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CHAPTERI

INTRODUCTION

Genomic alterations required for cellular transformation and carcinogenesis can
range from small genetic events like single nucleotide mutations to extensive alterations
such as duplication of the entire set of human chromosomes. Chromosomal alterations
were once proposed to be the root cause of cancer (Boveri, 2008; Hansemann, 1890),
and it is now understood that mutations in specific genes ultimately lead to
tumorigenesis.

The most frequently mutated gene across human cancers, TP53, which encodes
the protein p53 (Kandoth et al., 2013), is also the most well studied. Called “the
guardian of the genome” (Lane, 1992), p53 functions as a transcription factor and tumor
suppressor by regulating gene expression programs that control the cell cycle, are
involved in genome maintenance, and induce apoptosis of damaged cells. Mutation in
p53 leads to a loss of DNA binding, thus its tumor-suppressive function (Cho et al.,
1994; Kern et al., 1992), and allows for the accumulation of genomic alterations that
lead to the development of cancer.

In addition, mutated versions of p53 have also been reported to acquire a diverse
set of novel oncogenic activities that lead to the emergence of various tumor-promoting
phenotypes in cells. The existence of this neomorphic “gain-of-function” (GOF) activity
is hotly debated within the p53 field. There is no agreement for the exact mechanisms

by which mutant p53 can promote diverse and often context-specific oncogenic



phenotypes; although, proposed mechanisms attribute altered transcriptional activities
and protein-protein interactions to the mutant protein. As mutant p53 frequently
accumulates to high levels in transformed cells, this feature has also been proposed to
underlie mutant p53 GOF by enhancing oncogenic protein activities and interactions.
The study of mutant p53 GOF is challenging because of the experimental
limitations of the models used and the heterogeneous cellular features that occur after
the loss of p53 function. Therefore, this dissertation aimed to evaluate mutant p53 GOF
phenotypes and mechanisms using genetically engineered and controlled epithelial
isogenic cell line models. This chapter will review the study and function of both wild-
type and mutant p53 proteins, emphasizing reported mutant p53 GOF activities and

associated phenotypes such as accumulation of the mutant protein.

Tumor Protein p53

Discovery and History

In the 1970s, much of cancer research was focused on the viral theory of cancer
and the identification of virally encoded oncogenes, otherwise known as viral tumor
antigens, that contributed to cellular transformation. In 1979, while studying Simian virus
40 (SV40) induced tumors, several research groups simultaneously discovered a non-
viral protein approximately 50-55 kDa in size that associated with the SV40 large T-
antigen (Kress et al., 1979; Lane and Crawford, 1979; Linzer and Levine, 1979; Melero
et al., 1979; Smith et al., 1979). High levels of this protein and antibodies that target it

were also found in other viral and non-virally transformed cells (Deleo et al., 1979;



Linzer and Levine, 1979; Rotter et al., 1980). By 1983, researchers agreed they were
studying the same protein and adopted the name “p53” because it migrated at
approximately 53 kDa by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
However, its actual size was later determined to be only 43.7 kDa (Levine and Oren,
2009).

Following the discovery of p53, researchers in the 1980s raced to clone the
encoding murine and human gene for experimental study of its function in cells. Several
labs successfully generated p53 complementary DNA (cDNA) clones, allowing for
transfection and overexpression of the protein in experimental model systems. Three
articles published in 1984 showed that transfected p53 could cooperate with other
oncogenes to transform cells (Eliyahu et al., 1984; Jenkins et al., 1984a; Parada et al.,
1984). In addition, many tumors but not normal tissue produced high amounts of p53
(Rotter, 1983), in alignment with earlier findings showing that increased p53 levels
correlated with SV40 T-antigen functionality (Linzer et al., 1979).

These early observations led researchers to believe that p53 was an oncogene;
however, this classification was challenged by several articles published in the late
1980s. These studies found that p53 alleles were often inactivated through viral or
genomic alterations, including rearrangements and deletions (Chandar et al., 1992;
Masuda et al., 1987; Mowat et al., 1985; Wolf and Rotter, 1984, 1985), suggesting that
p53 loss also promotes cancer. Finally, in 1989 the Levine lab could not reproduce
earlier findings showing the transforming and oncogenic activity of p53 when using a
new cDNA clone (Finlay et al., 1989). Comparing the genetic sequences of the p53

clones revealed that many of the previously used cDNA clones contained mutations in



the p53 coding region. When the wild-type p53 sequence was finally established
(Eliyahu et al., 1988; Finlay et al., 1988), it became clear that early studies showing
oncogenic p53 function were conducted with mutated versions of p53 which had been
cloned from tumor-derived cell lines.

While mutant forms of p53 displayed oncogenic properties, the wild-type p53
protein quickly became re-classified as a tumor suppressor. Work out of the Vogelstein
lab demonstrated that p53 showed hallmarks of a tumor suppressor as both wild-type
p53 alleles were typically mutated or deleted in colorectal cancers (Baker et al., 1989).
Further, overexpression of wild-type p53 was sufficient to suppress the oncogenic
transformation of cultured cells (Eliyahu et al., 1989; Finlay et al., 1989). In a seminal
discovery, germline mutations in p53 were found to be responsible for Li-Fraumeni
syndrome, a dominantly inherited and highly penetrant familial predisposition to a
diverse array of cancers that often present early in life (Malkin et al., 1990; Srivastava et
al., 1990). Finally, while murine models engineered to be deficient for p53 initially
appear normal, they develop spontaneous cancers, typically lymphomas and sarcomas,
within six months of age (Donehower et al., 1992). These last two pieces of evidence

firmly established wild-type p53 as a bona fide tumor suppressor.

Structure and Function

Following the recognition of p53 as a tumor suppressor, research in the p53 field
grew exponentially. After four decades of research, it is now well established that p53 is
a sequence-specific DNA binding transcription factor, and this activity is essential for its

tumor suppressive function (Bargonetti et al., 1991; El-Deiry et al., 1992; Farmer et al.,



1992; Pietenpol et al., 1994). In addition to the central DNA binding domain (amino
acids 102-292), the protein consists of two N-terminal transactivation domains (amino
acids ~1-40 and ~41-61), a proline-rich domain (amino acids ~61-94), an
oligomerization domain (amino acids ~323-356), and an unstructured C-terminal domain
(amino acids ~364-393). Oligomerization is essential for the function of p53. p53 binds
DNA as a tetramer, and each dimer of the tetrameric complex binds a 10 base pair
response element with the consensus sequence RRCWWGYY (R=A/G, W=A/T, Y=C/T)
(El-Deiry et al., 1992; Kitayner et al., 2006).

Through transcriptional activation, p53 has been shown to govern a complex and
diverse array of biological processes. The primary function of p53 is to maintain
genomic stability in response to cellular stress and upon DNA damage, p53 has been
shown to induce cell cycle arrest (Kastan et al., 1991), apoptosis (Clarke et al., 1993;
Lowe et al., 1993), and senescence (Shay et al., 1991). Many other non-canonical
functions for p53 have been described, including but not limited to modulation of cellular
metabolism (Kruiswijk et al., 2015; Morris et al., 2019) and autophagy (Eby et al., 2010;
Tasdemir et al., 2008); regulation of cellular plasticity and stemness (Chang et al.,
2011); and stimulation of DNA repair (Williams and Schumacher, 2016).

Numerous downstream target genes have been discovered which contribute to
the heterogenous biological functions of p53. One of the first identified and most
ubiquitous target genes of p53 is the cyclin-dependent kinase inhibitor CDKN1A,
encoding the protein p21, which functions to stop cell cycle progression by binding and
inhibiting cyclin/cyclin-dependent kinase (CDK) complexes (El-Deiry et al., 1993; Harper

et al., 1993). MDM2, an E3 ligase and the primary negative regulator of p53, was also



identified as a p53 target gene (Juven et al., 1993). By inducing genes like BAX and
BBC3, which belong to the BCL-2 family, p53 promotes caspase activation and
apoptosis (Miyashita et al., 1994). While attempts to identify universal target genes have
been made (Allen et al., 2014; Fischer, 2017), the expression of many genes remains

context- and cell-type dependent.

