAAT box-containing promoters, and upon DNA damage this complex
recruits histone deacetylases (HDACs) and releases histone acetyltransferases
(HATS), coinciding with the repression of key cell cycle (Imbriano et al., 2005;
Manni et al., 2001). Strikingly, Di Agostino et al. show that mutant p53/NF-Y
complexes have the opposite effect on transcription to wtp53/NF-Y complexes:
at the transcriptional level the expression of NF-Y target genes, involved in cell
cycle control (cyclin A, cyclin B1, cyclin B2, cdkl, cdc2).

Mutant p53/NF-Y/HDAC1 complexes were found in the promoters of
NF-Y target genes and the presence of these complexes was independent of
DNA damage. Association of mutant p53 with these promoters, dependent on
the presence of NF-Y and CCAAT box integrity, was increased after adriamycin
treatment, and the p300 HAT was then recruited in a manner that requires
mutant p53. The switch between HDAC1 and p300 was accompanied by
increased acetylation and reduced methylation of neighboring histones on the
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cyclin B2 and cdkl promoters. In contrast, wt p53 interacts with HDAC1 upon
DNA damage to repress NF-Y target genes.

Downregulation of the regulatory subunit NF-YA or mutant p53 led to
impaired activation of the NF-Y target genes and reduced S phase accumulation
after adriamycin treatment. Thus, the ability of mutant p53 to interact with NF-
Y and control important cell cycle regulatory genes represents new oncogenic
gain-of function activity of mutant protein and specific recruitment of

chromatin-modifying enzymes is responsible for this oncogenic potential
(Fig.6).
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Figure 6. Transcriptional activities underlying mutant p53 gain-of-function (Peart and
Prives, 2006). Model proposed by Di Agostino et al. (2006) in which the transcriptional
regulation of NF-Y target genes by wt and mutant p53 are opposite following DNA
damage due to the recruitment of opposing chromatin-modifying enzymes, conferring
oncogenic “gain-of-function” properties to mutant p53 proteins.

Remarkably, this gain-of-function activity seemed to be independent of
the particular type of p53 mutation since different p53 mutations (p53His175,
p53His273, p53Gly281) have been tested. In this paper the authors used both a

DNA contact point mutant and a conformational mutant but it would be
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interesting to confirm the universality of their observations by testing a wider
spectrum of p53 mutations.

In summary, Di Agostino’s report provide mechanistic insights into
mutant p53 gain of function activity by interaction with NF-Y and facilitation of
NF-Y proliferative target genes transactivation.
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Aims of the Project

1) The p63 protein is the “master regulator” of epidermal
development, working with other proteins to closely coordinate the expression
of genes that control cell growth and differentiation. Our lab has been involved
in the identification of p63 targets in human keratinocytes, either by expression
profiling or by ChiP on ChiP analysis (Testoni et al., 2006; Vigano et al., 2006).
KIf4 is a transcription factor required for establishing the barrier function of the
skin. Immunocytochemical analysis and expression data in mouse and human
demonstrate strong evidence that p63 and KLF4 protein are localized in the
different regions of the skin — while p63 is restricted to the basal cells, KLF4 is
normally expressed in the granular and subcorneum strata. Thus, the project was
dedicated to the study of possible KLF4 regulation by p63 in the normal
keratinocytes and immortalized HaCaT keratinocytes that harbour 2 mutant
alleles of p53.

Results of the first part of the research demonstrate, that p63 is a
repressor of KLF4 in the normal keratinocytes and this regulation is altered in
the presence of mutant p53 in the HaCaT cells — upon these cellular conditions
mutant p53 shifts p63 from repressive to activating sites at the KLF4 promoter,
thereby, rendering p63 as an activator rather than repressor of KLF4 expression.
Thus, we show that H179Y and R282Q p53 mutants possess gain-of-function
activity (Publication 1).

2)  These results inspired us to investigate mechanisms of mutant
p53 gain-of-function. Our preliminary data demonstrated that inactivation of
mutant p53 in the human HaCaT keratinocytes leads to significant decrease in
cell growth rates. Therefore, to understand the role of mutant p53 in cellular
proliferation we have to perform ChiP-Seq experiments to discover mutant p53
whole-genome DNA binding. Study of KLF4 promoter revealed mutant p53 as a

p63 assistant in its programme of transcription regulation and analysis of mutant
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p53 binding to DNA can shed light on other transcription factors partners.
Moreover, the question whether mutant p53 binds DNA directly or by
interaction with other proteins, is still open. To solve this and other problems
Chip-Seq experiment with following bioinformatics analysis should be
performed (Publication 2).

3) At the previous stage of research we discovered that mutant p53
alleles of the HaCaT keratinocytes confer growth advantages to the cells, i.e.
possess gain-of-function activity. Although mutations of p53 were shown to
contribute to tumor initiation, promotion, aggressiveness and metastasis, in the
case of human immortalized keratinocytes it’s evident that this genetic alteration
is not sufficient to render the cells malignant. Therefore, this part of the project
was devoted to the development of the experimental model for the tumorigenic
conversion of transformed but non-tumorigenic HaCaT cells. Sphere-forming
assay is extensively used for the isolation and propagation of the cancer stem
cells from the tumor bulk, so we decided to apply the same protocol for isolation
of the HaCaT subpopulation that can resemble somehow tumor-initiating cells
(Manuscript in preparation).

4)  Although the molecular mechanisms are still unclear, there is no
doubt that interaction of p53 with NF-Y contributes remarkably to the cell cycle
regulation and apoptosis upon DNA damage. Previous reports investigated the
consequences of NF-YB inactivation and by the moment little is known about
NF-YA role in the processes of p53-mediated apoptosis and cell cycle
progression. This can be explained partially by the fact, that till now all
experiments on NF-YA overexpression and/or inactivation were not
successfully and no one report provide evidence about existence of the stable
clones overexpressing NF-YA. This negative result didn’t discourage us and we
decided to perform overexpression experiments in the different cell lines, taking

into account that success of the experiment can depend on the p53 status. For
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this purpose we employed wt p53, null p53, mutant p53 and p53 inactivated by

the large T antigen cells.
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Main Results

1) Mutant p53 subverts p63 control over KLF4 expression in
keratinocytes

p63 protein is a p53 homolog and TF that plays a key role in the skin
development (Dai and Segre, 2004). In two independent genetic experiments on
p63 deficient mice it was demonstrated that these mice lack stratified epidermis,
producing a disorganized singlelayered surface epithelium that was negative for
epidermal markers such as keratin K5 and K14 (Mills et al., 1999; Yang et al.,
1999). Although the interpretation of the p63 mechanisms is still controversial,
there is a strong experimental support that p63 is an epidermal master regulator.

Transcription factor KIf4 is expressed mainly in the suprabasal layers
of the epidermis and it’s a distinct marker of terminal differentiation. KIf4 is
necessary for the establishment of the functional permeability barrier since
KLF4 inactivation results in a loss of barrier and ectopic expression of KLF4 in
the basal layer of skin promotes barrier acquisition in a dose-dependent manner
(Jaubert et al., 2003; Segre et al., 1999). Immunohistochemical stainings of the
mouse and human skin clearly demonstrate that expression of p63 and KLF4
proteins is restricted to different regions of the skin: while p63 is expressed in
the nuclei of epidermal basal cells (Di Como et al., 2002; Reis-Filho et al.,
2002), KLF4 is most highly expressed in the post-mitotic, differentiating
epithelial cells of the skin (Garrett-Sinha et al., 1996).

Our data demonstrate that KLF4 expression is increased upon in vitro
differentiation — as p63 decreased. Differentiation of neonatal human
keratinocytes was induced by addition of CaCl, in medium and the success of
the process was controlled by monitoring the levels of involucrin expression,
which is well-known marker of keratinocytes terminal differentiation (Watt,
1983), and p21, whose induction was observed in several in vitro terminal
differentiation systems (Missero et al., 1996), as well as in differentiating tissues

in vivo (el-Deiry et al., 1995; Parker et al., 1995). During differentiation KLF4
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increases at both protein and mRNA level with the highest levels after 10 days.
In parallel, ANp63a is progressively reduced. Immunofluorescence stainings
confirmed increase of KLF4 expression, concomitant with p63 decrease, in
neonatal keratinocytes and also in normal human adult skin KLF4 expression
was observed at the low in the basal layer of the skin, increasing in subcorneum
stratum with maximum at the upper layers, opposite to p63. Thus, KLF4 is
activated upon keratinocytes differentiation in vitro and is mostly present in the
cells with low levels of p63.

At the next stage of research we provide evidence that p63 represses
KLF4 in normal keratinocytes. Inactivation of p63 by siRNA, that recognize all
6 isoforms, leads to up-regulation of KLF4 at both protein and mRNA levels in
neonatal and adult human keratinocytes. In silico analysis of KLF4 promoter
revealed 9 putative p63/p53 binding sites and chromatin precipitation
experiment showed p63 binding to (-2225), (-1784), (+467) regions and no p53
binding. As positive control for the ChiP experiment we used C40 enhancer of
p63 promoter that was demonstrated to be strongly bound by p63 in vitro
(Antonini et al., 2006). All together these results show that p63 directly
represses KLF4 transcription by binding to discrete upstream regions in the
promoter.

Intriguingly, in the human immortalized HaCaT keratinocytes, that
harbour two mutant alleles of p53, p63 does actually activate KLF4 expression:
inactivation of p63 by introduction of siRNA leads to downregulation of KLF4
at both protein and mRNA levels and overexpression causes an increase of
KLF4 protein and mRNA levels. To make sure that this effect was achieved by
transcriptional stimulation of KLF4 promoter by p63 we performed transfection
of the construct, containing luciferase reported under KLF4 promoter, together
with control siRNA and p63 siRNA: activation of KLF4 promoter was reduced

upon p63 inactivation. Furthermore, transfection of the same construct with a
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ANp63a vector caused strong upregulation of KLF4 promoter that indicates the
transcriptional regulation of KLF4 promoter by p63.

In addition, in ChiP experiment we observed p63 binding to KLF4
promoter, but in the regions, different from those, observed in the neonatal
keratinocytes. Moreover, in one region, containing p53/p63 responsive element,
we also detected p53 bound together with p63 and this interaction wasn’t
observed in normal keratinocytes.

HaCaT cells harbour mutations of p53 genes in both alleles: C—=T
transition at codon 179 (His —=Tyr) and a CC—TT base change at codons 281
and 282 (Arg— Trp) were identified (Lehman et al., 1993). Both mutations are

located in DNA-binding domain and these changes are well-known UV hot
spots (Brash et al., 1996). While in normal basal keratinocytes p53 is expressed
at extremely low level (Pablos et al., 1999), mutant p53 is abundantly present in
the HaCaT cells due to prolonged half-life compared with that of the wtp53
protein (Lehman et al., 1993).

We hypothesized that inversed regulation of the KLF4 promoter by p63
could be a consequence of the mutant p53 action, especially after observation
that mutant p53 was bound together with p63 on the KLF4 promoter. To clarify
the role of mutant p53 in the regulation of KLF4 promoter we inactivated it by
introduction of sSiRNA and observed reduction of KLF4 expression at the protein
and mRNA levels. It worth mentioning that expression of p63 was unchanged
upon these conditions and was always at the high level. This can indicate that
KLF4 decrease wasn’t a secondary effect of the p63 protein level. Importantly,
expression of the H179Y and R282Q p53 mutants in normal keratinocytes was
sufficient to activate of endogenous KLF4 protein.

Strong affinity of mutant p53 to p63 protein was proven in co-
immunoprecipitation assay in the HaCaT cells (Gaiddon et al., 2001). To
elucidate whether these proteins collaborate on some discrete regions on KLF4

promoter, we performed Chip and re-Chip experiment, using antibodies against
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p53 and p63. Both mutant p53 and p63 were bound at the (-400) region on the
KLF4 promoter. Altogether, these experiments indicate that p53 mutants have a
direct positive effect on KLF4 expression, together with p63, by binding to a
core promoter region of KLF4.

Up to 90% of cutaneous SCC lesions have UV-induced signature
mutations, in the p53 gene (Brash et al., 1991), resulting in accumulation of the
p53 protein. Similarly, ANp63a was demonstrated to be expressed at the high
levels in HNSCC (Choi et al., 2002; Crook et al., 2000). The role of KLF4 in
different cancers is rather controversial, since it can act as a tumor suppressor
gene or as an oncogene (Rowland et al., 2005). Tumor suppressor role of KLF4
was observed in in human colon and gastric cancers (Wei et al., 2005; Wei et al.,
2006; Zhao et al., 2004), esophagus (Wang et al., 2002), lung (Hu et al., 2009),
bladder cancers (Ohnishi et al., 2003) and T-cell leukemia (Yasunaga et al.,
2004). Conversely, KLF4 can function as a transforming oncogene. KLF4-
transformed rat kidney epithelial cells demonstrate morphologic transformation
and increased tumorigenicity in athymic mice (Foster et al., 1999). In human
HNSCC and breast cancer, increased KLF4 expression has been reported (Foster
et al., 2000; Foster et al., 1999). Moreover, KLF4 expression has been
demonstrated to be a poor prognostic factor for early breast cancer and skin
cancer (Chen et al., 2008; Pandya et al., 2004) corroborating its oncogenic roles.

Analysis of expression levels in a panel of different skin tumours by
immunohistochemical stainings revealed robust p53 and KLF4 expression in the
most of SCCs, whereas the expression of p63 was already high. Especially
noteworthy is an observation that in the major part of the SCC investigated
KLF4 was overexpressed together with p53. In conclusion, these data support
the notion that an overexpressed, mutant p53 is involved in the positive
regulation of KLF4 in human SCC.

In summary, in this report we present evidence that KLF4 is negatively

controlled by p63 in normal skin in the presence of physiological levels of wild-
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type p53, and that this regulation is subverted by oncogenic mutations of p53,
establishing a direct link between these TFs, commonly overexpressed in SCCs.
Because KLF4 overexpression cooperates in reprogramming differentiated cells,
our findings have potential consequences for the mechanisms of formation of

skin carcinomas.

2) Gain-of-function p53 mutants have widespread genomic locations
partially overlapping with p63

All previous data encouraged us to investigate in vivo whole-genome
DNA binding by mutant p53 and its functional activity. For this purpose we
inactivated p53 in HaCaT cells by lentiviral transduction of the vector,
expressing shp53 following puromycine selection and scramble shRNA as
negative control. Recently, at least 12 different p53 isoforms were identified and
data obtained from animal and cellular models indicate that p53 isoforms
regulate the cell fate in response to developmental defects and cell damages by
differentially regulating gene expression (Marcel et al., 2011). For this reason
for inactivation experiment we used shRNA that targets DNA-binding domain
of p53 to aim all possible isoforms of p53.

Clones were readily selected, pooled and inactivation of p53 was
controlled by gPRC and western blot. While mutant p53 mRNA level was
significantly decreased and the protein level was essentially abolished, p63
MRNA was decreased modestly. Remarkably, we never managed to inactivate
p63 by shRNA introduction in the HaCaT cells, likely because the role of p63 in
the growth and survival of these cells (unpublished data).

With the clones obtained we have performed the experiments to
understand the behavior of the p53-inactivated HaCaT cells in response to DNA
damage. After UVB irradiation we observed a modest variation in cell cycle
progression: increase in subG1l and G1 cells, and a decrease in G2/M in cells

lacking mutp53. The degree of apoptosis, as measured by TUNEL assays, PARP
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activation and Caspase 8 cleavage was lower in the absence of mutp53, but still
present. Thus, other mechanisms compensate for the lack of mutp53 to drive a
DNA-damage response.

The most notable difference, however, was the growth rate, as curves
were flatter in HaCaT deprived of mutp53. These data confirm that mutp53 are
indeed gain-of-function alleles contributing to cellular growth. Thus, even if
mutp53 was found to be non-functional regarding induction of apoptosis and
cell cycle arrest, there is no doubt that it affects significantly the growth
properties of the cells.

To investigate the possible mechanism of mutant p53 gain-of-function,
we performed analysis of DNA binding by p63 and mutp53 by ChIP-Seq
experiment, using DO1 monoclonal antibody, recognizing the N-terminal
domain of p53, and a polyclonal antibody against p63. We identified 7135 peaks
for p53 and 3421 for p63 in HaCaT cells, defined as areas with a significant
enrichment in the IP with respect to the corresponding genomic region of Input
DNA controls run in parallel. We analyzed the locations and we found out that
1591 mutp53 and 907 p63 sites reside in promoters, and 3697 and 1400,
respectively, in the body of RefSeq genes. What’s important is that notorious
p63 targets such as p21, Mdm2 were among the positive targets. We proceeded
with validation of the ChiP-Seq data and performed ChiP experiment, using Ab7
polyclonal antibody against p53 and 4A4 monoclonal p63 antibody and some of
the positive regions were monitored by qPCR: with the exception of FANCi (1
out of 13), the other targets were enriched. We noticed that some targets scoring
positive only for p63 in ChIP-Seq were also somewhat enriched with Ab7,
suggesting that we might be underscoring the overlap of the two TFs, possibly
because DOL1 is unable to pick up the shorter p53 isoforms present in HaCaT
cells (Marcel et al.,, 2011). Finally, p63 targets previously identified as
functionally important, such as KLF4, Notchl, TP63, DLX3/4 and JAG2,
among others, scored positive for p63 and mutp53.
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We therefore felt confident to analyze the ChlP-Seq locations and found
the expected overrepresentation in promoters, from -5000 to +1000 of the
Transcriptional Start Sites: 1591 mutp53 and 907 p63 sites reside in promoters,
and 3697 and 1400, respectively, in the body of RefSeq genes. We characterized
the overlap between positive peaks and found out that 19% of p63 peaks overlap
with mutp53 in the promoter (175 out of 907) and 17% in the body of genes
(240 out of 1400).

Next, we evaluated the enrichment of TFBS in the p63*, mutp53™ and
p63/mutp53” peaks with a width of 150 bp from the center with the Pscan
software (Zambelli et al., 2009), using as background a set of 10.0000 sequences
of the same size, chosen at random from genomic regions annotated either as
“promoter” or “enhancer”. It is apparent that a consensus p53/p63 responsive
element is at the top of the list in p63™ and p63/mutp53™ peaks, but not in
mutp53*, where sites of other TFs predominate: E boxes, variously termed
NHLH1, Myf, Mycn, USF1, MYC-MAX, MAXESR (nuclear receptors), AP2,
This is an indication that p63, either alone or with mutp53, recognizes its own
site, whereas mutp53, in the absence of p63, binds DNA through sequences
recognized by other TFs.

We then used the Weeder software (Pavesi et al., 2004) to perform de
novo motif discovery in the peaks of the three cohorts, in promoters, genes or
elsewhere: a TGGGCATGTC sequence clearly emerged in p63”, containing a
perfect p53/p63 consensus with additional information on the flankings; a
similar sequence, lacking the CC at the 3’ end, is recovered in p63/mutp53*
locations; in mutp53™ peaks, instead, the variety of underlying sequences
prevented the emergence of a clear consensus by de novo analysis, confirming
the underlying presence of several unrelated TFBS.

A large number of genomic locations of p63 have been recently
discovered in primary keratinocytes using the same antibody employed in our

study (Kouwenhoven et al., 2010). We analyzed the data of primary human
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keratinocytes and HaCaT cells and found that a substantial number (50%) of
HaCaT locations are missing in primary keratinocytes (PHK). We assessed the
number of mutp53 peaks in the two populations and found some skewing: 222
were in the PHK common sites, and 367 in the HaCaT-only cohort, suggesting
that the presence of mutp53 alters p63 binding to a subset of sites bound in
normal keratinocytes.

Gene Ontology analysis retrieved terms such as organ morphogenesis,
tissue and epidermal development and positive regulation of transcription in
p63" devoid of mutp53; the same terms were present in the larger p63” cohort,
with the addition of Wnt signaling and induction of apoptosis. Terms related to
signal transduction and cell cycle were prevalent in mutp53* genes. Specifically,
the mutp53/p53* sites were enriched in terms of Wnt signalling and other
metabolic terms in the molecular function analysis, such as actin binding,
Tyrosine Kinase and GTPase activity. In addition to previously characterized
targets families of targets worth mentioning are Wnt genes -Wnt4, Wnt7a,
Wnt9a, Wntl0aand Retinoic Acids Receptors, RARo, RARy and RXRa. Both
p63 and mutp53 are present at multiple locations of the large cluster of keratin
genes on chromosome 17. From this set of data we conclude that p63 binding in
HaCaT is different from PHK, in part due to the presence of mutp53.

Next, we performed profiling analysis of mutp53 inactivated HaCaT
cells. A large number of genes were up -1649- or down -1644- regulated, by
using a relatively stringent cut-off ratio of 1.5-fold. We characterized the
overlap between positive peaks, and found that 19% of p63 peaks overlap with
mutp53 in the promoter (175 out of 907) and 17% in the body of genes (240 out
of 1400). We validated the profiling results by gRCR: essentially all genes
changed expression according to expectations. The overlap between the mutp53
locations and gene expression analysis is 15%. GO categorization identified cell
cycle, as well as DNA and RNA metabolisms and response to DNA damage as

robustly enriched in the upregulated cohorts, in the downregulated genes, p-
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values were less significant with sterol biosynthesis and keratinocyte
differentiation being somewhat enriched.

Our work addresses a debated topic concerning the mechanisms of action
of gain-of-function mutant p53 and p63. We found that mutp53 HaCaT alleles
are pro-growth and mutp53 have thousands of binding sites in the human
genome; they affect gene expression profoundly, both by binding with p63 to

consensus elements and by being tethered by other TFs to their locations.

3) Spheres from HaCaT: a model for skin cancerogenesis

In the previous stage of research project we established that 2 mutant
alleles of p53 (H179Y and R282Q) in the HaCaT immortalized keratinocytes are
pro-growth and display gain-of-function activity (Martynova et al., 2012).
Although p53 is the key player in the cellular program of tumor suppression and
it’s mutated in more than 50% of the human tumors (Vogelstein et al., 2000),
this genetic alteration of the p53 gene is not enough to render this cells
tumorigenic — HaCaT cells are immortalized human keratinocytes that don’t
give rise to the tumors upon injection into immunocompromised mice
(Boukamp et al., 1988). As it was mentioned above, tumorigenic conversion of
the HaCaT cells can be achieved by transfection of ras oncogene (Boukamp et
al., 1990), upon prolonged cultivation in serum-free medium (Hill et al., 1991),
and at elevated temperature (Boukamp et al., 1997), by repeated subcloning with
forced proliferation (Fusenig and Boukamp, 1998) and by activation of the
stromal environment (Skobe and Fusenig, 1998). We decided to established
novel, simply model for the HaCaT oncogenic conversion that can be useful for
the future studies of the genetic and phenotypic changes upon skin tumor
development.

Currently there are 2 models of tumor development: the clonal evolution
model suggests that within a population of tumor cells a natural selection occurs

that favors cells that have acquired (e.g., through additional mutations) the most
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aggressive phenotype (Nowell, 1976). Essentially, this hypothesis assumes that
all cells within a tumor hold an equal potential to maintain and advance the
tumor to metastasis. Unlike clonal evolution hypothesis, the model of cancer
stem cells (CSC) postulates that malignant tumors are initiated and maintained
by a small population of cells within a tumor, and these cells possess properties
similar to normal adult stem cells - the ability to self-renew and generate
differentiated progeny (Wicha et al., 2006).

Existence of the minor subpopulation with enhanced tumorigenic
potential was demonstrated also for the established cancer cell lines: rat C6
glioma (Kondo et al., 2004), U373 glioma and MCF7 breast cancer cells
(Patrawala et al., 2005), different breast cancer cell lines (Charafe-Jauffret et al.,
2009), HT29 and SW1222 colorectal cancer cell lines (Yeung and Mortensen,
2009). The heterogeneity of the cellular composition also was found within
culture of human keratinocytes: colony-forming epidermal cells possess 3 clonal
types with different proliferating potential (Barrandon and Green, 1987). One of
them, holoclone, had the greatest reproductive capacity and holoclone-forming
cells are multipotent stem cells (Claudinot et al., 2005).

Nowadays there 3 different strategies for isolation and propagation of the
stem-cell like cells from normal and tumor tissues: establishment culture, the
magnetic cell sorting (MACS) and the fluorescence-activated cell sorting
(FACS) technologies. Sphere-forming assay originally was established for the
isolation of the stem cells from central nervous system (Reynolds and Weiss,
1992) and currently is widely used for the CSC selection from brain (Lee et al.,
2006), breast (Dontu et al., 2003), colon (Ricci-Vitiani et al., 2007), prostate
(Sullivan et al., 2010), ovarian cancer (Zhang et al., 2008) and melanoma (Fang
et al., 2005).

In the current study to examine the heterogeneity within the culture of
human keratinocytes and existence of tumor-initiating cells we applied sphere-

forming assay: HaCaT cells were plated at the low density (<10 000 cells/6
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well) in specific medium into ultralow adhesion flasks. The serum-free medium
is supplemented with several factors, in particular, bFGF and EGF. After 3-4
days in these culture conditions HaCaT keratinocytes were able to form
nonadherent, multicellular aggregates that we termed keratospheres. It’s well
known that growth and survival of the epithelial cells depend drastically on cell-
cell and cell-matrix interactions. Disruption of the substrate adhesions in normal
epithelial cells leads rapidly to programmed cell death (Frisch and Screaton,
2001), so epithelial cells in culture once detached from the tissue culture surface
normally undergo anoikis. In defined medium keratospheres could be serially
passaged for more than 55 passages (more than 1 year in culture) (Part IlI,
Fig.1a). Interestingly, we couldn’t obtain keratosphere culture in ultra-low
attachment plastic in conventional DMEM for more than 4 passages. Thus, the
components of the defined medium are essential for the sphere propagation.

Comparison of the growth characteristics of the keratospheres and its
parental HaCaT cell line by trypan blue exclusion method demonstrates that
spheres-forming cells grow significantly slower than parental HaCaT cells (Part
11, Fig.1b).

The analysis of cell growth characteristics demonstrated that
keratospheres in comparison to parental HaCaT cells contain infrequently
dividing cells with enhanced capacity to self-renewal (Part Ill, Fig. 3). This
description somehow resembles epidermal stem cells, as Potten et al. argued that
under normal conditions in vivo, epidermal stem cells are believed to divide
infrequently and to have a long cell cycle time (Potten and Morris, 1988). We
would like also to emphasize that with increase in keratosphere passage number
we could observe morphologic changes of the colonies and its number: larger
colonies could be observed for high passage keratospheres and also more
colonies were formed for this cells.

Phenotypic characterization of the cells revealed heterogeneity within

keratospheres (Part 111, Fig.2): floating spheres showed widely diffuse staining
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for p63, KRT1, KLF4, which represents differentiated keratinocytes, but
interestingly, the cells with enhanced expression for the main basal keratinocyte
markers (a6-integrin and KRT14) are located on the perimeter of the spheres,
thus indicating that 1) keratinocytes are heterogeneous aggregates, containing
both differentiated and undifferentiated cells 2) certain orientation for the
keratosphere growth exists: growth vector is directed from the external part of
the sphere to the central part, as keratospheres grow from outside to inside.

But the most significant alteration we observed is an acquisition of the
keratospheres a capacity to grow in the soft agar in comparison to the parental
HaCaT Kkeratinocytes, i.e. the finding that keratospheres became anchorage-
independent (Part Ill, Fig. 4a). HaCaT keratinocytes commonly demonstrate
rather inefficient growth in soft agar (Boukamp et al., 1988), but keratospheres
showed enhanced growth upon these conditions. The internal control of the
experiment was also included: HaCaT cells growing in soft agar in the
keratosphere medium (HaCaT + MEGM) didn’t demonstrate transformed
phenotype in this experiment. To establish whether the components of defined
medium could cause the tumorigenic conversion of the immortalized
keratinocytes, HaCaT cells were grown in the defined serum-free medium in the
tissue culture flasks for 4 passages and then soft agar assay was performed
again: as present in the Fig. 4a (Part I1l) even in this case cells still remained
non-tumorigenic since after 4 passages in the keratosphere medium cells failed
to form the colonies in the soft agar.