Activation and Regulation

p53 activation prevents the accumulation of DNA damage and the propagation of
oncogenic alterations to daughter cells. However, even after over forty years of
research, there are still many unknowns concerning the cellular functions of p53. Adding
to the complexity, p53 is activated in response to a variety of cellular stress signals
including but not limited to; genotoxic damage, telomere erosion, hypoxia, nutritional
starvation, mitochondrial stress, temperature changes, and oncogene activation (Lane
and Levine, 2010). Because unrestricted activation of p53 can be detrimental to a cell,
timely and precise regulation of p53 is critical. This regulation occurs mainly through
post-translational modification (PTM) of the protein. Early studies identified p53 as a
phosphoprotein (Jenkins et al., 1984b). After DNA damage or replication stress, p53 is
phosphorylated by several different kinases (e.g., ATM and ATR), primarily in the N-
terminal transactivation domains (Meek and Anderson, 2009). Phosphorylation at Ser15
activates p53 by blocking the binding, ubiquitination and degradation of p53 by its
primary negative regulator and E3 ligase MDM2 (Shieh et al., 1997). Phosphorylation at
Ser15 has also been shown to catalyze the binding of modifying enzymes and the

addition of other PTMs, many of which contribute to the recruitment of transcriptional



machinery and further protein activation (Dumaz and Meek, 1999; Lambert et al., 1998;
Saito et al., 2002, 2003; Sakaguchi et al., 1998, 2000).

Ubiquitination is another PTM that is critical for p53 function and negative
regulation. In the absence of cellular stress, p53 protein has a short half-life (~30
minutes) and is maintained at low steady-state levels through MDM2-mediated
ubiquitination and proteasomal degradation so that it exerts a minimal effect on cell fate.
As mentioned above, MDM2 is a transcriptional target of p53, so stabilization of p53
results in an autoregulatory feedback loop. PTM and activation of p53 stimulate the
production of MDM2, which in turn functions to ubiquitinate and induce proteasomal
degradation of the p53 protein (Haupt et al., 1997; Momand et al., 1992) (Fig. 1). In
addition to facilitating p53 degradation, MDM2 binding to the N-terminal transactivation
domain of p53 inhibits its transcriptional activity (Haupt et al., 1997). The importance of
this relationship is highlighted by the embryonic lethality in murine models with MDM2
deletion, which is rescued by simultaneous deletion of p53 (Jones et al., 1995; de Oca
Luna et al., 1995). Because the p53/MDM2 feedback loop is critical, it is also highly
regulated (Lu, 2010).

p53 can also be stabilized and activated through other mechanisms, such as the
genetic deletion of MDM2 or other alterations like the activation of ARF that suppress
MDM2 function (Zhang et al., 1998). In addition to MDM2, several other ubiquitin ligases
have been shown to contribute to p53 degradation, including Pirh2, COP1, CHIP, ARF-
BP1, E6-AP, TOPORS, TRIM24, and MKRN1 (Meek and Anderson, 2009). The main

sites of p53 ubiquitination are six carboxy-terminal lysines (K370, K372, K373, K381,
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Figure 1. MDM2 autoregulatory feedback loop.

Schematic showing the regulation of p53 levels by MDM2. In unstressed conditions (left), p53 is
ubiquitinated by MDM2 and degraded by the proteasome. Upon cellular stress (right), post-translational
modification of the p53 protein inhibits the interaction and ubiquitination by MDM2, leading to stabilization
of the protein. This stabilization results in increased transactivation of p53 target genes, including MDM2,
which in turn functions to negatively regulate p53 activity.



K382, and K386) (Rodriguez et al., 2000). Acetylation of these lysine residues by the
transcriptional coactivators CBP/P300 has been shown to inhibit MDM2 ubiquitination,
also contributing to p53 stabilization (Gu and Roeder, 1997; Sakaguchi et al., 1998).
However, much work remains to elucidate the complex and heterogeneous
mechanisms contributing to p53 stabilization and regulation necessary for the protein’s
cellular function.

Other p53 PTMs such as acetylation, methylation, ubiquitination, neddylation,
sumoylation, and others have been reported to contribute to the regulation and
transcriptional activation of the protein. However, the complex nature of these
modifications and their role in p53 function are still not completely understood. As these
various PTMs are reversible, demodifying enzymes also play a critical role in regulating
p53 activity. Phosphatases, deacetylases, and deubiquitinating enzymes like PPMID,
HDAC1 and HAUSP, respectively, that negatively regulate p53 have been identified and
are often overexpressed in human cancers (Bulavin et al., 2002; Ito et al., 2002; Li et

al., 2002).

The p53 Family

Since the discovery of p53, two additional p53 family members, p63 and p73,
have been identified. Evolutionary studies have identified an ancestral gene of all three
p53 family members in the modern-day sea anemone that resembles a combined
p63/p73 gene and functions to protect germ-line gametes from DNA damage (Belyi et
al., 2010). The gene most closely related to TP53 appeared in the early vertebrate

lineage characterized by cartilaginous fish, evolving to protect the germ-line and



somatic stem cells from genomic instability (Belyi et al., 2010). Genes encoding all three
p53 family members appear in bony fish. While p53 has generally sustained functions in
maintaining genomic stability, p63 and p73 have diversified with the evolution of higher
vertebrates (Belyi et al., 2010).

In 1997, p73 was identified and found to share 63% amino acid identity with p53
in the DNA-binding domain, as well as a shared ability to induce p21 expression and
regulate cell cycle checkpoints (Kaghad et al., 1997). However, distinct from p53
knockout mice, p73 knockout mice do not have spontaneous tumor formation but
instead display developmental defects (Yang et al., 2000) that have been explained by
a loss of ciliated cell formation (Marshall et al., 2016; Nemajerova et al., 2016). For
years, researchers have been attempting to find evidence that p73 also functions as a
tumor suppressor, however, this remains controversial (Rosenbluth and Pietenpol,
2008).

One year after the discovery of p73, p63 was identified and reported to have 60%
amino acid identity with the p53 DNA-binding domain and 85% identity with the p73
DNA-binding domain (Yang et al., 1998). p63 knockout mice have major developmental
defects in epithelial tissues and die shortly after birth (Mills et al., 1999; Yang et al.,
1999). Although the functions of the p53 family members have diverged, the members
share a high degree of sequence homology and structural conservation in their DNA-
binding domains. A shared ability to transcriptionally activate overlapping target genes
is thought to serve as a fail-safe mechanism to initiate cell cycle arrest or apoptosis

upon p53 inactivation (Flores et al., 2002; Jost et al., 1997; Kaghad et al., 1997).

10



TP53: The Most Frequently Altered Gene in Human Cancer

The Spectrum of TP53 Mutations

The mutation of TP53 is the most common gene alteration in human cancer.
Genomic sequencing has revealed that p53 is mutated in approximately half of all
human cancers (Campbell et al., 2020; Kandoth et al., 2013), although the frequency,
distribution, and type of p53 mutations that occur vary considerably by cancer type
(Kastenhuber and Lowe, 2017). Mutations in p53 appear at a much higher frequency in
epithelial and advanced-stage cancers, such as the basal-like and HER2-enriched
breast cancers (Fig. 2). The vast majority of mutations (~86%) occur in the DNA binding
domain of the protein (exons 5 — 8) (Olivier et al., 2010). These mutations are typically
single amino acid missense mutations. However, nonsense, frameshift, and splice-site
mutations generating truncated proteins account for approximately 25% of cases
(Shirole et al., 2016). Nearly 25% of missense mutations occur at “hotspot” residues,
the most frequent at residues R175, R248, and R273. p53 missense mutations can be
classified into those that directly disrupt DNA binding (contact mutants like the R248W
and R273H mutations) or those that alter the structure of the DNA-binding domain

(structural mutants like the R175H mutation).
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Figure 2. TP53 mutation frequency in human cancer.

Stacked bar plots showing TP53 mutation type and frequency across cancer types (a) or intrinsic breast
cancer subtypes (b). Source: The Cancer Genome Atlas (TCGA). Cohort acronyms can be found in
Table 3. Colors represent the different types of TP53 mutations: missense mutations (blue), truncating
mutations (black), splice-site mutations (orange), multiple mutations (yellow), in-frame mutations (green),
no mutation (gray), or not profiled for TP53 mutational status (pink).
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Molecular Consequences of TP53 Mutation

Loss of p53 Function

In general p53 mutations, both truncating and missense, lead to a loss-of-
function (LOF) in DNA binding and regulation of gene expression (Cho et al., 1994;
Kern et al., 1992). Somatic mutation of TP53 tends to be an early event in most cancers
(Gerstung et al., 2020), although this can vary by cancer type. For example, mutation of
p53 has been found in premalignant cells of high-grade serous ovarian cancer (Kuhn et
al., 2012), but is a late-occurring event in colorectal cancers (Fearon and Vogelstein,
1990). The field has yet to agree on which p53 function is the most important for tumor
suppression, however, separation-of-function mutants have been utilized to address this
question. For example, the use of p53 mutants that can transactivate only a subset of
canonical target genes has been shown to retain tumor-suppressive abilities (Jiang et
al., 2011). The human R175P p53 mutation has defects in apoptotic function but retains
the ability to initiate cell cycle arrest (Rowan et al., 1996). In a separate study,
genetically engineered mice containing the murine equivalent R172P display
suppressed tumorigenesis and increased survival compared to p53 null controls (Liu et
al., 2004). These data suggest that maintaining genomic stability through cell cycle

arrest but not the ability to induce apoptosis is critical for p53 tumor suppressor function.