Deserving attention the fact that keratospheres acquired the tumorigenic
potential not immediately but after growing for some passages (we observed
firstly colonies in soft agar after 8 passages in the culture) (Part 111, Fig.4b). As
in the case of colony-forming assay in this kind of experiment we also observed
the morphological difference of the colonies obtained: higher was the number

passage of keratospheres, bigger colonies we could observe.
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It’s well known that there is reasonably good correlation between in vitro
transformation and in vivo carcinogenesis, but it’s not necessarily the case of the
skin carcinoma cells (Boukamp et al., 1985). Xenotransplantation into immuno-
compromised mice was performed in vivo assay to demonstrate tumorigenicity
of keratospheres. Although immortalized HaCaT cell line exhibited a
transformed phenotype in vitro, cells were not tumorigenic after subcutaneous
injection: in the original manuscript P. Boukamp (Boukamp et al., 1988)
demonstrated that HaCaT cells after subcutaneous injection onto athymic nude
mice developed large encapsulated cysts often filled with horny squames. On
the contrary, keratospheres of the high passage developed well differentiated
squamous cell carcinoma (Part 11, Fig. 5). Thus, in this study we demonstrate
that performing sphere-forming assay of HaCaT keratinocytes leads to the
oncogenic conversion of the immortalized keratinocytes to the tumorigenic
phenotype.

50% of the head and neck squamous cell carcinoma (HNSCC) cases
harbor mutations in the p53 tumor suppressor gene (Poeta et al., 2007). In
HNSCC mutation renders p53 inactive and this state of mutant p53 is associated
with tumor progression and decreased overall survival (Poeta et al., 2007).
HaCaT cells harbor both alleles of the p53 gene mutated (Lehman et al., 1993)
and identified C—T transition at codon in position 179 and CC—TT base
changes at codons 281 and 282 are well-known UV hot spot mutations. It’s
supposed that biopsy for the HaCaT cell line establishment was obtained from
the sun-exposed area and these mutations have been already occurred in the
patient. Mutation of the p53 gene can be one of the reasons for the
immortalization of the human keratinocytes and it’s possible that absence of
functional p53 protein can lead to the genomic instability and facilitate
oncogenic conversion of the HaCaT keratinocytes to the tumorigenic

keratospheres.
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We focused on analysis of gene expression patterns in HaCaT cells
versus SCC developed in mice. Gene expression profiling (GEP) provided us
the list of genes with altered expression, which are associated with cell cycle
regulation, differentiation, cell division, epidermis development (Part Ill,
Fig.6b). Injection of the keratospheres into immune-compromised mice led to
the formation of well-differentiated SCC, and GEP analysis confirmed the
overexpression the classical keratinocyte differentiation markers — KRT10,
KRT1, Filaggrin, Loricrin, TGM5 (Part Ill, Fig. 6a, b). During differentiation
process keratinocytes withdraw from the cell cycle and in Gene Ontology
analysis category “cell cycle” is present in the list of the down-regulated genes
with high p-value.

Interestingly, we found members of the matrix metaloprotease family
(MMP-1, MMP-3, MMP10), Laminin-y2 (LAMC2), KRT17, IFI6 , PLAU,
among highly up-regulated genes and KRT4, MAL, SCEL are significantly
down-regulated in SCC, as it has been already demonstrated in numerous
studies (Yu et al., 2008; Ziober et al., 2006). It’s well documented that Wnt-
pathway is frequently impaired in colorectal, thyroid, hepatocellular, melanoma
cancers (Polakis, 2012), but contribution of this pathway in the HNSCC is still
unclear. However there are indications that Wnt pathway is also altered in oral
cancers. Leethanakul et al. discovered that most HNSCC overexpress members
of this signaling pathway: several wnt receptors, and their downstream targets,
dishevelled and (-catenin are highly expressed in comparison with normal tissue
(Leethanakul et al., 2000). The overview of the dysregulated signaling
pathways, involved in the acquisition of the oncogenic characteristics by HaCaT
keratinocytes, revealed up-regulated Wnt pathway. This result underlines a
potential relevance of Wnt pathway in HNSCC.

Several reports indicate the hedgehog-signalling pathway is involved in
the proliferation of the SCC (Koike et al., 2002; Schneider et al., 2011). Our
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analysis showed elevated pathway activation in the examined malignant tissue
compared to the control samples.

Yu et al performed a genomic meta-analysis of 41 HNSCC gene
expression profiles and the list of most frequently misregulated genes arised
(Lallemant et al., 2010; Yu et al., 2008). Interestingly, the comparison of our
microarray data (HaCaT vs. Tumor) revealed 17 genes out of 25 (68%)
intersecting with the genes of the list, comparing HNSCC versus normal mucosa
(Part 111, Suppl.1). 14 out of 25 (56%) - 3 down-regulated and 11 up-regulated
genes demonstrated similar behavior upon tumorigenic transition from HaCaT
cells to SCC in our experiment. It’s worth mentioning the presence of matrix
metalloproteinase-1 (MMP1), ITGA6 from integrin signalling pathway,
extracellular matrix protein 1 (ECM1), keratin 13 (KRT13), KRT17, KRT4 in
the list of highly reported genes. Laminin-y2 (LAMC2) is frequently
overexpressed in HNSCC (Patel et al., 2002) and in the future studies it should
be considered as predictor of the SCC development. These putative
transcriptional biomarkers after validation on patients can be useful for the
clinical diagnostics in the future.

Upon cultivation of the human immortalized, non-tumorigenic
keratinocytes we observed oncogenic transition to the keratospheres that were
able to form SCC in the nude mice. Molecular mechanisms of such transition
are still unclear, but 2 models can be hypothesized: 1) prolonged passaging of
the HaCaT cells in sphere-defined medium leads to the specific selection of the
cells with enhanced tumorigenic potential from the heterogeneous culture; 2)
culturing in the defined medium in the form of non-adherent clusters results in
up/down regulation of the certain pathways that leads to the tumorigenic
conversion. Although we have to perform future experiments to understand the
mechanisms that underlie oncogenic transition for keratospheres, such model
seems to be simple and attractive for investigation of the molecular signatures of
the SCC.
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4) Role of NF-YA in the processes of cellular proliferation and
apoptosis

The NF-Y complex is a key player in the regulation of cell
proliferation, supporting basal transcription of numerous cell cycle genes (Kabe
et al., 2005; Wasner et al., 2003). Additionally, NF-Y plays a pivotal role in the
DNA-damage response, mediating the p53-dependent repression of G2/M genes
(Imbriano et al., 2005). Moreover the role of NF-Y in the process of the
programmed cell death has recently emerged: Gurtner et al. demonstrated that
unrestrained NF-Y activity promotes apoptosis depending on E2F1 induction
and wtp53 activation (Gurtner et al., 2010). It’s worth mentioning that in the
inactivation experiments of single NF-Y subunit (NF-YA or NF-YB) was
perceived by cells in the different way, activating diverse cell cycle blocks and
signalling pathways (Benatti et al., 2011). The importance of NF-Y is further
underscored by the early embryonic lethality of an NF-YA mouse knockout
model due to defects in cell proliferation and extensive apoptosis (Bhattacharya
et al., 2003).

The genome-wide analysis of NF-Y binding in K562, GM12878 and
HeLa S3 tumor cell lines within ENCODE project found that NF-Y
preferentially associates with genes involved in the inter-related p53 and TRAIL
apoptotic pathways (Fleming et al., 2013). This observation reinforces the
notion of a direct and indirect NF-Y/p53 interplay, with opposing functional
consequences depending on the p53 status of the cell, i.e. proliferation or
apoptosis (Imbriano et al., 2012).

While performing experiments on NF-YA inactivation/overexpression
we and other research groups experienced difficulties to obtain stable clones
with NF-YA overexpressed/silenced. Gurtner et al. explained this result by the
fact that when NF-YA is overexpressed in the wtp53 cellular context, cells

undergo apoptosis (Gurtner et al., 2010).
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Preliminary data of our collaborators (Imbriano, Mantovani, manuscript
in preparation) indicate that transient inactivation of the NF-Y A subunit leads to
the diverse outcomes in the cells with different p53 status: while cells with
wtp53 (or wtp53 with reduced stability due to enhanced ubiquitination by virally
encoded E6 protein, resulting in its accelerated degradation —case of HelLa cells)
upon knock-down of NF-YA undergo apoptosis, cells harbouring mutant p53
alleles or p53 null cells demonstrate enhanced resistance to the programmed cell
death.

We took a decision to perform an opposite experiment and overexpress
NF-YA subunit. Since we have already seen in the inactivation experiments the
importance of the p53 status, diverse cell lines were chose: wtp53 (HT1080
fibrosarcoma, HCT116 wt colon carcinoma, HepG2 human liver hepatocellular,
MEF mouse embryonic fibroblasts), p53 null (PC3 human prostate
adenocarcinoma, HCT116 p53 -/- colon carcinoma), mutant p53 (T98G human
glioblastoma, HaCaT human immortalized keratinocytes, A431 epidermoid
carcinoma), HEK293T (human embryonic kidney cells, transformed by
expression of the large T antigen from SV40 virus).

We cloned the long and short forms of NF-YA cDNA from the plasmid
vectors, kindly provided by Li et al. (Li et al., 1992a) into pSin-EF2-Sox2-Pur
lentiviral vector (Addgene, #16577) via restriction digest with EcoRI and
BamHI enzymes. Also dominant negative mutant forms of both NF-YA
isoforms were cloned in the same vector backbone. This mutation is a triple
amino acid substitution in the DNA binding domain that impairs its ability to
bind DNA. It is still able to interact with a NF-YB/-YC dimer, but the resulting
trimer is inactive in terms of CCAAT recognition (Mantovani et al., 1994).

For the production of lentiviral particles transient transfection of 293T
cells with a 2nd generation packaging system was applied (lentiviral vector,
containing transgene, packaging vector pCMV-dR8.2- dvpr, an envelope vector

pCMV-VSVG). The lentiviral infection was performed by double spinoculation
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of the cells (1h centrifugation, 2000 rpm, with a 5h interval) in the pure viral
supernatant in the presence of 2 ug/ml polybrene. 72 h after infection
puromycine (Sigma, USA) was added in the medium for the selection (the right
concentration of the antibiotic was established before for each cell line). Empty
pSin-EF2 -Pur vector served as a negative control. The efficiency of the
lentiviral transduction was controlled by additional infection of the cells with
GFP lentivirus. After 1-2 weeks in the selection medium stable clones were
pooled and the expression level of the transgene was monitored by Western blot.

By the moment lentiviral transduction of 9 different cell lines (+293T
cells — work in progress) was performed and the results are present in the Figure
7 (Part I1). First of all we controlled p53 status in the following cell lines: wtp53
Is known to be expressed at the low levels in the normal cells due to relatively
short half-life (~10-20 min) and mutant p53 is characterized by a prolonged
half-life compared with wtp53 protein (Cadwell and Zambetti, 2001). In
accordance with IARC TP53 Database (http://p53.iarc.fr/) PC3, HCT116 p53 -/-
are p53 null; HT1080, HCT116 wtp53, HepG2, MEF have wtp53; T98G, A431,
HaCaT harbour mutant p53. Verification of the different NF-YA isoforms in
these cell lines demonstrate that HepG2, A431, HCT116 wtp53, HCT116 p53 -/-
express short isoform, while T98G and HT1080 have long NF-YA isoform and

PC3 express both forms.

All lentiviral transduction experiments were repeated three times. The
results of the overexpression experiments are present in the Figure 8 and
summarized in the Table in the Figure 7 (Part 111). First of all, it’s intriguing that
in contrast to the previous experiments we finally succeeded to obtain stable
clones from some cell lines. We can assume that failure of the preceding
experiments was due to the low number of the cell lines examined. You can
easily see that overexpression experiment was successful just in 5 cell lines out
of 10. Furthermore, it’s interesting that not all isoforms could be overexpressed:

it’s obvious that NF-YA short isoform (YAL) has some advantages comparing
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to the long isoform (YAL13) and can be expressed easier in the following cell
lines.

At the moment we can’t draw any conclusion about connection
between p53 status and NF-YA overexpression, since we obtain stable clones
for wtp53, mutant p53, p53 null cells. Moreover this effect can be cell specific.

On-going experiments are focused on characterization of the stable
clones: first of all we compared the growth characteristics of the cells. There is
growing body of evidence that short and long NF-YA isoform are functionally
diverse (See 4.2. “State of Art”). Evaluation of cellular proliferation using the
MTT assay clearly demonstrate that NF-YAs confers growth advantage in
comparison to the cells, expressing empty vector (HCT116 wt, U20S) and also
in comparison to the cells overexpressing NF-YAI isoform (HaCaT, HT1080).
The same effect of the short NF-YA isoform on the cell proliferation has been
already observed in our laboratory in the experiments on the mES (Dolfini et al.,
2012b).

Thus, at this stage of research project we established several cell lines
overexpressing different isoforms of NF-YA and some of the NF-YA mutants.
Future experiments will be performed to understand the behaviour of the cells
upon DNA damage, serum starvation, wound healing. Since HaCaT cells
represent well characterized model for the keratinocyte differentiation stable
HaCaT clones will be checked for the ability to undergo normal differentiation
by Ca** induction.
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Conclusions and Future Prospects

In the first part of research we established the link between 3
transcription factors: p63, KLF4 and mutant p53. Based on the results achieved
we put forward a hypothesis that mutant p53 hijacks p63 from repressive to
activating sites on the KLF4 promoter, radically changing KLF4 regulation at
the transcription level. These results are even more intriguing in the light of
Takahashi’s landmark discovery that KLF4 is one of the transcription factors,
indispensable for the reprogramming of the differentiated cells into iPS
cells(Takahashi and Yamanaka, 2006). We and other research groups
demonstrated that KLF4 is present at the high levels in SCC, where ANp63a and
mutant p53 are already overexpressed (Deyoung and Ellisen, 2007). Since we
discovered the mechanisms by which KLF4 is maintained at the high levels in
the SCC, in the future we have a new field of research open to get inside the
genesis of the cancer. A group of transcription factors is capable to reprogram
differentiated cells into iPS cells, so the current hypothesis that tumours are
derived from stem cells should be revised, as reprogramming of already partially
differentiated cells, in the context of various genetic alterations, could also lead
to tumor formation. Presence of the mutant p53 in the human keratinocytes
donates to the cells growth advantages by targeting a gene with reprogramming
capacity. The mechanistic details of the KLF4 role in normal keratinocytes
versus SCC will be understood once its targets are unravelled by genome-wide
approaches.

The results obtained for the regulation of KLF4 expression by p63 and
mutant p53 inspired us to investigate the whole-genome mutant p53 binding in
human keratinocytes. We found out that mutant p53 can alter profoundly gene
expression by binding not just to p63 but to other transcription factors. The
future experiments can be focused on identification of other mutant p53 partners

that recruit mutant p53 to DNA. Moreover, since it’s already known that not all
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p53 mutants are functionally equal, it would be also interesting to study gain-of-
function in the different cellular context — in the cells harbouring different p53
mutants. Since it’s already well documented that different p63 and p73 isoforms
have divergent biological properties, it would have sense to examine the mutant
p53 interaction with p63 and p73 in the context of p63, p73 isoforms diversity.

We provided clear evidence that mutant p53 alleles of the HaCaT cells
possess gain-of-function activity and confer enhanced proliferative potential to
the cells. However this genetic alteration is not sufficient to render these cells
oncogenic. In the 3rd part of the project we described a model for the skin
cancerogenesis based on the sphere forming assay and HaCaT keratinocytes:
growing cells in the floating spheres in defined serum-free medium leads to the
formation of the keratospheres, that in comparison to the parental HaCaT cells
display transformed phenotype and moreover give rise to the SCC when injected
into nude mice. Microarray analysis revealed numerous genes whose expression
is changed upon transition from the HaCaT cells to the keratospheres and finally
to the tumour sample. More detailed analysis of the data can discover candidates
for the SCC biomarkers that should be verified on the patients. Thus, sphere-
forming assay of the HaCaT keratinocytes represents a simple, relatively
inexpensive, not time-consuming model for study of the phenotypic and genetic
alterations that occur upon initiation and development of SCC.

Transcription factor NF-Y plays a crucial role in the control of cell cycle
progression and actively participate in the response of the cell to DNA damage
via invitation with p53. Recent reports also underlie the importance of the NF-Y
in the process of the programmed cell death. On-going project is dedicated to
the investigation of NF-YA subunit function in the processes of cellular
proliferation and apoptosis. By the moment several stable clones overexpressing
different isoforms of NF-YA were obtained and future experiment will be
focused on the characterizations of these clones in terms of response to DNA

damage, serum starvation, wound healing and differentiation.
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Gene tic experiments established that p63is crodal for te
development and maintenance of pluri-stratified epithelia
aml KLF4 for the barrier function of the skin. KLF4 is one
of the factors that reprgram differentated cells o iP5,
We investigated the relationship between p63 and KLF4
using RMNA interference, overexpression, chromatn im-
mumnsaprecipitation and trancient transfectons with repor-
ter constructs. We find that p63 directly represses KLF4
in mormal keratnocytes (KCs) by bindng to upstream
promoter stes. Unlikce pb3, KLF4 levels are high in the
upper layers of human skin amd increase wpon differentia-
tion of KCs in vitro. In HaCaT KCs, which harbor two
mutant alleles of p83, inactivation of p63 and of mutant
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hiochemical work clarified that p33 directs the DNA-
damage regponse by impinging on cell-cycle contral and
pro-apoptotic pathways (Aylon and Oren, 2007; Riley
et al, 2008). pb3, on the other hand, & involved in the
development and maintenance of pluri-stratified epithe-
lia, imchiding skin (Koster and Roop, 2004; McK eon,
AWy, Several phld proteins have been  described,
mesulting from two distinet promoters, TAp63 and
ANp63, and from alternative mRNA splicing at the 3
end of the gene. The major izoform present in the skin,
ANpfila, is essential for the development of ectoderm
and stratification. Several human syndromes showing
abnormalities in limbs, skin and epithelial annexes are
caused by missense mutations in the pd3 gene (Rinne
et al., 2006). phl is crucial for the activation of the
epithelialcell adhesion program (Carroll ef af, J0é;
Barbier ef al., 2004; re viewed in Carroll ef af., 2007) and
it has a major role in maintasining the proliferative
potential of stem cells (Senoo e of., 2007, Su e o,
AWy . Mice lacking phl die so0n after hirth with severe
defects in limb and cranmiofacial development and
ghsence of skin (Milk e of., 1999; Yang of af., 1999).
Unlike p53, pb3 s not mutated; yet it & overexpressed in
many epithelial tumors, notably squamous cell carcine-
mas (SCCs) (Deyoung and Fllisen, 2007).

Another TF of which ablation leads to severe skin
defects is KLF4: KO mice die 24 h post-birth because of
lack of barfer function and comsequent liquid loss
(Segre et o, 1999). Mice have impaired late differentia-
tion of outer skin layers and perturbed comified envelop
formation. In contrast, overexpression of KLF4 in the
skin accelerates the formation of the epidermal barrier
(Jaubert of al., 2003). The mle extends to other multi-
layered epithelia, as conditional deletion in the cornea
leads to epithelial fragility (Swamynathan e @, 2007).
KLF4 belongs to a large family of Kmuppel-like
activators with zinc-finger DNA-binding domains,
mcognizing the common (C boxes found in many, if
not most, promoters (Kaczynski e af, 2003). Unlike
other members of the family, expression iz confined
to specific tissues, such as the gut, skin and thymic
epithelia (Garrett-Sinha er ol 1996; Shiclds e af, 1994,
Conkright et al, 1999).

In general, KLF4 is wsually present in well-differ-
entiated, non-proliferating cells, where it serves the role



of growth suppresor and is activated strongly in
fibrohlasts amested by semam withdrawal (reviewed in
Ghaleb et o, 20035). Profiling experiments have shown
that KLF4 activates genes that inhibit proliferation,
and represses genes that promote it (Chen et af., 2003;
Whitney e ., 20M; Swamynathan ef af, 2008).
However, studies on KLF4 in umos suggest that its
mole is extremely complex and varegated. In the intestine,
enetic and expresion profiling data indicate that it
indeed functions as a tumor suppressor, often inactivated
by epigen etic mechanisms in carcinom:as {reviewed by We
et @l , AG). On the other hand, KLF4 has emerged in
profiling experiments 8z a gene overexpressed in breast
and skin cancers, and overexpresion in immortalized mat
kidney cells results in hyperplasia and dysplasia (Foster
ef o, 1999, 00; Huang e o, 2005, Chen of of, 200E).
Transgemic mice in which KLF4 was expmesed in the
haszal layer of the epidermis showed hyperplasa/dysplasia
and, in the context of a p53 hemizygous background,
these mice developed subcutaneous sarcomas (Foster
et @l , 205). Moreover, KLF4 overrides RasV'*-induced
senescence and induces transformation in primary fibro-
hlasts (Rowland ef af, 2005).

Links between p33 and KLF4 surfaced in many
gudies. Cellcycle block by DNA-damaging agents
activates KLF4 expression, but apoptotic d oses decrease
it (Yoon ef af, 2003). Interestingly, maintaining elevated
kevels of KLF4 prevents apoptosis mediated by p33
{(Ghaleb et af., 2007), and elimination of KLF4
induction leads to apoptosis in cells treated with non-
apoptotic doses of DNA-damaging agents (Zhou e al.,
AW, KLF4 activates CDEIs, p21, p27 and p57 {Chen
et al., 01, 2003; Wei e af, 2006; Swamynathan ef al.,
AWif); in particular, it cooperates with p33 in activating
P2l (Zhang et af., 200d). KLF4 represses p53 transcrip-
tion by binding to GC boxes in the p33 promoter: under
these conditions, the levels of p2]1 and Cyclin D] are
crucial for deciding as to whether KLF4 exerts a tumor
appressive—high p2l or oncogenic-high Cyclin D1
activity { Rowland ef o, 2005).

In addition to mediating a G1/S block, KLF4
prevents cells to enter mitosis with damaged DNA
(Yoon e ., 2005), and indeed it binds to and represses
the Cyclin B2 promoter directly (Yoon and Yang, 2004).
Finally, and most importantly, in combination with
OCT4, S0X2 and Manog, KLF4 mprograms a wide
mnge of differentiated celk into iP5, a state esembling
wery closely, if not identical to, totipotent embryomic
sgem cells (Takahashi and Yamanaka, 20). Thus,
overexpression of this TF has profound and lasting
consaquences on the expression of growth-promoting
genes. This process is influenced by the p33 status (Hong
et @l , 2009 Kawamura ef &, 2009; Marion a1 af, 2009,
Urtikal e ., 2009

Cur lab has been involved in the identification of p63
targets in human KCs, either by expression profiling or
by ChIP (chromatin immunoprecipitation) on chip
analysis (Vigand e o, 2004 Testoni e af., 2006). In
thizs report, we investigated the possible regulation
between phl and KLF4 in primary and immortalized
human KCz harboring mutant alleles of p53.

Actvation of KLF4 by mutast p53
i Comtand et al

Results

KLF{ iz a transcriptional terget of pid

We inactivated ph3 with a specific siRINA capahle of
mecognizing all ph3 transcripts | Testoni ef af., 2006) and
analyzed K. LF4 expression, at both the mRMNA and
protein levek., As shown in Figume 1, efficient down-
megulation of ANp&3z, the most abundant woform
expresed in KCs, leads to K. LF4 protein increase both
in neonatal (nkK.Cs) and in adult (aK.Cs) keratinocytes;
mRMA levek are significantly higher only in nKCs
(Figumes la and b). The different behavior of nKCs
wersis akCs is likely due to the different origin of the
cells and their differentiation state; in fact, the hasal
kevels of KLF4 are higher in aKCs (Figure Ic). As
controk, we assayed the p63 targets p2l (CDEN1A)
and KLF5 the former was decreased, as expectad,
wheneas the latter was increased in nkE.Cs.

We performed an ie sifico analysis of the KLF4
promoter region and located putative p33/p63 and
KLF4 hbinding =ites, which are comserved in other
mammalian species (Figume 1d). We then performed
ChIF with p53, p63 and KLF4 antibodies in aKCs;
Figure le shows that regions D) (—2325), E{-1T84) and
1 {+467) are bound by p63 and K LF4 ir vive, whemreas
areas containing other potential sites are not. p33 & not
bound to any of the analyzed regions. The C40 region
on the p63 locus served a5 a positive control for p63
hinding (Pozzi et al, 200%). Additional ChIP results are
given in Supplementary 1. Taken together, these resulis
show that ph3 directly represses KLF4 tramscription in
primary K{Cs by binding to discrete upsteam sequences
in the promaoter.

KLF{ is regulzted during differentiotion of the skin

We analyzed the expression of KLF4 in nk Cs induced
to differentiate in witre by addition of CaCly to the
medinm. Figure 2a shows that KLF4 increases already
after 3 days, as detected by western blot, and further
increases at later time points. In paralle]l, ANp6la is
progressively reduced, as expected. The KLFd mRNA is
dlso upregulated, moderately at early time points and
showing the highest levels after 10 days, as mevealed by
quantitative reverse transcriptass—PCR (gRT-PCR)
analysis (Figure 2b). KLF5, also a putative p63 target
(MNC and RM, unpublished), is upregnlated during this
process (Figure 2h). KC differentiation was monitored
by measuring mRMNA levels of Involicrin and p2l,
which wem reported to increase (Figure 2a, right
panels), while ANp6ix and two previowsly identified
targets activated by pi3, SMADT and SMURFZ,
sgnificantly decreased (Pozzi et af, 2009). We ako
maonitored KLF4 expression by immun ofluorescen ce
staining with phl and KLF4 antibodies. These experi-
ments confimed the increase of KLF4 expression,
concomitant to a decreass of p63 (Figure Ic, left
panels). Furthermore, whilk in undifferentiated K Cs
KLF4 is expressed at low levels only in the mcle, at 5
days it appears alzo in the cytoplasm, and at 10 days it is
distributed almost equally in the nucleus and the
cytoplasm. Immunostaining with the KRT] marker
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Figare 1  ph} represses KLF4 in normal KOk @) Inaciivasion of pid by sRMNA . o Cs were tnnskaied with comirol soramble or péd
s RMA oligos for the ndicated time points. Extiracs and RMNA were prepared and analyzed by wesien blot {upper panel) with the
indicated antibodies, or gRT-PCR with primers for KLF4, KLF5, ANp&? and p2i. {b) S5ame as , except that a KOk were transfectsd .
{e)Comparison hetereen endogenons kevels of KLF4 protein in nKCs and aK Cs. (d) Schematic represenfation of the KLF4 promoder
with puiative pS3fp63 K LF4 binding sites and position of primers wed o amplify ChiPped DNA. (€). ChIP results with anti-Flag,
antip33, antipéd and anti-EK LF4 antibodies in aECs afier gPCE. Ennichment on the C40 enhancer {positive contral for phil) is shown
in the npper panal. Faold snmichment far sach TF repressnss maan and sd. of ChiPs ohiained with teo different amibodies jsither
manaclomal or palyclmal antibody for pS3pé? and two different polyclnal aniihodies for K LP4).

provides the control for differentiation (Figure 2e, right 2 shows that KLF4 expression & mostly maclear, lower
panels). in the hasal layer and higher in the subcorneum,

We analyzed KLF4 expresion in human normal contrary to p63, where KLF4 iz absent in the upper
adult skin by confocal immunostaining. Supplementary  layems. Interestingly, costaining with p63 reveak that
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Figare 2 KLF4 increases during KEC differen fation. {a) Western blot analysis of nhECs induced to differemtiate by addiion of
calciom for the indicated numher of days. Resolts with pfiY, KLF4 and Vinoolin anti bodies are shown. (b) BNA was eviracied at
different ime poims and expression of the indimted genes qoantifisd by gRT=FCE analysis. ) Immmnofinorescence amalysis of pél
and K LF4 expression donng K C differentiafion. DAPI staiming i indnded to idenify rmads. In the right panss, the KRT1 marker of
differen iation wes meed in donhle siaining with phd io monitor the differentiation process. Scale hars {350 pm ) are depicted m white.

some cells in the basal and suprahasal layers coexpress
the two proteins (indicated by the white arrows in the
merge panel). The KLF4 data are similar to those
meported for mouse epidermis (Segre ef af, 1999 Jaubert
et @, 203; Foster et al., 2005). Therefore, KLF4 is
activated during keratinocyte differentiation fn wire and
s mostly present in cellk with low or non-existent levels
of phl in human skin.