Development of Aneuploidy

When cell cycle control is lost, cells accumulate genomic and chromosomal

alterations. Aneuploidy, or a state of non-euploid chromosome number, has been
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shown to promote tumorigenesis (Chunduri and Storchova, 2019; Orr et al., 2015;
Sheltzer and Amon, 2011; Vasudevan et al., 2021; Zhu et al., 2018). Aneuploidy can
present as either gains or losses of entire chromosomes, termed whole-chromosome
aneuploidy, or as more complex alterations that include deletions, amplifications, or
translocations in large regions of chromosomes, termed structural aneuploidy (Chunduri
and Storchova, 2019; Orr et al., 2015). Several mechanisms associated with cell cycle
defects have been identified that contribute to aneuploidy and the resulting genomic
alterations. For example, whole chromosome aneuploidies can be generated through
whole-genome doubling (WGD) or defects in chromosomal segregation. In contrast,
structural aneuploidies are often the consequence of unrepaired DNA damage leading
to chromosomal breakage (Orr et al., 2015).

Aneuploidy is rarely found in normal cells and typically causes embryonic
lethality, except for certain conditions like Down’s syndrome, in which patients are born
with a trisomy of chromosome 21 (Santaguida and Amon, 2015). Aneuploidy is a nearly
ubiquitous feature of human cancers: it is estimated to occur in approximately 90% of
solid human tumors and 50% of hematological malignancies (Beroukhim et al., 2010;
Weaver and Cleveland, 2006). Aneuploidy is also a common feature of cells that
contain mutated p53 (Bischoff et al., 1990; Boyle et al., 1998), and several studies have
shown that mutations in TP53 significantly correlate with aneuploidy in human tumors
(Ciriello et al., 2013; Davoli et al., 2017; Taylor et al., 2018; Zack et al., 2013). Recent
work has highlighted the importance of p53 LOF and the development of aneuploidy in
tumorigenesis, as the clonal divergence from a diploid karyotype following p53 loss

conferred fithess advantages to cells (Salehi et al., 2021).
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Loss of Heterozygosity and Dominant-Negative Effects

Acquisition of aneuploidy can also contribute to the further inactivation of p53.
During tumor progression, germline and somatic TP53 mutations are almost always
followed by loss of heterozygosity (LOH), a form of structural aneuploidy where
segmental deletions in the chromosome 17 TP53 locus occur to inactivate the
remaining wild-type allele (Baker et al., 1989; Campbell et al., 2020; Donehower et al.,
2019; Liu et al., 2016). In cases where LOH does not occur, p53 mutation can confer
dominant-negative activity against the wild-type p53 protein: mutant p53 proteins can
hetero-oligomerize with the wild-type protein, reducing DNA binding affinity for p53
response elements and attenuating p53 transcriptional activity (Milner and Medcalf,
1991; Milner et al., 1991). Mutant p53 proteins exert dominant-negative effects in
cancer cell lines and mice (Boettcher et al., 2019; Giacomelli et al., 2018; Harvey et al.,
1995). The accumulation of mutant p53 proteins in transformed cells has also been
shown to enhance dominant-negative effects seen in mice (Lang et al., 2004).

There is likely some context specificity to dominant-negative p53 functions, as
studies using murine models report differing results. Some reports have shown that
mutant p53 proteins do not exert complete dominant-negative effects over the wild-type
protein (Olive et al., 2004; Song et al., 2007). However, in Li-Fraumeni patients,
dominant-negative p53 mutations in the DNA binding domain are associated with the

highest risk of cancer development (Kratz et al., 2017).
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Mutant p53 Gain-of-Function

Early studies of putative wild-type p53 revealed that mutated forms of p53 could
facilitate the immortalization of cells when transfected alone and cooperate with
established oncogenes to initiate cellular transformation (Eliyahu et al., 1984; Jenkins et
al., 1984a; Parada et al., 1984). In addition to mutant p53 loss-of-function and
dominant-negative activities, the concept of mutant p53 having gain-of-function (GOF)
activities was introduced over 30 years ago when expression of mutant p53 proteins
was shown to confer cells lacking endogenous protein with novel phenotypes (Dittmer
et al., 1993; Halevy et al., 1990). Since then, numerous publications using in vitro cell
model systems and mouse models of various p53 mutations have reported a dizzying
array of mutant p53 GOF phenotypes (Muller and Vousden, 2014) (Fig 3).

While p53 LOF promotes genomic instability, mutant p53 proteins have also
been reported to have GOF activities that result in increased genomic and chromosomal
instability. For example, fibroblasts from Li-Fraumeni syndrome (LFS) patients
containing the R175H mutation were shown to become polyploid while cells with
truncated p53 did not, suggesting that mutant p53 disrupts the mitotic checkpoint
(Gualberto et al., 1998). Mutant p53 has also been implicated in aberrant centrosome
amplification resulting in aneuploidy (Murphy et al., 2000; Noll et al., 2012) and in
facilitating structural aneuploidy through inhibitory interactions with DNA repair proteins
like MRE11 (Song et al., 2007).

Studies in vivo with mice harboring germline knock-in alleles homologous to the
human R175H (structural) or R273H (contact) mutants displayed altered tumor

spectrums with increased incidence of carcinomas when compared to p53-null mice
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(Olive et al., 2004). Separate murine models containing R248W and R273H mutations
introduced into the humanized p53 knock-in allele also developed a more complex array
of tumors (Song et al., 2007). Some murine models of p53 mutations have displayed
increased metastasis (Lang et al., 2004) or metastatic features such as enhanced
cellular migration and cellular survival (Adorno et al., 2009; Muller et al., 2009;
Nakayama et al., 2020; Yeudall et al., 2012). Several reports have even ascribed
chemotherapeutic resistance to mutant p53 GOF activity. For example, mutant p53 in
breast cancer cells has been associated with resistance to anthracyclines such as
doxorubicin (Aas et al., 1996; Blandino et al., 1999; Li et al., 1998).

Numerous publications have reported that cells containing mutant p53 proteins
display altered cellular growth and metabolism. Cells containing mutant p53 have
enhanced xenograft growth (Dittmer et al., 1993; Liu et al., 2011; Shaulsky et al.) and
have also displayed increased proliferation (Lang et al., 2004) and colony formation
(Kalo et al., 2012; Liu et al., 2011). Changes to cellular metabolism are often necessary
to sustain proliferative demands of cancer cells and have also been associated with
mutant p53 proteins (Eriksson et al., 2017; Freed-Pastor et al., 2012; Zhang et al.,
2013). More recent studies have attributed enhanced proteasome activity, altered
transcript splicing, and cancer cell immune evasion to mutant p53 GOF activities
(Escobar-Hoyos et al., 2020; Ghosh et al., 2021; Walerych et al., 2016). Many other
GOF phenotypes have been identified and ascribed to mutant p53 proteins, making the
discovery of molecular mechanisms that contribute to these wide-ranging phenotypes

challenging.
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Figure 3. Mutant p53 gain-of-function phenotypes.

Schematic depicting the gene structure of TP53 and the three most frequently occurring hotspot
mutations. These p53 mutations have been widely studied and have been associated with a spectrum
of gain-of-function phenotypes.
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Transcriptional Mechanisms Described for Mutant p53 GOF

Consensus on the molecular basis for these mutant p53 GOF activities does not
exist. However, several mechanisms have been proposed and are primarily related to
mutant p53 modulation of transcription and altered binding partners. In addition,
although the DNA binding and gene transactivating activities of most p53 hotspot
mutant proteins are severely impaired (Kern et al., 1992), some mutant p53 proteins
have been reported to bind mutant p53-specific response elements and activate gene
expression in a mutant p53-dependent manner (Strano et al., 2007; Zhu et al., 2015).