KLF4 s differentiolly repulated in HaCaT cells

We decided to walidate the results obtained above in
HaCaT cells, an immaortalized but not transformed KC
cell line, by inactivating p63 by aRMNA: the high KLF4
levels were downregulated at both protein and mBNA
kevels (Figure 3a). In contrast, overexpression of
AMpHla caused a further increase in KLF4 protein
and mEMA levels (Figure 3b). To ascertain whether this
was a transcriptional effect, a luciferase reporter driven
by the KLF4 promoter (Dang eof af, 2002) was
tramsfected in HaCaT cells together with scramble or
ph3 siRMAs: the activity was reduced upon inactivation
of phl (Figure 3c, left panel). On the other hand, the
opposte was observed when the same construct was co-
tramsfected with a ANp63a vector (Figure 3¢, right
panel), indesd indicating a transeriptional regulation of
ph3 on the KLF4 promaoter.

Finally, ChIP experiments in HaCaT celk confirmed
direct ¢ wive binding of p33, p&3 and KLF to the
KLF4 promoter: note, however, that p63 hinding was
mostly mapped to regions B (—3385), G {—400) and 1
{+467), which is different from that observed for
primary K.Cs {compare Figures le and 3d).

Furthermore, we detected the presence of p33,
together with p63, on region G (—400), which contains
p33/p63 motifs but is not bound ir wve by p33/p63 in
primary K(Cs.

HaCaT cells harbor two mutant p33 alleles, carrying a
histime to tyrosine mutation at position 179, and an
argimine to tryptophan mutation at position 282 (Dat to
et @, 1995). Both mutations are within the DNA-
hinding domain of p33 and typical of skin tumors
(Pfeifer and Besaratinia, MWf9). Unlike p53 in normal
K(Cs, of which levels are wery low, mutant p33 is
expressed at high levels, as in HaCaT cells, and retains
the ahility to functionally interact with the DNA
(Stambolsky ef al., 2000).

We reasoned that the opposite regulation obaerved in
HaCaT could be due to the presence of the p33 mutants,
spacifically impinging on phi-mediated megulation of
KLF4 through the G (—400) region. We therefore
inactivated p33 in HaCaT by tramsfecting siRINA:
Figure 4a shows a reduction of the endogenous mutant
p33; the levels of KLF4, and p53 mRNA, as measured
by gRT-PCR, were substantially reduced. Importantly,
the pi3 mREMA and pmotein levels remained substan-
tially high, indicating that the reduction of KLF4 was
not secondary to an effect on p63 levels.

To further prove that p53 mutants are involved in
KLF4 control, we overexpressed p33 HIT9Y and p53
RIEI}, either alone or in combination, in neonatal and
adult primary K.Cs, and analyzed KLF4 expression. As
shown in Figure 4b, both mR™MA and protein levek are
increased after transient transfection of the p53 mutants;
specifically, their combhination yielded very strong over-
expresion of KLF4 in akCs.
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Figare 3 phl aciivates KLF4 sxpression in Ha{hT cek. ) Ponotional interference of phd in HaCa T smmaontabzed ket ooyt

Calls were ansfanied with scamble or sBMA for pél; exiracts were prepared and cheded i western blots with the ndicted
antibodies {left paned) and mBMNA scpression of the indicted genes was amalyzed by gRT-PCR {right panel) () Overexpression of
ANpéida in HaCaT cell western biot analysis of nuclear evtracts (left pand) and qR'I' PCR of KLF4 mRMA (right panel} {c} The
Luciferase comstract driven by the KL F4 promoter | = 1584/ 4 1)is depicted in the upper parel. The comsimct was tanskdted in

HaCaT cells ingather with soramhble or phid SRMNA olipos and Ludferase monitared {left panel). p&i inactivation was manioned by
wesiern hiot (hottom panel). In the right pans, the same constroct was co-transfeacied with an empty vedior or with 2 vecior expressing
AMpéity (d) Schematic repressnfation of the KLF4 promoter, with potative pS3/ph3 /KL F4 binding sites {from JASPAR and fram
Oirtt and Sinha, XM} and position of primers, is depicted m the npper panel. ChIP rembs igPCR) o biamed with ani-Flag, antigS3,
anti4pél and anti-EKLF4 amihodies are shown in the lower pand. Ennichment on the C40 enhaneer {positive contral for phl) s ako
shown. Fold enrichment for each TF represents mean and s.d. of ChIPs obtained with two different an thodies (etther monockmal or

patyckmal antibody for pS3ipés and two & ferent polyclonal antibodies for KLF4).

It was previously shown that mutant p33 has a higher
affinity for p63, and heteromeric complexes can be
detected, notably in HaCaT celk (Gaiddon er all, 2001).
Therefore, to demonstrate that mutant p33 and p63
interact at specific sites on the KLF4 promoter, we
performed ChIP and re-ChIP experiments with anti-
bodies against p33 and p63. Although endogenous p53
mutants and phl are similady enriched on the same
KLF4 promoter region G (—400) when considered
separately (ChIP and re-ChIP with the same antibody ],
only ChIP with the p33 antibody followed by re-ChIP
with that for ph3 is able to enrich for the two TFs
{Figume 4c, bottom panel).

Altogether, these experiments indicate that
P33 mutants have a direct positive effect on KLF4

Dirtart et

expression, together with p63, by binding to a core
promaoter region of K LF4.

KLFd, pi3 and pi3 in skin (umors

The majorty of SCCs of the skin have mizsense
mutations in the TPS3 gene, resulting in increased levels
of p33 proteins (Pfeifer and Besaratinia, 2009, and
meferences therein); similarly, KLF4 and ANp63a have
been reported to be upregulated in SCC. We decided to
analyze KLF4 expression in a panel of different skin
tumors by immunohistochemistry, the results are shown
in Supplementary Table 1 and indicate that indeed maost
of the SCCs do have robust expmression of KLF4 and
p33, whereas the expresion of pé3, already high, was
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not overly increased. Ow of 20 5CCs, 15 showed
overexpression rated 3, where 0 i no expression and 3 is
maximum positivity of KLFd: in some cases, KLF4
showed nuclear staining, whereas in others expression
was mostly in the cytoplasm; this finding has been
meported before (Chen ef of., 208). As for p53, /20
SCCs had staining at level 3 and 4/20 at level 2: the
figure of 60% of SCCs overexpressing p33 is confirma-
tory of previows studies. MNote that constitutive owver-
expression of normal p33 in such tumors has not been
meported, although overexpression is invariably asso-
ciated with p33 mutations. In all but two cases—SCCY
and SCCI0—whenever p53 levels were high, KLF4
levels were also high. In SOC17, the levels of KLF4 were
unusually low, and p53 was indeed undetectable.
Finally, there was no association of expression between
P33 and KLF4 in other skin tumors. Figure 5 shows the
immunochistochemical staining of representative SCC
cases and comparison with normal skin. In none of
the normal skin samples did we notice p33 signals above
the background. In conclusion, these data support the

notion that an overexpressed, mutated p33 i involved in
the positive regulation of KLF4 in human SCC.

Disoussion

In this report, we pmresent evidence that KLF4 is
negatively controlled by ph3 in nomal skin in the
presence of physiological lewels of wid-type p53, and
that this regulation & subverted by oncogenic mutations
of p33, establishing a direct link between these TFs,
commanly overexpressad in SCCs. Because KLF4
OVereXpression cooperates in reprogramming differen-
tiated cells, our findings have potential consequences for
the mechanisms of formation of skin carcinomas.

p3 and KLFd in normal skin

Genetic evidence clarified that ph3 and KLF4 are TFs
that have a crucial role in the epidermis (meviewed by
Dai and Segre, AWMd). Expresion data in mouse and

et v
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humans have clearly shown that p63 and KLF4 mark
two different temitories in the skin: the first exclu-
sively—in mice—or mostly—in humans—confined to
the hasal layer, whereas KLF4 is high in the granular
and subcorneum strata. Qur data showing that KLF4
expression is increased upon in vitro differentiation—as
p63 decreases—and that p63 represses K LF4 transcrip-
tion are in line with the expression data; this effect is
more pronounced in adult KCs compared with neona-
tal, and it is directly exerted by binding to upstream and
downstream sites in the KLF4 promoter region. In
general, the analysis of p63 targets denved either by
expression profiling or by location analysis (reviewed by
Perez and Pietenpol, 2007; Vigané and Mantovani,
2007) has lkent support to the idea that the TF is
important in determining the proliferative potential of
skin basal KCs (Senoo er al., 2007; Su et al, 2009):
among activated targets, in particular, there are pro-
growth genes, whereas TFs involved in differentiation,
such as c-Jun, C/EBPS and HBPI, are repressed.
Pathways at the crossroad of these decisions, such as
Notch, Wnt and SHH, are ako controlled. KLF4,
therefore, joins an increasingly long list of regulators
that are kept at bay in the lower skin layers by p63's
direct negative control. Transcriptional profiling has
been performed by overexpressing KLF4 in the colon
cancer cell line RKO (Chen et al., 2003) and in an
elegant system of corneal cells derived from KLF4-
conditional null mice (Swamynathan et al., 2008): this
latter study, in particular, reported notorious targets of
p63, such as c-Jun and PDGFB-RII, among genes
upregulated by KLF4, and FGF-R2, Id2 and C/EBPS,
among the repressed ones. The latter & particularly
interesting, as it was placed upstream of p63 in the
regulation of stem celk of the corneal limbus (Barbaro
et al., 2007), and targets of C/EBPS, such as Desmo-
collin 3 and other genes coding for desmosomal proteins
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(Smith et al., 2004), are also targets of K LF4. Therefore,
there seems to be an overdap in functions and it will now
be important to establish the network of KLF4-
regulated genes in the skin.

Foroed expression of KLF4 in the hasal layer of the
skin has been experimentally tested in two transgenic
mice models: inducible expression of KLF4 was driven
by the Kematin 5 and Keratin 14 promoters, reaching
somew hat different conclusions. One study showed that
mouse skin undergoes decreased proliferation and
anticipated differentiation, which is in line with the
anti-growth, pro-differentiation aspect of KLF4 (Jau-
bert et al., 2003). On the other hand, Foster et al. (2005)
reported repeated cycles of hyperplasia and dysplasia in
the skin, eventually leading to development of SCC
i sime. The origin of the discrepancies between these
studies is unclear; interestingly, however, the Foster
et al. study ako reported a genetic interaction with
p53 in a p53 hemizygous mouse background. This
s an important finding, as it established dysregulation
of KLF4 as a predisposing factor for human skin
cancer.

153, p63 and KLF4 in skin cancer

The two most widespread non-melanoma cancers of
epithelial ongin in the skin are basal cell carcinomas
(BCCs) and SCCs: the former is locally destructive, but
it rarely metastasizes, while SCC cells have high
metastatic potential (Tsai and Tsao, 2004). The risk of
developing SCC is directly related to UV exposure and
susceptibility to sunburn. Mutations in p53 are wide-
spread in SCC, clearly a predisposing factor, and indeed
these tumors carry UVB ‘signature’ mutations. Impor-
tantly, patches of cells overexpressing mutant p53
proteins are detected in the interfollicular epidermis
before skin tumors arise, and these ‘p53 patches’ are



believed to be the precumsors of SCCs (de Gruijl and
Rebel, 2008). The HaCaT celk analyzed here are
immortalized and non-transformed KCs with mautant
p33 allelles—R2EIC} and HIT9Y —and the levels of the
P33 proteins are extremely high. They are not a model
for skin cancer, as they are able to differentiate in vitro,
unable to form colony assays in soft agar and do not
generate tumors in nude mice fr vive (Boukamp e af,
1997; EM and RM, unpublished). However, the p53
missense mutations harbored by HaCaT alleles are
indeed UVE signature mut at ions (Pfeifer and Besaratinia,
AWre, and references themin).

Two apparently contradictory results hlur our vision
a5 to the role of p33 in skin cancer: mice deficient for
TP33 develop tumors resembling SCC  after UV
irradiation (Ziegler er al, 1994; Li o al, 1998; Jang
et al., 1999, whereas Li-Fraumeni syndrome patients,
who havea germline mutation in TP53, are not reported
to be at increased risk for SCC (Malkin e af., 1990).
These findings should be put in the perspective of the
mowing body of evidence showing that p53 missense
mutants not only lose normal p33 functions, but are alko
often pro-active in tumor formation (reviewed by
Donzelli e @, 20E; Brosh and Rotter, 2009). Indeed,
aset of gain-of-function mechanisms resulting from p33
mutations have been documented . Mutant p53 inactiva-
tion in HaCaT, overexpression in normal KC ChIPs and
me-ChiPs clearly show that p53 mutations commonly
found in SCC subwert the p63 negative megulation of
KLF4, identifying a new pathway of co-regulation
between p6l and mutant p53.

There are important mechanistic points that need to
be addressed. The first is the interplay between p33 and
ph3/pT3: although there & little evidence of heterote-
trameric formation of p33—p63 dimers (Davizon ef af,
1999, several reports have indicated that p63/p73 have
an increased affinity for p33 missenss mutants (D
Como e af., 1999; Strano ef af, 2000; Gaiddon e af.,
A1), Specifically, p63 was reported to associate with
the p53 mutants of HaCaT cells {Gaiddon et al., 2001).
The second is the finding that mutant p33 is associated
with DINA ir wivoe in our ChIP assays. This is not the fist
meport detecting hinding of a potentially DMA-binding
defective p33 mutant to DMNA: binding could be tetherad
by NF-Y to CCAAT boxes in growth-promoting genes
(D Agostino ef af., 206). This is not ikely the case with
the KLF4 promoter, which lacks any visble CCAAT
box, rather, concomitant with the expresion of the
mutant p53 proteins, there is a relocation of p63 binding
to the core promoter, in an area where canonical
p33/p63 stes are present. Re-ChIP analysis is consistent
with this. Finally, tranzient transfections with reporter
assays devoid of upstream negative, but containing the
postive core promoter sites, reproduced the positive
effect of AMp63az on ELF4 transcription in HaCaT.
Thus, we favor a scenario in which mutant p33 hijacks
ph3 from mepressive to activating sites, either imparting
nowel DMNA-binding or trams-activating featums, or
cooperating with additional neighboring TFs.

Interest in KLF4 has been mecently spurmed by the
finding that it & one of the key TFs leading to

Actvation of KLF4 by mutast p53
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meprogamming of differentiated cells into iPS (Takahashi
and Yamanaka, J006). At the same time, high levels of
KLF4 are found in SCC, which often have high levels
of AWNp63lz (Deyoung and Ellisen, 207 and mutant
p33. A direct link between these three TFs is now
established and this could have far-reaching effects in
terms of owur understanding of the genesis of skin
tmnaors. In fact, the discovery that overexpresson of a
handful of TFs reprograms differentiated cells should
generate a re-evaluation of the current hypothesis that
tumors are derived from stem cells, as reprogrammding of
dlready partially differentiated cells, in the context of
various genetic alterations, could also lead to tumor
formation. UVB-derived p53 mutations confer gain-of-
function properties to KCs, including direct targeting
of a gene with repmogramming capacity, resulting in
alteration of the growth-controlling capacity. The
mechanistic details of the KLF4 mle in normal KCs
wvs SCC will be understond once its targets are unveiled
by genome-wide approaches.

Materials and methods

Celf cul ture and transfecions

Ha"aT cells and fisi pasiage primary human aduli keratino-
oyles (hablCs), derved from healthy indivddusls (breast skin
hopdes), were grown and handled & previously descrbed
(Vigand ef al, 2006). Mamienance, differentation and
transfection of promary human neomatsl  kersimocybes
hnkCs; CellMise, CH) wen conducied = previously
describeal (Foen er af, A09). For knockdown expernmenits,
Snu saBEMNA obgonucleoludes, with a scrambled sequence
{(Ambion, Fosier City, CA, USA), or itargeling the ceniral
DMA-binding domain of ph3 (Testond ef al, 2006) or agamst
3 (F-GACUCCAGU GGUAAUCUACTT-3), wens wsed.
For overexpresson expermments, we wsed peDMNA3 veclor,
mDMNATANpile, pcDNATPS] wid type, pCR2S-
[HIR2EI0) and pCRIM-pSIHITIY (Kato e of, 2003). The
ELF4 promoter-LUC was kindly provided by Vincent W
Yang (Emaory University, Atlinta (24, USA)

Western hiot malpxiv and antibodies

Tolal or nuclear lysies wene separated on 10% SDEPAGE,
tramaferred onlo & mitroceliul ode membrane, and probed wmng
the followmg antibodies: 444 monoclonal anb-ph3 (Santa
Cruz, S5anta Crux, CA, USA), D01 monoclonal anti-ps3
Grenespn, 1, Milan, [ialy), polyclonal anti-KLF4 ((ienspin,
Iy amd momae] onal anti-Vinculn (Sigma, 5t Lous, MO, USA)

frremes ENOEACE

I:'m'nm'u.nﬂ.mm mu]ya:a of frozen humen aduli-thigh
dkin sclions and cullunsd cells was pedformed as previously
described (Vigand et al, 206) with ani-phl, anti-KLF4
{Gienespn, [) and ant-K RT1 {Covance, Princeton, M, USA)
antibodies. Nuckd were counterstained with , fediamding-2-
phenylindole (DAPI). Confocal immge: wene obtamed wang a
Leica TCS 5P2 AOBS microscope (CIMAINA, University of
Milano, Milano, Raly) with an x 40 objective.

Chromatin Ermmaoprecipitation
ChiF analyss was carmed owt a5 previowsly descrbed (Teslond
o af, A06), uwmg the followme antibodies: 444 monoe] onal
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monocknal and payelonal ante-p53 (Genespinl, polyclonal
ani-E LF4 (Sania Crur; Genespin, [) and anti-Flag (Sigma).
ChIF and re-ChiP expeniments wene pedformed & previously
deseribel (Furlan-Maganl e af, 2009) with [M)] monoc]onal
anti-p53 and polyclonal anti-ph3 antibodies (Genespn, [
Location of potential ph3pS3KLF4 bindmg stes on the
K LF4 promaoier was perfommed by in silico analyss (Mol and
ComSite; cutodl ssttings: B0-85%) applying smgle transcriplion
lactor spec fic critena (Ol and Smha, 2006). Primer pairs are
Isied m Supplementary 3. Fold ennchment for each TF was
calculated & previously descrbed (Pozd et af, 208).

Tmmumohistochemistry and skin twmor tivare arrays

Paraffin ssctions of thickness 14pm wene deparalfinized and
then blockal for 80mm in FBST (0.1% Triton X100 m PBS)
with 2.5% donkey serum, 2.5% gl serum, 0.5% cold-waler
fish getaim and 0.5% BSA. Primary anlibodes wens apphed
for 16h ai 4°C and seamdary antibodies were applied for 1h
al room temperatures (RT). DAPI muclel countersameng was
e, Tosue sampls wene fixal in bulfensd formalm,
dehydraied, embedded in paraffin wax and sectoned. Alter
deparallinteng and nshydrating, esch isswe schion wa
immensed n dimie buller, boded 3 tmes for Smm in a
presune cooker and washed with TBS bufTer. Each section was
placed on a Dako eyiomation auwtomaled 1mm unosisner and
incubated with the specific antibody st BT for 45 min, washed
with TBS pH 7.6 and meubated with biotinylated goat-anti-
mouss-ant-rabbil mmunoglobulms (Dako REAL, ES005
Dako, Dn) at RT for 30min. Afler meubalion with the
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ABSTRACT:

p53 and p63 are transcription factors -TFs- playing master roles in the DNA-damage
response and in the development and maintenance of pluristratified epithelia,
raspactively. p53 mutations are common in epithelial turmors and HaCaT keratinocytes
harbor two p53 alleles -H179Y and R2820Q- with gain-of-function (GOF) activity.
Indeed, functional inactivation of mutp53 affects the growth rate of HaCaT. We
investigated the strategy of mutp53, by performing ChIP-Seq experiments of mutp53
and p&63 and analyzed the transcriptome after mutp53 inactivation. Mutp53 bind to
7135 locations in viva, with a robust overlap with p63. De novo motifs discovery
recovered a p53/p63RE with high information content in sites bound by p&3 and
mutp53/p63, but not by mutp53 alone: these sites are rather enriched in elements of
other TFs. The HaCaT p63 locations are only partially overlapping with those of normal
keratinocytes; importantly, and enriched in mutp53 sites which delineate a functionally
differant group of target genes. Our data favour a model whareby mutp53 GOF mutants
act both by tethering growth-controlling TFs and highjacking p63 to new locations.

INTRODUCTION

P33/pi3pT73 are a family of transcripnon factors
-TFs- that share a conserved DN A-binding domam and a
similar DM A target sequence in promoders and enhancers
[1-4]. pf3 is mwolved in the development and maintensnce
of the skin and of plnstratified epithelia. The major
isoform pressnt in the skin -Deltalp&3alphs- is essential
for development of ectoderm and sratification, through
activation of the epithelial cell adhesion program, and
it plays & major role in mamtaining the proliferative
potential of stem cells [3]. p63 is overexpressed m mamy
epithelizl tumors, notably Squamons Cell Carcinomas,
SCC [4]. The risk of developing SCC is directly related
to UV exposure and nmifations in p53 are clearly a
predisposing factor: mdeed UVE “signaturs™ mutations
were reported [5]). HaCaT cells are immortalized, non
tumorigenic keratinocytes with mntant p53 alleles, R2820)
and H179% [6], which are typical UVE signatures [7]. In
this system . the p53 pathway is functonasl in response to

UVE irradiztion, in terms of cell cycle block and induction
of apoptosis [8, 9]. These cells also express large amoumts
of DelraMp&3alpha.

Abolidon of the p53 powerful tumor suppression
funciions is an important step in cancer progression, and
the location of hotspot mutations in residues important
for DMA-binding provided a concepmal framework
polnfing at 3 loss-of-fonction mechanizm However, there
15 now song genetic evidence that some p53 missense
TIItamts AT pro-achive i tumor progression and metastasis
formation [Feviewed in 10, 11]. The issue of the interplay
betwesen nmrpS3 and pS3/p73 is guite relevant, because
Eenefic experiments suggest a complex rele of pd3
1soforms in mansformation [4], md p53 pussense motants,
mcluding those produced by HaCaT alleles, have an
increased affinity for p&3./p73 [12-14, reviewed in 15].
In addition, the three family members are Imked throngh
1 microRMAs-based circuit [16]. Two gain-of-finction
-GOF- mechanisms have been sugzested: the first posits
that an excess of mutp53 interferss with p§3/p73 fanction,
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by inhibiting DNA-binding following a stinmlos, or
forming mmactive ageregates [17]. In the second, mutp33
do reach specific DMA targets, either throngh protein-
protein inferactions with other TFs, such as MF-Y, EIF1,
NF-EB and VDE [18-21], or via p63-guided imteractions
[X2, 23]. Mote that “indirect” promoter recruriment of a TF
by inberactions with snother TF bound to its element was
first described for the Estrogen Feceptor on Fos/Tun sites
two decades ago [24], and further detziled for mamy other
TFs ever since The relative “weight” of the two scenarios
is unclear To examine this, we decided to explore mutp33
i vive DMA-binding and fimetional activities, and relats
it to pfi3 locatons in HaCaT cells.

RESULTS

Mutp53 protems are highly expressed in HaCaT
cells [15], as it often the case with other missense mutp53
alleles: we mactivated the two allales by stably expressing
an shEMA under puromyrin selection, in parallel with
3 control scramble shRWA The p53 shRMA targets the
DMA-binding domain, bence it is aimed at all possible
isoforms of p53 [25]. Clones were selected, pooled and
mBMA and protein levels of muntp33 and pf3 controlled
by gRT-PCE and Western blot: Fiz. 1A shows that
mutp33 mBMA levels are substantially decreased, the
protein lewels essentially sbolished (Fig. 1B). p§3 mPMA
was modestly decreased MNote that a similar inactivarnon
experiment attempted with pd3 shEWNAs repeatedly failed
o yield colonies, likely because of the key role of p3 in
HaCaT survival and growth (EM, M, unpublished). We
smdied a few parameters of nmtp53-expressing and non
shown in Fig. 1C, we noticed a modest variation in cell
cyrle progression- increase m subGl and Gl cells, and a
decrease in G20 in notpS3-depleted cells. The degres
of apoptosis, as measured by TUMNEL assays (Fig. 1D,
PARP activation and Caspase B cleavage (Fig. 1E) was
lower in the absence of mutp53, but still present. Thus
other mechanisms compensate for the lack of muip33
to dove a DNA-damage response. The most notable
difference, howewver, was the gprowth rate, as curves were
flatter in HaCaT deprived of nmtp33 (Fig. 1F). These dats
confirm that mmip53 are indeed GOF alleles conmibuting
to cellular growth.

T investigate the GOF mechanism we performed
analysis of p83 and mutp53 binding to genomic locations
by ChIP-Seq experiments, using the D01 monoclonal,
recognizing the N-terminal domain of p353, and a
polyclonal against pd3. We identified 7135 peaks of
nonip53 and 3421 of pf3 m HaCaT cells, defined as areas
with a significant enrichment in the IP with respect to the
comesponding genomic region of Input DMA comtrols
nm in parzllel (see Methods)y. The lists of locations and
transcription Units are in Supplementary Tables 1 and 2,
respectively. MNotorious p83 tarzets such as the p21 and

MDM? promoters were among the positives (See below).
We validated the dats by using different antibodies, the
AbT p33 polyclonal, which recognizes all p53 isoforms,
and nt-§3 4A4 monoclonsl (Supplementary Fig 1).
Some of the positive regions in ChIP-5eq were monitored
by gPCE: with the exception of FAMNCI, the other tarzets
were enriched We noticed that some targets scoring
posifive only for p§3 in ChIP-Seq were also somewhat
enriched with Ab7T, suggesting that we might be
underscoring the overlap of the two TFs, possibly becanse
D3] is unable to pick up the shorter p33 isoforms present
in HaCaT cells [25]. Finally, p&3 targets previously
identified as functionally important, such as ELF4,
Hotchl, TPG3, DLX3/4 and JAG?, among others, scored
positive for pd3 and mutp53 (Supplementary Fig. 2).

We therefore felt confident to analyze the ChIP-Seq
locations and found the expectad overmepresentstion in
promoters, from -3000 to +1000 of the Transcriptional
Start Sites (TS5) Fig 2A shows that 1501 mmeps3
and 907 pd3 sites reside in promoters, and 3697 and
1400, respectively, in the body of FefSeq genss. We
characterized the overlsp between positive peaks, and
found that 19% of p63 peaks overlap with mutp33 in the
promoter (175 ont of 207) and 17% in the body of genes
(240 ot of 14007

Mext, we evaluated the enrichment of TFBS in the
ph3*, muip33* and p63 mutp33* peaks with a width of
150 bp from the center with the Pscan sofiware [26] (Fig.
IB), using as background a set of 10.0000 sequences of
the same size, chosen at random from genomic regions
annotated either as “promoter” or “enhamcer”. It is
apparent that a consensus p53/pS3ERE is at the top of the
lict in p63* and pS3/mutp33* peaks, but not in mutp53*,
where sites of other TFs predominate: E boxes -variously
termed NHLHI, My£, Mycn, USF1, MYC-MAT, MAY-
ESE (muclear receptors), AP2. This iz an indicaton
that pd3, either alone or with mutp33, recognizes its
own site, whereas mufp33, in the sbsence of p§3, binds
DMA through sequences recognized by other TFs.
We then used the Weeder software [27] to perform de
nove motif discovery in the peaks of the three coborts,
n promoters, genes or elsewhere: Fig 2C shows that
1 TGGGCATGTC sequence clearly emerged in pé3*,
containing a3 perfect p53/pd3 comsensus (underlimed),
with additional information on the fankmgs; a similar
sequence, lacking the ©OC at the 3° end, is recovered in
pA3/omtp33* locations; in mmtp53* peaks, mstead, the
vanety of undertyimg sequences prevented the emergence
of a clear consensns by de nove analysis, confirming the
underlying presence of several unrelated TFBS.