The most commonly identified mechanism for altered gene expression by mutant
p53 proteins embraces novel interactions between mutant p53 and other transcription
factors, which results in either activation or repression of transcriptional activity. For
example, studies have report novel interactions occurring between mutant p53 and the
p53 family members p63 and p73 that inhibit their transcriptional activity (Di Agostino et
al., 2006; Di Como et al., 1999; Lang et al., 2004; Muller and Vousden, 2013; Strano et
al., 2000; Subramanian et al., 2015). Several studies have identified altered
transcriptional targets of mutant p53 proteins (Strano et al., 2007; Turrell et al., 2017,
Vogiatzi et al., 2016; Weisz et al., 2007; Zalcenstein et al., 2003; Zhu et al., 2015), and
while several attempts have been made to develop a mutant p53 gene expression
signature (Boettcher et al., 2019; Donehower et al., 2019; Freed-Pastor et al., 2012;
O’Farrell et al., 2004; Scian et al., 2004a; Walerych et al., 2016), a validated list of

mutant p53 target genes has not yet come to fruition.
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Non-Transcriptional Mechanisms Described for Mutant p563 GOF

Mutant p53 has also been reported to bind and modulate the function of proteins
not involved in transcriptional processes. For example, mutant p53 proteins have been
shown to interact with and inhibit proteins that facilitate DNA repair, thereby inducing
genomic instability (Liu et al., 2010; Song et al., 2007). Recent work has shown mutant
p53 to promote cancer cell immune evasion by interacting with and inhibiting
components of the cytoplasmic DNA sensing machinery and the innate immune
response (Ghosh et al., 2021). Proteomic studies of mutant p53 interactomes through
mass spectrometry analyses are scarce, however, one such study identified binding
proteins for the R273H p53 mutant with known roles in cellular invasion (Coffill et al.,
2012). Also, the accumulation of mutant p53 protein has been proposed to enhance and
contribute to these altered cellular interactions and will be reviewed further below in
Chapter IV. Altogether, these GOF mechanisms and phenotypes vary greatly according
to the specific p53 mutation, the model system used for experimentation and the cell

type analyzed.

The Controversy of Mutant p53 GOF

The question of whether mutant p53 GOF activities exist is a controversy within
the field. Many of the phenotypes reported have been identified using overexpression
model systems that lack regulation by the endogenous p53 promoter. Evidence
supporting the mutant p53 GOF hypothesis includes the high frequency of missense
mutations that occur and the accumulation of mutations at specific hotspot amino acids,

suggesting that GOF activities confer a fithess advantage to select for these alterations.
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However, many hotspot mutations, including R273 and R175, contain methylated CpG
dinucleotides, rendering them more likely to mutate by spontaneous deamination
(Rideout et al., 1990). The incidence of missense mutations in TP53 is comparable to
the frequency of missense mutations found in tumors (87% observed versus 72.9%
expected). In contrast, nonsense mutations are overrepresented two-fold (8% versus
3.6%), suggesting that p53 LOF is a factor promoting this selection (Olivier et al., 2010;
Petitjean et al., 2007). Recent findings have confirmed this, revealing that natural
mutational processes combined with LOF and dominant-negative activities select for the
spectrum of p53 mutations (Giacomelli et al., 2018). These findings were further
corroborated by a study utilizing mutant p53 isogenic models of myeloid malignancies,
which show no evidence of GOF, but instead LOF and dominant-negative activities over
wild-type p53 protein (Boettcher et al., 2019).

Perhaps the best evidence for mutant p53 GOF is from two concurrent studies of
mouse models harboring knock-in p53 mutations equivalent to the human R175H and
R273H mutations. The mice expressing these mutant p53 proteins displayed altered
tumor spectrums and increased metastasis compared to p53-null mice (Lang et al.,
2004; Olive et al., 2004). While this work was persuasive, careful comparison of these
models revealed conflicting evidence for GOF in vivo, with an increased incidence of
carcinomas in R175H/- (Olive et al., 2004) but not R175H/R175H (Lang et al., 2004)
mice. The latter inconsistency was attributed to differing murine genetic backgrounds.
Further, some studies of mutant p53 murine models are plagued by a lack of
discrimination between dominant-negative and GOF activities (Morton et al., 2010). The

distinction of dominant-negative versus GOF activities is important to determine given
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the evidence for dominant-negative but not GOF tumorigenic effects exerted by the
mutant p53 in mice (Boettcher et al., 2019; Harvey et al., 1995).

Mutant p53 proteins constitute a complex family of hundreds of proteins with
varying DNA binding and transactivation activity (Kato et al., 2003; Soussi and Lozano,
2005). In addition to the issues described above, the heterogeneity among p53
mutations complicates the current understanding of mutant p53 GOF activities (Soussi,
2007). Finally, GOF activities observed in vitro are not always recapitulated in vivo, and
GOF phenotypes observed in mice are not substantiated clinically in LFS patients.
Recent analyses with improved sequencing technology and increased power have
shown LFS patients with p53 missense mutations have nearly the same lifetime
penetrance as those with nonsense and frameshift mutations and only a slightly
decreased age of tumor onset (Bougeard et al., 2015; Xu et al., 2015). Thus, mutant
p53 GOF may not be an intrinsic property of mutant p53, which in fact, we demonstrate

in Chapter Ill through the use of isogenic epithelial models of TP53 mutation.

Stabilization of Mutant p53

Although wild-type p53 is maintained at low levels, mutant p53 proteins often
accumulate in transformed cells and human tumors (Bartek et al., 1991; Rotter, 1983).
This feature is so predominant that immunohistochemical staining of p53 was used as a
proxy for the identification of p53 mutations and determination of prognosis in multiple
cancer types (Alsner et al., 2008; Dowell et al., 1994; Hall and Lane, 1994, Silvestrini et
al., 1996; Yemelyanova et al., 2011). Mutation and accumulation of p53 have also been

correlated with circulating p53 antibodies in human cancer patients, and mice with SV40
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transformed tumors (Crawford et al., 1982; Rotter et al., 1980; Soussi, 2000). Thus, the
accumulation of p53 in transformed cells and tissues supported early arguments that
p53 had oncogenic activities. It continues to be argued that increased stabilization and
accumulation of the mutant protein is necessary for mutant p53 to exert its oncogenic
GOF effects; however, there is very little evidence to support this claim fundamentally.
Mechanisms for mutant p53 accumulation are not well defined. Wild-type and
mutant p53 proteins appear to be stabilized similarly in response to cellular stress such
as DNA damage and ionizing radiation (Boettcher et al., 2019; Midgley and Lane, 1997,
Suh et al., 2011; Terzian et al., 2008). However, mutant p53 proteins have lost some
form of regulation, as they have an increased protein half-life compared to the wild-type
protein (Giaccia and Kastan, 1998; Oren et al., 1981). One explanation for cellular
accumulation is the inability of mutant p53 proteins to upregulate transcription of MDM2,
leading to a lack of MDM2-mediated degradation (Momand et al., 1992; Vijayakumaran
et al., 2015). However, mice lacking MDM2 expression do not display p53 accumulation
in normal tissues (Terzian et al., 2008) and many cancer cell lines display high levels of
mutant p53 while also having expression of MDM2 (Gudas et al., 1995; Li et al., 2011a).
It has been suggested that p53 mutants alter the binding of MDM2 and thus degradation
of the mutant p53 protein (Midgley and Lane, 1997) although others have shown mutant
proteins are still bound by MDM2, ubiquitinated, and degraded (Lukashchuk and
Vousden, 2007). Study of mutant p53 stabilization has primarily been focused on post-
translational processes, however, recent work using RNA in situ hybridization
approaches has indicated that active transcription of TP53 mRNA does contribute to

p53 stabilization (Xue et al., 2019).
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The stabilization of mutant p53 can be mediated by other factors, such as defects
in the retinoblastoma (RB) pathway and the presence of proteins that bind and inhibit
MDM2 such as ARF (Terzian et al., 2008). In addition, MDM2-independent factors such
as the downregulation of other E3 ligases which can ubiquitinate mutant p53, like CHIP
or Pirh2, can contribute to mutant p53 stabilization (Lukashchuk and Vousden, 2007;
Parrales et al., 2016). Additional E3 ligases such as COP1 (Dornan et al., 2004) and
TRIM24 (Allton et al., 2009) can regulate wild-type p53 stability, although their ability to
ubiquitinate mutant p53 is unclear. The role of p53 deubiquitinating enzymes like
HAUSP/USPY in stabilization of mutant p53 protein has not been determined.