A large number of genomic locations of pd3 were
recently reported in primary keratinocytes -PHE- using
the same antibody employed hera [28]. We analyzed the
dats of PHE and HaCaT and found that a substantial
mumber -50%- of HaCaT locations are missing in
primary keratinocytes (Fig. 3). We assessed the number
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of mutp33 peaks in the two populations and found some terms such as orpan morphogenesis, tizsue and epidermic

skewing: 222 were in the PHE commeon sites, and 367 in development and posifive regulation af transcription in
the HaCaT-only cohort, suggesting that the presence of ph3* devoid of mutp53 (Fig. 3); the same terms were
mutp53 alters pf3 bmdmg to a subset of sites bound mm present in the larger p§3* cohort, with the addition of
nonmal keratmocytes. Gene Cotology analysis rerieved Wt signaling and induction of apoptosis. Terms related
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Figure 1: Effect of fanctional inactivation of mutp53 in HaCaT cells. (A) mmtps3 was mactivated by ransducton of the HaCaT
cells by lenfiviral vectar expressing shp33 and vector expressing scramble shEMA setved a3 a negative coniral. After purcnmycime salection
clones were selected. pooled and protein levels of mutp53 and pd3 were analyzed by Westem blot. Vincolin was used as a loading control.
(B) mBMA levels of mnup53 and pd3 were subseguendly contmalled by gPCR. Nonmalization of cDMA templates was achieved by GAPDH
quanfification. {C) Inactvation of pnupS3 in HaCaT cells leads to the modest vanation of cell cycle progression. The mediom of HaCaT
cells was replaced by PBS and the cells were exposed to 30 mlicm?® and 40 mliom® concentration of UVE kight. After UVE treatment PBS
was replaced to growth medinm and after 12h of incubation at the standard conditions cells were harvested and cell cycle progTession
was apalyzed by FACS. PBES-meated cells without UTVE treatment served as negative control (IY) matp33 deprived HaCaT cells are less
sensitive to the apoptosis. shp53 and shscramble HaCaT cells were treated with UVE mmadiation and depree of apoptosis was measured
Ty TUNEL assay (E) as well as PARP activation and Caspase B cleavage were controlled by Western blot. {F) mmeipS3 affects sipmificanthy
the prowth properties of the cells. Cell zrowrth rates of shp53 and shecramble HaCaT were compared by direct countmg of wiable cells.
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to signal transduction and cell cycle were prevalent in
mup53* genes (Fig. 3). Specifically, the mutp33/p33+
sites were enriched in terms of Wt signalling and other
metabolic terms in the moleculsr functon analysis,
such as actin binding, Tvosine Kinase and GTPase
activify. In addifion to previously characterized targets
{Supplementary Figure 3a, b), famdlies of targets worth
mentioning are Wit genes -Wotd, WntTa, WotPa, Wintl0a-
and Fetinoic Acids Feceptors, FARa, FARy and FXFo
{Supplementary Fiz 3c, d). Both p83 and mmps3 are
present at multple locations of the largs cluster of keratin
genes on chromosome 17, particularty in a conserved
region &t 37, overlapping with positive epigenetic marks
(Supplementary Fig. 3e). In general, the pd3 and nmip53

pbd sites (3421)

locations overlap with those of histone post-iranslational
modifications (Supplementary Fig. 3): although firm
conclusions are difficult to make bacanse of the difference
i the cellnlar contexts of the ChIP-seq profiles, this is
a further mdication that the sites idenfified here are
functionally relevant. From this set of data, we conclude
that p63 binding in HaCaT iz different from PHE, in
part due to the coresidency of mntp53, and that the Latter
Tecognizes a large set of funcoonally distinct groups of
genes independently from pd3.

Next, we performed profilmg snalysis of map33-
mactivated HaCaT cells. A large mumber of genes were
up -1649- or down -1644- regulatad, by using a relatively
stringent cut-off rario of 1.5-fold (Supplementary Table
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Figure 1: ChIP-5eq analysis of pd3 and motant p53 binding in HaCaT keratinocytes. (A) Distibution of the site position
for ouatp53 and pS3 as well as the overlap between p63 and nmipS3 positive peaks are present (UCSC genes hitp:/zenome wosc.edu). Alse
the mumber of promoters o genes, positive for at least ons peak of maip33 or p3 or both is indicated. (B) Evaluaton of TFBS ennichment
in the of pf3*, ompp53* and pfi3imatp33* promoters nsing Pscan software. (C) Analysis of pi3* and p63/matp33* binding site sequences by

de novo motif discovery performed wsing the Weader toal (26).
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3). A quick inspection of the penes idenfified known p33 by indirect recruitment by mutp53 [29, 30]. We validated

targets, such as CDC20, Aurora EinzseA and B, Chek], the profiling results by gRT-PCE. (Fiz 4A): essentially all

Tope Oa, CyclmB1 and B2, Cyclind CDHC2, p5TVEip2. genes changed expression according to expectations; the

G penes ate normally repressed npon DMNA-damage in degree of varation was greater in gRT-PCRs with respect

cells harboring wi p33, and regulated in an opposite way to profilmg data, which is 3 common finding, indicating
A
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Figure 4: Profiling of mmitp53 inactivated HaCaT cells. (A) Validation of microaray data by gPCE. (B) G0 anabysis: for the ap-
repulated genes cell cycle, as well as DINA and FMA metabolisms and response to DNA-damape categories were reimeved with sipnificant
p-value, while for down-regulated genes sterol bipsynthesis and keratmocyte differentiation categories were obfained even if with the less
sipmificant p-value. (C) Examples of the zenes that are up-regulated and down-repulated by nmtps3 removal subdivided regarding their
belonging to the specified GO catzzory.
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that we underscored the effect of mnip53 removal
our profiling analysis. The overlap between the mutp33
locations and gene expression analysis is robust -15%- bat
not absolute (DD, M, unpublished). Some genes might
be indirectly affected by mutp53 removal, and some of
the targets are oblivions of its Temoval, at least in Frowing
HaCaT cells. GO categorization identified call cycle, as
well as DNA and RNA metabolizms and response fo DINA-
damage as robustly enriched in the upregulated coborts
(Figure 4B); in the downregulated genes, p values were
less significant with sterel Biogmthesis and keratinocyte
differentiation being somewhat enriched. Examples of
genes of up and down-regulated categories are shown in
Figure 4.

DISCUSSION

Cur work addresses a debated topic concerning the
mechanizsms of acion of GOF mutant p53 and p3. We
found that (i) muips3 HaCaT alleles are pro-growth and
mutp53 have thousands of bnding sites in the homan
eenome;(ii) they affect zene expression profoundly, both
by binding with pf3 to consensus elements and by bemg
tethered by other TFs to their locations.

Mice deficient for TP53 develop tumors resembling
SCC after UV imadiation, and other models harboring
nmtp53 alleles have ageressive features in their epithelial
mmors, inchding increased capacity o metastatize.
Hence the hypothesis that certam mmtations are GOF has
visibly gained ground [10,11]. Specific mutations of p53
alleles are & hallmark of SCC in bumans [7]: although
HaCaT cells are not mmorigenic i wive, they harbour
two alleles that are rontinely found m SCC, in addition
to larze amount of a fully funcional AMNp&3a, the most
asbundant isoform found in boman kerstmocytes: stable
pf3 inactivadon in HaCsT, in fact, was impossible,
presumsbly because it is required for cellular growth.
Instead, inactivation of mtp33 led to suboptimal srowth
rates and a large change in gene expression, 85 shown

Gene A

previous experiments [31], making the system suitable to
study pd3 in the presence of high smounts of ptp33.

Mechanistically, two models were proposed: (i)
mfp53 sequesters mmor suppressors, nchnding pf3, in
mactive complexes, of it mhibits its DNA-binding capacity
[1%, 17]; (ii) matp53 acts as a bonmg fide ranscription
factor with a “deviant™ specificity, throngh unrelated TFs,
or the related p63./p73 [18-12]. Widespread inhibition of
pi3 DA binding by p53 DMNA-binding rnitants seems
to be mled out by our experiments: =3400 p63 locations
are retrieved m 3 cellular context with very kigh levels of
TumoT-type muip33, up o 20-fold excess with respect to
ph3 [15]. The same conclusion is resched by analyzing
gene expression profilings of overexpressed mutp53 in
P53 mll cells: Meilsen et al. find binding of mutp33 to &
overexpressed genes [23]. Thus, at the heart of the nnips3
sirategy there are interactions with p&3, and with other
TFs. Interestingly, the pa3 locations are partally different
from the ones found in nommal keratinocytes [28], with
=1700 “new™ sites, showing an enrichment of norps3
coresidency. In summeary, the two previous scensmos for
mutp33 GOF function, both involving tethering to DA
regulatory elements either with pd3 (or p73), or vig other
‘TFs, are operational (Fig. 5). We attempted to “measura™
the two mechsmizsms, and the second sppears o be
prevalent, but one needs to be very cautions and aware of
the bias related to the antibodies nsed in the analysis: this
is panticularty relevant for omatps3, since DO is oblivious
of the 53 short isoforms very recently described by the
lah of T Bourdon in HaCaT [25]. The picture is therefore
likaly to be more complex.

The most sbundant TFBS scored in the p63 peaks
is indeed the p53/pé3 RE, as found in Pscan analysis
and in the siringent de nove motif discovery by Weeder,
confirming that DNA-binding is direct through sequence-
specific contacts and that pf3 is funcional . Cur Weeder-
derived logo incorporates the core central tetrannclectide,
CANG from Chip on chip smalysis of p63 and p73 [32, 33]
and CWTG from SELEX [34]; it does provide additional
mformation in the flankings, and the remeved decamer is,

Gene B
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Figure 5: Models of p63 and muip53 binding to different classes of promoters.
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o the best of our knowladze, the most detailed p63/p53
matrix characterized so far In the mutp33./p63 foci, the
p33/ph3 logo is also obvions, both in Pscan and de nove
maotif discovery; the precision of the ChIP-5eq technique
allows us to conchide that the two TFs, which are boumd
within 50 bp, share the same DMNA motif. If anything,
tandem elements with varisble spacing are enriched in
the pd3, but not mutp33/pa3 cohorts: in the latters, it
is unclesr whether mutp53 contacts with DA have 3
different specificity, or lack it In general these data are
consistent with 2 model whereby heteromers, formed by
the observed increased affinity of mutp3 3 for p63 [12-14],
and/or higher protein concentrations, are steered to DIA
by the pd3 sequence-specific capacity. Another aspect that
has not been mvestigated so far is the reciprocal interplay
between p63 and wt p53 after DM A-damage in normal
cells (Fiz. 5): one could imagine, i fact, that the binding
of pd3 might serve as a “guide™ for an actvated p53 o
find its locations, or at least some of them during the
SITRSS [ESpOnse.

As to tethering of nnip53 vwa unrelated TFs, the
lack of a single, clearly recognizeable logo with de novo
motif analysis strongly indicates that multple TFs are
involved Even allowing a high degree of freedom, so
that “non canonical™ sibes could be scored [35], we conld
not come up with any ennched motf Among the TFBS
previously reported to be guiding ntp33 binding, the NF-
Y, E2F and WFKE sites [18-20] are statistically enriched
in the profiling data (Supplementary Fig. 4). In the ChIP-
Seq datzset, we do find the Estrogen Feceptor, whose
reciprocal interplay with mmtp33 is well documented n
other epithelizl contexts, for example in breast cancer
cells [36]. Mote that H¥CaT do not express ERs (EM,
B unpublished), tar an identical DA motif is shared
with other nuclear receptors, mchoding VDR recently
shown to be enriched in ChIP on chip analysis of SEBR3
cells carrying the -175 p33 GOF mutant [21]. Therefore,
our data suggest that muwip33 targets nuclesr receptors.
GC boxes, E-boxes, AP? predominate in ChIP-Seq and
profilings. E boxes are recognized by a plethora of HLH
E-Zip proteins, some of which are known to play a role
in epithelial cancer, inclnding in the skin [37]. GC boxes
are often overrepresented in many such smdies not least
becanse promoters are embedded in CpG islands: this
box is targeted by zinc fingers TFs belonging to the large
5Spl and ELFs family, pumbering over 20 members [38].
We have recently detfsiled that one of these -EKLF4- is
targeted by mutp53, throngh pd3 [22]. A large body of
genetic, biochemical and histopathological evidence
points to distegulatdon of KLF4, KLF5 and KLFS as
important in the progression of epithelial mmors. The
lack of previously identified motifs -WFkB, NF-Y, EIF-
in the ChIP-5eq datzset is not surprising, considering that
the mutant p53 alleles and the cellular context used here
are different- this raises the possibility that the set of TFs
tethering mutps5 3 might be specific for mutps3 alleles and’

or for a partncular cell-type, whether in immortalized or
‘mansformed conditions.

As 3 whole, the p83 preferred GO categories are
a vanation of morphogeneris, fissue and development
themes, as expected from a master ectodermal regulator;
clostering of the nommal keratinocytes and HaCaT
pi3 locations tells a similar story, with targets in the
RNA metabolisme and franscription category, which we
previously reported. Mutp53, bowever, visibly changed
the configuration, since the mutp53*, as well as the
common ntp33p63*, are shifted toward and enrichment
of signaling, cell-cycle regnlation snd metabolic terms_ As
-FGF-F, EGF-F, Wnr, MNotch- are confirmed. At least
one previeusly unsppreciated group of genes emerged:
FAFRo FAFRy and RXE genes are targeted at multiple
locations both by pd3 and muips3. Interestingly, genetic
experiments in mice nsing 8 dominant negative FAFRa
expressed in basal keratinocytes wig the K14 promoter
caused inhibition of endogenous FARe and FARY with
greatly diminished p&3 lewels: this led to a dramatic skin
phenotype very similar to the one found in p63 KO mice
[39]. Given the peneral anti-proliferative properties of
FARs, including in the skin [40], the intersection of p63/
mrtp53 with AR is certainly worth more exploration in
the future, particolarty in tomors.