Alterations commonly found in cancer cells like the increased expression of c-
Myc, PTEN, and activated Ras, as well as increased levels of oxidative stress, have
been implicated in the stabilization of mutant p53 (Fuchs et al., 1998; Li et al., 2008; Liu
et al., 2017; Suh et al., 2011). The association of mutant p53 with histone deacetylases
(HDACs) and chaperone proteins like HSP90 and HSP70 have also been shown to play
an important role in protein accumulation (Li et al., 2011a). Finally, other cellular factors
like cellular stiffness, localization of the mutant protein, and alterations to non-
proteasomal degradation pathways may contribute to mutant p53 accumulation
(Ingallina et al., 2018; Lukashchuk and Vousden, 2007; Morselli et al., 2008).

The accumulation of mutant p53 in human tumor cells is surprisingly
heterogeneous. Mutant p53 protein is unstable in most normal tissues of mice with
engineered TP53 mutations (Lang et al., 2004; Olive et al., 2004; Terzian et al., 2008),
and the same has been observed in normal cells of LFS patients (Soussi, 2007). Mutant

p53 has been observed to accumulate in some normal tissues of mutant p53 knock-in
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mice, such as crypts of the small intestine and hair follicles of the skin, however this
accumulation was dependent on TP53 gene dosage and confined to rapidly proliferating
cells (Goh et al., 2015).

Across cell lines and tumors, mutant p53 stabilization is varied and is likely
dependent on the other alterations present (Bouchalova et al., 2014; Xue et al., 2019).
Furthermore, p53 stabilization is detected in some but not all tumors formed in mutant
p53 murine models (Terzian et al., 2008). LOH has been correlated with mutant p53
protein stability and tumor onset in mice (Alexandrova et al., 2015) and may play an
important role in mutant p53 stabilization. There is much to learn about the contexts in
which mutant p53 protein becomes stabilized, especially as this represents a potentially
targetable phenomenon in cancer cells. Attempts to destabilize mutant p53 for clinical
utility will be described further below. Chapter IV will describe isogenic model systems
of TP53 mutations used to study mechanisms contributing to the heterogeneous

accumulation of mutant p53 proteins.

Clinical Significance of p53 Alterations

Prognostic Relevance of TP53 Alteration

The clinical significance and prognostic relevance of p53 status continue to be
controversial due to disparate results among studies (Robles and Harris, 2010; Roth,
1999). It has been shown that p53 mutational status predicts poor outcomes in multiple
cancer types (Petitjean et al., 2007). In breast cancer, missense mutations that affect

DNA binding were shown to be associated with unfavorable survival outcomes than
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truncating mutations or missense mutations in non-DNA binding motifs (Olivier et al.,
2006). Other studies have contradictory results, finding TP53 mutations associated with
both negative and positive survival outcomes in patients (Langerad et al., 2007; Olivier
et al., 2006; Ozcelik et al., 2007; Silwal-Pandit et al., 2014). Studies using more
advanced sequencing technologies and larger cohort sizes have failed to identify
statistically significant differences in patient survival based on the TP53 genotype alone
(Donehower et al., 2019). These disparate findings can be traced to the suboptimal
methods used to classify mutation status, the existence of other alterations within the
p53 pathway, and the lack of clarification on if TP53 mutation is a prognostic factor
independent of other clinical features such as stage, hormone receptor status for breast
cancers, or prior treatment (Shahbandi et al., 2020; Ungerleider et al., 2018).

Many studies have identified correlations between p53 accumulation and
prognosis across multiple cancer types (Alsner et al., 2008; Dowell et al., 1994; Hall and
Lane, 1994; Quinlan et al., 1992; Silvestrini et al., 1996; Yemelyanova et al., 2011).
However, the fact that p53 accumulation is heterogeneous and depends mainly on the
type of mutation that occurs has severely limited the clinical relevance of p53 protein
accumulation and immunohistochemical (IHC) analysis. For example, prognostic
associations with TP53 mutation and protein accumulation in breast cancer are subtype
specific and highly dependent on the biological features of the tumor and clinical
treatment regimens used (Bouchalova et al., 2014; Silwal-Pandit et al., 2014;
Ungerleider et al., 2018). p53 accumulation is a strong predictor of recurrence in ER-
positive breast cancers treated with aromatase inhibitors (Yamamoto et al., 2014),

although mutation status was not confirmed in this study. The presence of p53 auto-
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antibodies identified in the sera of cancer patients has also been investigated for clinical
value. These antibodies are predominantly associated with p53 missense mutation and
accumulation of the protein and have been associated with high-grade tumors and poor
survival. Only 20-40% of patients with p53 mutations will display p53 antibodies in their
sera, however this is limited by the sensitivity of ELISA assays typically used for
detection (Soussi, 2000). The detection of p53 antibodies could have clinical utility for
early detection or disease monitoring following treatment and will be an interesting area
for further study.

The clinical significance of TP53 mutations is still debated. Germline detection of
TP53 mutations is important for the identification and monitoring of LFS patients.
However, detection of somatic TP53 mutations is currently only recommended for
treatment decision making in chronic lymphocytic leukemia, as chromosome 17p
deletion or TP53 mutation is predictive of resistance to chemoimmunotherapy and
disease progression (Hallek, 2019; Stilgenbauer et al., 2014). p53 alterations may still
prove to be clinically relevant in some cancer types. For example, in oncogene-driven
cancer types with intermediate frequencies of TP53 mutation, such as in HER2-
enriched breast cancers and EGFR mutated lung adenocarcinomas, TP53 mutation is
an indicator of poor prognosis (Clinical Lung Cancer Genome Project (CLCGP) and
Network Genomic Medicine (NGM), 2013; Hainaut and Pfeifer, 2016; Silwal-Pandit et
al., 2014). TP53 alteration encompasses a diverse array of cellular changes (e.g.,
mutation position, type, and effect on protein structure; allelic alterations and LOH; and
alterations to the p53 pathway like MDM2 amplification). Improved assessment of these

complex alterations and their functional impacts will be needed to accurately determine
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clinical significance of TP53 alterations. In Chapter 3, we describe the clinical utility of
assessment of the type p53 mutation (truncating versus missense) on patient outcomes.
Further, we will show that prognostic relevance is largely dependent on p53 LOF and
other clinical factors, but not the specific type of p53 mutation in cancer types with high

frequency of p53 mutation.

Targeting Mutant p53 in Human Cancers

In the cancer field, targeting mutant p53 is much like the quest for the holy grail.
Because mutant p53 is altered in a majority of human cancers, the targeting of mutant
p53 would be a substantial clinical advancement. There are three main strategies for
targeting mutant p53; restoration of wild-type activity, degradation of the mutant protein,
and inhibition of downstream pathways or protein-interacting partners (Bykov et al.,
2017; Muller and Vousden, 2014). Other emerging mechanisms for targeting mutant
p53 include identifying synthetically lethal targets and developing agents that elicit a

targeted immune response to mutant p53 containing cells.

Restoration of Wild-Type p53 Activity

So far, attempts to restore wild-type p53 activity have been limited to the use of
small molecules or synthetic peptides. Reactivating compounds like PRIMA-1 or APR-
246 (a methylated PRIMA-1 analog) bind covalently to p53 core domain thiols or
cysteine residues respectively, to stabilize the structure of specific p53 mutants
(Lambert et al., 2009; Zhang et al., 2018). While some compounds have shown promise

in inducing apoptosis and inhibiting cell proliferation, most have not advanced to clinical
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trials (Bykov et al., 2002; Kim et al., 1999; Lehmann and Pietenpol, 2012). Only APR-
246 has seen success, advancing through Phase | and Il clinical trials with acceptable
safety profiles and anti-tumor activity, primarily in ovarian and hematologic malignancies
(Gourley et al., 2016; Lehmann et al., 2012; Sallman et al., 2021). However, many of
these compounds show off-target effects, such as the induction of oxidative stress
which may at least partially account for their anti-tumor activity (Bykov et al., 2017).
Other efforts have been made to target tumors containing wild-type p53, most
notably through the use of MDM2 agonists. Peptide and non-peptide inhibitors such as
the drug Nutlin have been designed to inhibit the interaction between p53 and MDM2.
Pre-clinical testing has shown MDMZ2 inhibition with nutlin can stabilize p53, activate
target gene expression, and preferentially inhibit the growth of cancer cell lines
containing wild-type p53 (Vassilev et al., 2004). Derivatives of nutlin have been tested in
phase | clinical trials and shown some therapeutic promise; however, further clinical
testing has been limited because patients often develop severe adverse hematological
toxicities such as neutropenia and thrombocytopenia (Andreeff et al., 2016; Wang et al.,

2017).