In swmmary, our data support the idea that p53
mutants do affect growth by altering gene expression vig
specific binding to discrets DNA elements, in promoters
and elsewhere, erther through p63, or selected classes of
TFs. Furthermore, the normal pd3 regulome is altered,
and nmatp33 partially diverts pf3 activity to locations not
normally seen in normal keratinocytes. Our work should
be extended to different cellular contexts, in mumorigenic
of pfi3 as well as the related p73.
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MATERTALS AND METHODS

Cell: and Infections

Human HaCat keratinocytes were maintained in
DMEM supplemented with 10% FCS, 2 mM zlntamine
and 100 U penicillinstreptomycing The growth
characteristics were obtained by counting the cells in the
hemacytometer at the indicated time peints. For UVE
irradistion, 80%% confluent HaCaT cells was replaced by
PBS and the cells were exposed to varous concentrations
(20mlicm,, 40mT/cm ) of UVE light emitted by MacroVoe
UV-20 (Hoefer, USA) with the peak at 320 nm. Afier
removal of PBS the growth medium was added and the
cells were incubated for 12 b at normal conditions and
then harvested with call scraper including those floating in
medinm. PES-reated cells withowt UWVE restment served
a5 negative confrol.

For the cell cycle analysis 10¢ cells were washed
once in PBS and then fixed with 70 cold ethanol. After
this one wash in 1% B5A m PBS was performed and the
cells were stained for 30° in 1m] of PI seluticn {20pz/ml
Propidinm Iodide, 10pz/m] Bnase solution in PBS). The
data were acquired by FACS within 2 h after staining.
TUMEL assay for detection of apoptosis was performed
according to the maoufacturer’s protocol (Foche
Applied Science, Germany). The cells were fixed for 1h
in 4% Paraformaldehyde m PBS, rinsed with PBS and
permeshilised for 27 in 0,1% Triton 3-100 in 0,1% sodinm
citrate. After 2 waszhes with PBS cells were stained with
50 pl of TUMEL reaction mixtre and then with DAPT and
the cells were immediately anslysed under a fluorescence
MicTosCope.

For the lentivires production one day before 203T
cells were split at the density of 5*106 cells per plate
using 20 ml of DMEM medium supplemented with 10%
FBS. For the 3 plasmid system the followinz DMNA mix
was prepared: 20ug lentiviral vector, 10pg VEVG, 15ug
A3.E. In the mbe with DINA, 400l of 1,25 MCaCl, and
15ml of HO were added; 2ml of 2X HBES (280mM
NaCl, 50mM Hepes, 1,5mM MNa HPO,, pH 6.95) were
added. The transfection mixmre was kept 12h afier
which the medivm was changed. Afier 36h, the wviral
supernatant was harvested and filtered through a 0.45pm
filter. The lentiviral infection of HaCaT cells were
performed by double spmoculstion of 70% confluent
cells (1h centrifugation, 2000 rpm, with a 5h mterval) in
the presence of 2 pz/ml polybrene. 72 h after infection
puromyrine (Sigma, USA) was added in the medinm for
salection. For p53 knockdown i the HaCaT cells, the
shp53 pLEO.]1 puro plasmid (Addzens, USA) was nsed
and shecramble pLED. ] pure plasmid was used as conirol.
After 3 weeks in the selection medivm, stable clones were
pooled.

Western blot analysis was perfomed according to
standard procedures with whole cell extracts with DO1
anti-p53, anti-p83 (Genespin, Italy), anti-vinoolin (Sigma,
USA), anfi-cleaved Caspase & (Cell Sipnaling Technology,
75A) and ant-PARP (Santa Cmz, USA) anfibodies.

ChIP and ChIP-Seq

ChIP was carried out as previously described (21).
In brief, sbout 5 mgz of chromatin (equivalent to 18
x 150 mm dishes with cells at 80% confinence) were
used in IP experiments, with either mouse monoclonal
anti-p53 (D01}, or rabbit palyclonal anti-pf3 antbodies
(Genespm, I). Each chromatin set was divided into 10
aliquots, which in tum were mdependently [Ped using
10ug of the sppropriate antibody. In parallel, 500 pg of
chromatin were IPed with 10 g of mouse monoclonal
anti-Flag antbody (Sigma) as a control. ChIP-enriched
and their Unbound fractions were recovered and
subject to crosslink reversal, proteinase K digestion,
phenolichloroform extraction, DIA precipitanon and
quantitation. Single ChIP-enriched DINA samples were
then tested by gPCE to assess enrichment on knowm
targets of either p33 and'or p63. p63 enrichment (mean =
5D on Myonenrin promoter and C40 enhancer were 2.78
=044 and 40 88 = 18.61, respectively; p53 enrichment on
LEF1 upstream region were 1.74 + (.34 and 705+ 2.12.
ChIP-enriched DN A=, as well as half of the comesponding
Unboumd DMAs, were poslad together, precipitated and
quantitated 50 og of each ChIP-eoriched or Unbound
DNA were then converted into a library surtsble for
high-throughpat sequencing using an Iluming Genomic
Analyzer following the manufactorer’s istuctions. Before
sequencing, smplified ChIP-samples were tested in
parallel to amplified Unbound, pre-amphfication ChIP-
enriched, and pre-amplification Unbound DMNAS, to score
for enrichment Seguence reads were mapped to the
masked buman genome sequence (assembly GRCh3IT,
remieved from the UCSC zenome browser database (38)
using the Seqgmap tool (39). Matched was performed
by allowing at most two mismatches at any position of
the reads. Trinmming unmapped reads at the 3'end led to
marginal improvements in the number of mapped reads
and this step was therefore skipped. Only reads mapping
10 3 nnigue position on the Fenome were considered for
further analysis. This resulted in about 10 million uniguely
mapping reads for each of the two nmip53 experiments
(TP and input) and in sbout 4 million for each of the two
ph3 experiments In each experiment, uniquely mapped
reads were then extended by 300 bps along the 5°-=3°
direction. This produced, for each ChIP or input sample,
a base pair by base pair coverage map of the genome,
that iz, giving for each base pair the mumber of extended
sequence reads that contzined it Ouly base pairs covered
by reads mapping on both strands were considered valid
for further analysis. Enrichment was then calculated in
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each valid base pair by comparimg, for each [P experment,
the coverage in the experiment to the coverage in the
respective mput used as expected value, snd computing an
enrichment p-value with a negative binomial disoibution.
Enniched regions were then defined as regions consisting
of consecutive base paimrs characterized by calculated
p-vahaes smaller than (.01 and not imtermupted by a gap of
100 bps or more non valid or with & p-value greater than
0.01. The p-value associated with each of the enriched
regions was defined as the minimum p-value among the
base pairs belonging to the region Fegions shorter than
150 bps were then discarded regardless of the p-value.
The p-value associated with the remaining regions was
then nsed to compute the false discovery rate (FDE) with
the Benjamini-Hochberg comection. This resulted m 7136
regions for p53 and 3422 for p§3 with FDE. lower than
0.01.

T further validate the predicted regions we applied
the MACS tool (40) to the same datasets, with defanlt
parameters. Abowt 95% of owr predicted regions i
both mutp$3 and p§3 experiments were also found as
significantly enriched by MACS at p-vahie 10 (roughly
comespondimg to our False Discovery Fate of 0.01).

RNA Profiling

Total BINA was extracted using RMNeasy Mini kit
(Qiagen, DY) according to the mammfacturer’s protocol.
For qPCR. analysis, 1pg of BNA was reverse-trascribed
The expression lewel for each pens was normalized
with GAPDH. The list of the primers nsed for gPCE
is chowm in Supplementary 4. For profiling, RNA
quality was assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). 500ng of total BIVA was
synthesized to biotinylated cRINA using the Illumins
BEMA Amplification Eit (Ambion, TT54). 750ng <A
was hybridized for 12h to HumanHT12 v. 3.0 Expression
BeadChips (Illumina UTSA) according to the protocol
provided by the manufactorer Hybridized chips were
washed and stzsined with streptavidin-conjugated Cy3
(GE Healthcare, TUSA). BeadChips were dred and
scanned with sn [Nhimina BeadArray Reader (Illumins
Inc) snd anslyzed with the Ilomina BeadSmdio v
3.1.3.0 sofrware. The guantfile normalization algorithm
was applied on the data set to comect systematic emors.
Background was subfracted. For differential expression
analysis, three techmical replicates of each sample were
erouped together and genes with a detection of p-value
<0101, corresponding to a false-posinve rate of 1%, were
considered as detected Differently expressed genes wers
selected with DNff Score cutoff set at =30, corresponding
t 8 P-valee of 0.001.
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NF-YA and p53 1n different cell lines
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Stable clones overexpressing different YA isoforms
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Figure legends

Figure 1: Development of keratospheres (A) Schematic representation of the
keratospheres culture establishment: HaCaT cells form anchorage-independent
spheres in defined serum-free medium supplemented with bFGF and EGF.
Phase contrast photographs of the keratospheres derived from human HaCaT
keratinocytes at the passages 2, 6, 32, 36; x60 objective; (b) Comparison of
growth rates for keratospheres and parental HaCaT cells by direct counting of

the viable cells.

Figure 2: Phenotypic characterization of the HaCaT-derived spheres.
Immunostaining of intact keratospheres analyzed by confocal laser scanning
microscopy. Photographs represent positive immunostainings for p63, Kif4, a6-

intergrin, CK1, CK14. DAPI staining was included to identify nuclei.

Figure 3: Keratosphere reproductive capacity. (A) Comparison of in vitro
clonogenecity of the parental HaCaT keratinocytes and keratospheres. 1000
single cells of each cell line were plated at 100 mm tissue-culture Petri dish and
cultured for 2 weeks. At the end of experiment cells were stained with Giemsa,
photographed, and analyzed for their proliferation efficiency. (B) Quantitative

representation of the colony-forming assay, performed in triplicate.

Figure 4: Keratosphere anchorage-independent growth. (A) HaCaT-derived
keratospheres demonstrate anchorage-independent growth in the soft agar. 10
000 cells of the parental HaCaT cells, dissociated keratospheres were seeded in
the 6 wells in 4 replicates and propagated in two-layer agar-agarose system for
30 days. Afterwards colonies were stained with crystal violet and photographed.
Cervical carcinoma HelLa cells were added as positive control. HaCaT-MEGM

represents HaCAT cells grown in soft agar experiment in keratosphere medium,
112



HaCaT-MEGM/MEGM — HaCaT cells, grown for 4 passages in tissue culture
flasks in keratosphere medium, and put in soft agar experiment in the same
medium (D) Dynamics of the tumorigenic phenotype acquisition by
keratospheres: soft agar assay performed with keratospheres at the different
passages (pl, p8, p24, p54) reveled that keratospheres don’t acquire the ability
to the anchorage-independent growth immediately but after some passages in

the culture.

Figure 5: Growth behavior of the keratospheres in vivo. (A) Tumor growth and
survival curve in mice. 10" of the HaCaT cells and dissociated keratospheres
were injected subcutaneously into immunocompromised mice. The mice were
monitored twice a week and tumor weight was calculated. As positive control
A431 epidermoid carcinoma cells were added in the experiment and mice from
this group in 6 days developed macroscopic SCCs and were sacrificed. HaCaT
cells and keratospheres developed slow-growing neoplasms and it took 3
months to obtain macroscopic tumors. (B-E) Histological analysis of the formed
neoplasms. (B) Sample HaCaT, keratinizing cyst, 100X; (C) Sample HaCaT,
keratinizing cyst, close up on keratohyalin granules, 200X; (D) Sample
keratosphere: squamous cell carcinoma, 100X. (E) Sample keratosphere:
epithelial pearl with keratohyalin granules, 200X. The pyogranuloma observed
in this sample is a common finding in keratin-producing lesions where keratin is

acts as a foreign body.

Figure 6: Gene expression profiling of keratospheres. (A) Validation of the
microarray HaCaT vs. tumour data by gPCR; (B) GO analysis for the up-
regulated genes retrieved epidermis development, Kkeratinization, tissue
development, epidermal cell differentiation with significant p-value and cell
cycle process, mitotic cell cycle, cell division for the down-regulated genes; (C)

Pathway analysis of microarray data revealed cell communication, Wnt and
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Hedgehog signaling pathways upregulated and fatty acid metabolism, valine,
leucine degradation, cell cycle downregulated upon tumorigenic conversion of
the HaCaT keratinocytes to the keratospheres; (D) Global gene expression
changes in parental HaCaT cells, keratospheres and tumor samples. Microarray
data analysis demonstrate step-by step gene expression changes during transition
from immortalized nontumorigenic HaCaT to the transformed keratospheres (at
the passage 32) and following gene expression alterations upon SCC formation
in the mice from .keratospheres. On the scheme the number of the overlapping
genes for each stage is represented as well as appropriate GO categorization is

present.

Figure 7: p53 status and NF-YA isoforms in the different cell lines. To verify
p53 status and presence of different NF-YA isoforms 30 ug of total extracts
were analyzed by Western blot, using DO1 (a-p53) antibody (GeneSpin, Italy)
and Mabl (a-YA) antibody (homemade). In the Table below data about p53
status, NF-YA isoforms and results of the overexpression experiment are

summarized.

Figure 8: Stable clones overexpressing different NF-YA isoforms and mutants
of different isoforms. To obtain stable clones different cell lines were transduced
with lentivitus, encoding NF-YA short and long isoforms and mutants of NF-
YA isoforms. Cells infected with lentivirus expressing empty vector served as a
negative control. 48h post-transduction, we evaluated the efficiency of the
infection by green fluorescence of the GFP-infected cells by fluorescent
microscopy. 72h after infection cells were subjected to the puromycine selection
and 1-2 weeks later cells were pooled, harvested and overexpression of the

transgene was detected by Western blot.

114



Figure 9: Analysis of the growth characteristics of the stable clones. Growth

rates of the stable clones overexpressing NF-YA were evaluated by MTT assay.
Suppliment 1: Comparison of the microarray data (HaCaT vs. Tumour) revealed

17 genes out of 25 (68%) intersecting with the genes of the list, comparing
HNSCC versus normal mucosa (Yu et al., 2008).
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