Targeting Downstream Pathways and Synthetic Lethality

Attempts to exploit synthetic lethality or target downstream pathways regulated
by mutant p53 are complicated by the lack of reproducibility and context specificity of
reported GOF phenotypes. One example of this is the use of statins to destabilize
mutant p53 protein and target the mevalonate pathway, which has been reported to be

dysregulated by mutant p53 (Freed-Pastor et al., 2012; Parrales et al., 2016; Turrell et
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al., 2017). Other studies have shown that using proteasome inhibitors or drugs that
target alternative splicing has therapeutic potential in reducing tumor growth of mutant
p53 containing cells (Escobar-Hoyos et al., 2020; Walerych et al., 2016). In an attempt
to take advantage of the genomic instability often seen in mutant p53 containing cells,
inhibitors targeting the proteins involved in cell cycle checkpoints and DNA damage
response such as PARP, ATR and CHK1 are also being investigated (Polotskaia et al.,
2015; Singh et al., 2017), however, these strategies have not moved forward to clinical

testing.

Destabilizing Mutant p53

Attempts to degrade or destabilize mutant p53 have also seen progress even
though mechanisms underlying protein accumulation are poorly understood. Studies
have shown that knockdown of mutant p53 leads to cell death, suggesting that some
cancers rely on and become “addicted” to mutant p53 (Braicu et al., 2013; Lim et al.,
2009). In mouse models, the conditional ablation of the R248Q mutant p53 protein
inhibits tumor growth and extends animal survival (Alexandrova et al., 2015; Schulz-
Heddergott et al., 2018), although this dependence may be unique to the R248Q
mutation. It is unclear if long-term depletion of mutant p53 would be an effective
therapeutic strategy.

Use of HSP9O0 inhibitors (like 17-AAG or ganetespib) or the HDAC inhibitor SAHA
used alone or in combination has been shown to destabilize mutant p53 protein and be
preferentially cytotoxic to mutant p53 containing cell lines and mutant p53 xenografts

(Alexandrova et al., 2015; Li et al., 2011b). However, not all cells appear to be
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dependent on mutant p53 protein. For example, the growth of an extensive panel of
cancer cell lines was not dependent on mutant p53 protein expression (Giacomelli et al.,
2018), so it remains uncertain if destabilization of mutant p53 protein as an anti-cancer
treatment approach will be successful.

Many tumors show variable mutant p53 stabilization, but in others like triple-
negative breast cancers where TP53 mutation occurs in nearly 80% of tumors (Shah et
al., 2012; The Cancer Genome Atlas Network, 2012), accumulation of p53
demonstrated prognostic relevance and was less variable than in hormone receptor-
positive breast cancers (Bouchalova et al., 2014). Thus, accumulated mutant p53
protein may represent an actionable therapeutic target in specific cancer types,
however, further pre-clinical studies are needed to improve mechanistic understanding
of mutant p53 stabilization. Elucidation of mechanisms contributing to p53 stabilization
that are shared or unique to the mutant protein are especially important, as strategies
designed to destabilize mutant p53 may also affect the wild-type protein, potentially

leading to unintended consequences in normal tissues.

New and Emerging Therapeutic Opportunities

The newest approach to targeting mutant p53 protein in human cancers stems
from recent advances in cancer immunotherapies. Several groups have attempted to
utilize immune-based strategies to trigger immune responses against mutant p53 tumor-
associated antigens. Immune targeting of p53 has been attempted by developing
peptide-based cancer vaccines or adoptive transfer of mutant p53-specific cytotoxic T

cells. Results from clinical trials have indicated that although p53-specific immune
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responses were observed, reduced tumor-burden in metastatic colorectal cancer
patients was not evident and clinical studies have not progressed past phase I/ll clinical
trials (Vermeij et al., 2011).

A recent study has shown that bi-specific antibodies can be generated to target T
cell-based immune responses against cancer cells which present an R175H mutant p53
peptide on the cell surface (Hsiue et al., 2021). Although efficacy is limited to one
specific p53 mutation (R175H) and HLA allele, this represents a new era of harnessing
the immune system to identify cancer-promoting alterations such as p53 mutations.
However, more work is needed to identify mechanisms through which cancer cells
containing mutant p53 evade the immune system, especially those that accumulate high
protein levels, and whether off-target toxicities of these immune-modulating agents will

limit their clinical use.

Summary

The tumor suppressor protein p53 is critical for the maintenance of genomic
stability and the prevention of tumorigenesis. Mutations in p53 most notably lead to loss
of p53 transcription factor function, which is often followed by the heterogeneous
acquisition of genomic and chromosomal alterations. Specific high-frequency missense
mutant p53 proteins have been proposed to acquire novel oncogenic activities leading
to diverse cellular phenotypes. Accumulation of the mutant protein, and de novo
activities or altered protein-protein interactions have been proposed as mechanisms for
these novel phenotypes. However, many studies of mutant p53 “gain-of-function”

activity have been conducted using cellular models that rely on unregulated and
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overexpressed mutant protein and have contributed to disparate and context-specific
results.

Given the therapeutic interest in targeting mutant p53 proteins, the experiments
presented in this dissertation evaluate mechanisms underlying (i) tumor cell phenotypes
associated with mutant p53 (Chapter Ill) and (i) mutant p53 protein accumulation in
aneuploid tumor cells (Chapter IV). The collective results provide significant insight to
the controversy of whether mutant p53 GOF activities exist and if mutant p53 protein

represents a sound target for therapeutic development in the oncology field.
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CHAPTERIII

MATERIALS AND METHODS

Cultured Cells and in vitro Experiments

Cell Culture

The CAL-51, CAL-51 isogenic clonal cell lines, and 293FT cells were cultured in
DMEM with 10% (v/v) FBS. The MCF10A cell line and isogenic clonal cell lines were
cultured in DMEM:F12 with 5% horse serum, 100 ng/mL cholera toxin, 500 ng/mL
hydrocortisone, 20 ng/mL human epidermal growth factor, and 10 ug/mL insulin. All cell
lines were maintained in the described media with 1% penicillin and streptomycin in a
37°C incubator at 5% carbon dioxide. Cells were routinely tested to be negative for
mycoplasma. DNA fingerprinting analysis was performed on CAL-51 and several
isogenic clones in March 2016. MCF10A and CAL-51 parental isogenic clonal cell lines

were also validated against known karyotypes.

CRISPR/Cas-Mediated Genome Editing

Genome editing using the CRISPR/Cas9 system was performed in close
adherence to the Zhang lab’s protocol (Ran et al., 2013). Guide RNAs (QRNAs) were
designed in the Benchling web tool (https://www.benchling.com/); 20-nucleotide (nt)
gRNAs were selected (3-5 per desired mutation site) with the highest target specificity

score that cut within at least 15 nt of the desired mutant base for screening.
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Complementary guide oligos were ordered with an initial 5’ guanine (if not already
present) and Bbsl overhangs for cloning into pSpCas9(BB)-2A-GFP (PX458) (Addgene
#48138). Guide oligos were resuspended at 100 uM, phosphorylated, and annealed
through incubation with T4 PNK and ligation buffer. Cloning into PX458 was conducted
by incubating the plasmid and diluted oligo duplexes with Tango buffer, DTT, ATP,
FastDigest Bbsl, and T7 ligase. The ligation products were subsequently treated with
PlasmidSafe ATP-dependent DNase to digest residual linear DNA. Cloned plasmids
were transformed into DH5a competent cells and selected on LB agar plates containing
100 pg/mL ampicillin. Plasmid DNA was isolated from the resulting colonies using a
QIAprep Spin Miniprep Kit (Qiagen), and sequence verified by Sanger sequencing.
The following was performed to assess gRNA activity. Cloned plasmids were
transfected into 293FT cells using Lipofectamine 3000; and, 72 h later, DNA was
isolated from the transfected cells using QuickExtract DNA extraction solution
(Epicentre) per manufacturer’'s recommendations. Genomic DNA was amplified with
primers (R175H & Null: FWD CACTTGTGCCCTGACTTTCA, REV
TTGCACATCTCATGGGGTTA; R273H: FWD CCTCTGCTTGCCTCTGACCCCT, REV
TGCACCCTTGGTCTCCTCCACC) designed to generate an asymmetric ~500 bp PCR
product around the gRNA cut site using Platinum Tag DNA Polymerase High Fidelity.
PCR products were purified using a QIAQuick PCR Purification Kit (Qiagen) and
annealed by a gradual reduction in temperature from 95°C, followed by SURVEYOR
digestion using SURVEYOR nuclease S and enhancer S with supplemented
magnesium chloride. SURVEYOR digestion products were run on a 5% polyacrylamide

TBE gel and visualized using SYBR Gold. gRNAs producing a prominent asymmetric
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digestion product were selected for further use (R175H & null (amino acid position 181):
CACCGTATCTGAGCAGCGCTCATGG; null (amino acid position 196):
CACCGTCCTCAGCATCTTATCCGAG; R273H: CACCGTGCGTGTTTGTGCCTGTCC).
A negative control (no transfected plasmid) was included to rule out digestion products
generated by endogenous single nucleotide polymorphism (SNP) mismatches.

Once a gRNA was selected for a specific mutant site, homology-directed
repair (HDR) templates were designed using the Benchling web tool. HDR templates
were designed to contain mutant bases corresponding to clinically observed hotspot
mutations, along with a synonymous mutation in the protospacer adjacent motif (PAM)
to prevent CRISPR/Cas9-mediated cleavage of the HDR-recombined alleles and ~75
bp of flanking homologous sequence on each side. For the following HDR templates,
nucleotides surrounded by brackets indicate the clinically observed missense mutation,
and lower-case nucleotides depict synonymous mutations designed to disrupt the PAM
site or reduce guide RNA complementarity.

R175H:CACCCCCGCCCGGCACCCGCGTCCGCGCCATGGCCATCTACAAGC
AGTCACAGCACATGACGGAGGTTGTGAGGCIA]JCTGCCCaCACCATGAGCGCTGCT
CAGATAGCGATGGTGAGCAGCTGGGGCTGGAGAGACGACAGGGCTGGTTGCC;

R273H:TCCTTACTGCCTCTTGCTTCTCTTTTCCTATCCTGAGTAGTGGTAATC
TACTGGGACGGAACAGCTTTGAGGTGCIA]ITGTTTGCcGCITGTCCTGGGAGAGACCG
GCGCACAGAGGAAGAGAATCTCCGCAAGAAAGGGGAGCCTCACCACGA.

When the engineering of a synonymous PAM mutant was not possible due to

codon position, two additional synonymous mutations were engineered into the gRNA
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target region to reduce complementarity. HDR templates were ordered as Ultramer
oligos (IDT).

CRISPR/Cas9-mediated editing of cells was conducted by incubating 2.5 pg of
cloned PX458 plasmid, 5 uL of P3000 reagent, 7.5 uL of Lipofectamine 3000, and if
attempting knock-in mutagenesis rather than frameshift knockout, an additional 5 yL of
10 pM single-stranded HDR template in 250 uL of Opti-MEM. The resulting DNA-lipid
complexes were added to one well of a subconfluent 6-well plate, with the number of
wells scaled as necessary. After 48 h, transfected cells were trypsinized, washed in
PBS, resuspended in 4% (v/v) FBS in PBS, and stained with 0.5 pyg/mL propidium
iodide for live/dead discrimination. GFP-positive live cells were gated using
lipofectamine-only negative control cells with and without propidium iodide along with
transfected cells lacking propidium iodide. Fluorescence-activated cell sorting was
performed by the Vanderbilt Flow Cytometry Shared Resource. GFP+/PI- cells were
sorted into 96-well plates containing complete culture medium for isolation of single-cell
clones.

Clonal populations were expanded 21-28 d after sorting, and DNA was isolated
using QuickExtract DNA extraction solution (Epicentre) to determine the TP53
genotype. Genomic DNA was amplified with primers designed to generate an
asymmetric 500 bp PCR product around the gRNA cut site using Platinum Taq DNA
Polymerase High Fidelity. PCR products were purified using a QIAQuick PCR
Purification Kit (Qiagen) and screened using restriction enzyme cut sites present only in
HDR recombined sequences (Btsl for R175H, Nlalll for R273H). Cells that passed the

restriction digest check were further verified by Sanger sequencing. When mixed
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sequencing traces were present due to heterozygous frameshift alleles, allele cloning
was conducted by amplifying genomic DNA using primers described above with EcoRlI
or BamHlI restriction site overhangs, followed by digestion and cloning into the pUC19
vector (New England BioLabs) for transformation. Once bacterial colonies were
selected and expanded, DNA isolation was performed using a QlAprep Spin Miniprep
Kit (Qiagen), and individual clones were Sanger sequenced to identify single trace
alleles. All clonal cell line genotypes were further validated through the analysis of

variants from whole-exome sequencing and RNA sequencing (see details below).

shRNA-Mediated Gene Knockdown

TP53 (Mission TRCN0000003753 or TRCN0000342259) or non-targeting
negative control (MISSION pLKO.1-puro Non-Mammalian shRNA Control, SCH002;
Mission pLKO.5-puro TRC2 Non-Mammalian, SHC202) shRNAs were purchased from
Sigma Aldrich. Lentivirus was produced by co-transfection of shRNA-expressing viral
vectors (10 pg) with packaging plasmids PMD2.G (2.5 ug, Addgene, 12259) and
pxPAX2 (7.5 ug; Addgene, 12260) into 293FT cells. Viral supernatant was harvested 48
h after transfection and passed through a 0.45 um syringe filter to clear cellular debris.
Viral aliquots were stored at -80°C prior to infection and limited to one freeze-thaw cycle
before use. Target cells were infected with a 1:10 dilution of the virus in the presence of
10 pg/mL polybrene for 24 h. After fresh media were added, cells were grown for 48 h
until antibiotic selection with puromycin (CAL-51, 0.625ug/mL; MCF10A, 1 pg/mL).

Knockdown was verified through immunoblotting and RNA-sequencing.
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Immunoblotting

All cells were lysed in RIPA buffer (pH 7.4) buffer (150mM NaCl, 50mM Tris-HCI
[pH 7.5], 0.1% SDS, 1.0% NP-40, 0.5% Deoxycholic Acid, 5mM EDTA) supplemented
with 1 mM DTT, phosphatase inhibitors (50 mM NaF, 0.2 mM Na3VO4) and protease
inhibitors (10 mg/mL CLAP, 200 mg/mL AEBSF). Protein concentration was determined
(Modified Lowry Protein Assay Kit, ThermoFisher), and equal amounts of protein
separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
PVDF membrane. Western blots were incubated with primary antibodies (Table 1)
overnight at 4°C. Membranes were washed and incubated in HRP-conjugated
secondary antibodies (goat anti-Mouse or goat anti-Rabbit, Thermo Fischer Scientific,
31432 and 31462) for one h at room temperature. Membranes were again washed and
developed using ECL kits and digitally imaged (Amersham Imager 600, GE Healthcare
Life Sciences). Western blots were quantified relative to loading controls with Fiji

(Schindelin et al., 2012).

Immunoprecipitation

Whole-cell protein extracts were prepared by scraping and lysing cells in EBC
buffer (50 mM Tris-HCL [pH 7.5], 100 mM NaCl, 0.5% NP-40, supplemented with 1 mM
DTT, phosphatase inhibitors [50 mM NaF, 0.2 mM Nas3VO4] and protease inhibitors [10
mg/mL CLAP, 200 mg/mL AEBSF]). Cell lysates were cleared of cellular debris by
centrifugation at 14,000 rpm for 10 min on a table top microcentrifuge at 4°C, and
protein concentration was determined as described above. Co-immunoprecipitation was

performed by overnight incubation of 1 mg whole-cell lysate with 1 pg/sample of anti-
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Epitope Company Catalog# | Species IB IF IHC
p53 (DO-1) Santa Cruz sc-126 mouse 1:1000 1:2500*

p53 (DO-7) Santa Cruz sc-47698 mouse 1:2500
p73 (EP436Y) Abcam ab40658 rabbit 1:1500*

GAPDH Merck Millipore | MAB374 mouse 1:1000

actin Santa Cruz sc-47778 mouse 1:1000

vinculin Invitrogen 700062 mouse 1:1000

p21 (F-5) Santa Cruz sc-6246 mouse 1:200

MDM2 (SMP14) Santa Cruz sc-965 mouse 1:200

o-tubulin (B-7) Santa Cruz sc-5286 mouse 1:200

PARP Cell Signaling 9542 rabbit 1:1000

anti-HA Sigma-Aldrich H6908 rabbit 1:1000

Table 1. Antibodies used in this dissertation.
This table lists the epitope, company, catalog number (#), and species of each antibody, as well as the
antibody dilution used for the following applications: immunoblotting (1B), immunofluorescence (IF), and
immunohistochemistry (IHC). IF dilutions with an asterisk indicate the dilution used for tyramide signal-
amplification immunofluorescence (TSA-IF).
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p53 (Santa Cruz, DO-1), anti-p73 (Abcam, EP436Y) or the appropriate mouse or rabbit
control IgGs pre-bound to 25 uL Dynabeads Protein G magnetic beads (Invitrogen,
10003D). The immunoprecipitates were washed four times with 1 mL of EBC buffer
using a magnetic stand. Samples were eluted using 30pL 1X Laemmli sample buffer
diluted in EBC lysis buffer, followed by a five-minute incubation at 95°C.
Immunoprecipitates, as well as 5% of the whole-cell lysate input were resolved by SDS-
PAGE and western blotting was conducted as described above. For detection, PVDF
membranes were incubated with primary antibodies against p53 DO-1 (1:1000, Santa
Cruz, sc-126), p73 EP436Y (1:1000, Abcam ab40658), and GAPDH (1:1000, Merck
Millipore, MAB374), and visualized following 1 h room temperature incubation with
TrueBlot HRP-conjugated secondary antibodies (Rockland, 18-8817-30 and 18-8816-

31).

Immunofluorescence

Cells were seeded in 96 well plates at 10,000 cells per well. After 24 h, cells were
fixed with 100% methanol for 10 min at room temperature and subsequently washed
with PBS. Cells were permeabilized with 0.1% tween-20 in PBS for 10 min and blocked
with 5% Goat Serum/0.3% Triton X in PBS for 60 min at room temperature. Following a
10 minute peroxidase inactivation with 3% hydrogen peroxide, cells were blocked with
Image-it FX Signal Enhancer for 30 min and then incubated with primary antibody
overnight at 4°C (p53 DO-1, 1:2500) diluted in PBS with 5% goat serum. HRP-
conjugated secondary antibody (ThermoFisher Scientific, 31462) was applied for 1 h at

room temperature and cells were incubated with Tyramide Signal Amplification (TSA)
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reagent (PerkinElmer, NEL741B001KT (fluorescein) or NEL744B001KT (cyanine 3)
plus 0.0015% H20-) according to manufacturer’s recommendations. Additional rounds
of blocking steps were performed prior to incubation with a second primary antibody
(p73 EP436Y or a-tubulin B-7 as described in Table 1), HRP- or fluorophore-conjugated
secondary antibody, and TSA reagent for dual-immunofluorescence staining. Lastly,
cells were incubated in Hoechst 33342 (5 pg/uL) for at least 30 min before imaging
using the ImageXpress instrument in the Vanderbilt High-Throughput Screening core
and quantified using the MetaXpress Multi-Wavelength Cell Scoring Module (Molecular

Devices).

Subcellular Localization Assay

Subcellular fractionation was conducted using a Subcellular Protein Fractionation
Kit for Cultured Cells (Thermo Fisher Scientific, 78840) according to the manufacturer’s
protocol. Protein lysates were resolved by SDS-PAGE and immunoblotting as described
in the “immunoblotting” section above. For detection of specific proteins, western blots
were incubated with primary antibodies for p53 (DO-1), as well as GAPDH and PARP

(described in Table 1) as cytoplasmic and nuclear controls, respectively.

Ubiquitination Assay

CAL-51 cells were seeded in 100 mm dishes to be 60-80% confluent the
following day. Prior to transfection, medium was replaced with antibiotic-free medium.
Cells were transfected with 6 pg of HA-tagged Ubiquitin (HA-Ubiquitin was a gift from

Edward Yeh; Addgene #18712) or empty vector control (pcDNA3) using Lipofectamine
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3000 diluted in Opti-mem (Invitrogen) at a 1:2 DNA/lipid ratio. Cells were transfected
overnight after which cell media was refreshed. Forty-eight h after transfection, cells
were treated with MG132 (10 pM, 5h), harvested by scraping and lysing in EBC buffer.
Cell lysate (1mg) was immunoprecipitated using p53 DO-1 antibody as described in the
‘immunoprecipitation” section above. Immunoblotting was conducted as described
above in the “immunoblotting” section and proteins were visualized using anti-HA
(Sigma-Aldrich, H6908), p53 DO-1 (Santa Cruz, sc-126) and GAPDH (Merck Millipore,

MAB374) antibodies.

DNA Content Analysis Using Flow Cytometry

One million cells were prepared for cell cycle analysis by trypsinization and
washing with PBS, followed by fixation in 70% ethanol. Cells were stained in a solution
consisting of 0.1% (v/v) Triton X-100 and 20 ug/mL propidium iodide. Samples were
analyzed at the Vanderbilt Flow Cytometry Shared Resource on a 3-laser LSRSII.

Single cells were selected by pulse processing and visualized using FlowJo (10.0.7).

DNA Content Analysis Using Metaphase Spreads

Sub-confluent cells (~75%) in a 10-cm culture dish were treated for 1 h with 0.5
pug/mL KaryoMAX colcemid pre-warmed at 37°C. Media were removed and reserved,
and cells were trypsinized and resuspended in the reserved media. After centrifugation
(300g, 5 min, 4°C), cells were gently resuspended with 0.2 mL media and combined
with 5 mL of 0.075M potassium chloride dropwise while vortexing gently. Cells were

incubated at 37°C for 25 min, with gentle inversion every 5 min to keep cells in solution.
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Cells were then pre-fixed with 0.5 mL pre-chilled methanol:glacial acetic acid (3:1)
fixative solution dropwise while vortexing gently. Cells were centrifuged (300g, 5 min,
4°C) and gently resuspended with 5 mL fixative solution. After storage at 4°C, cells were
dropped onto pre-chilled Superfrost Plus microscope slides and air-dried at a slant for a
minimum of 1 h in the dark. Cells were then mounted with ProLong Gold Antifade
Reagent with DAPI and coverslipped. Metaphase spreads were imaged (> 15 individual
cells per cell line) using fluorescence microscopy with an oil-immersion 100x objective,

and individual chromosomes counted manually using Fiji.

Drug Sensitivity Assays

For adherent viability assays, cells were seeded at 1500 cells per well in
quadruplicate in 96-well plates and treated with a six-point, three-fold dose-escalation
alongside untreated controls for 72 h. AlamarBlue (ThermoFisher Scientific) was used
according to manufacturer recommendations, and fluorescence measured and analyzed
with microplate data collection and analysis software Gen5 (Biotek). Viability and ICsg
were analyzed in Prism (Graphpad, 8.4.3) by performing a non-linear fit to log-

transformed normalized fluorescence values.

Doubling Time Analysis

For doubling time experiments, cells were seeded at 1,500 cells per well in
quadruplicate into five 96 well plates. Every 24 h over five days, plates were fixed with
100% methanol for 10 min and stored in PBS at 4°C until imaging. Hoechst 33342 was

added to cells (5 pg/pL), and nuclei were counted using the ImageXpress instrument in
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the Vanderbilt High Throughput Screening core. Nuclei were counted using MetaXpress
Multi-Wavelength Cell Scoring Module V6.6.3.733 (Molecular Devices), and doubling

time was calculated using the following formula:

durationx*log (2)

Doubling Time =

log(Final Concentration)—log (Initial Concentration)

Colony Formation Assay

Cell lines were seeded onto twelve-well plates (Corning) (MCF10A, 500; CAL-51,
1,000 cells per well) and incubated for seven days. Colonies were fixed with 100%
methanol for 10 min and stained with a 1:1 mixture of methanol and crystal violet
aqueous solution (Electron Microscopy Sciences) at room temperature for 1 h. Cells
were washed three times with dH20 before places inverted to dry. Images were taken
using the Odyssey infrared imaging system (Li-COR) and colonies counted using

CellProfiler(Carpenter et al., 2006).

Metabolic Staining

To measure mitochondrial membrane potential and mass, cells were stained with
TMRE and MitoTracker Green (each at 0.2 uyM), respectively. Cellular ROS was
measured with DCFDA reagent (2.9 ug/mL). Mitochondrial ROS was measured with
MitoSOX Red Reagent (3.85 ug/mL). After incubating for 30 min at 37°C, DCFDA and
MitoTracker Green staining were visualized by flow cytometry with the MACSQuant
Analyzer 10 FITC channel, while TMRE and MitoSOX staining was visualized with the
PE channel (Miltenyi Biotec). Data were analyzed using FlowJo version 10.5.3. For

resazurin staining, cells were seeded at 5,000 cells per well in quadruplicate in 96-well
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plates. After 48 h, AlamarBlue was applied at a 1X concentration, and cells were
incubated for 6 h. Fluorescence was analyzed with microplate data collection and
analysis software Gen5 (Biotek). Cells were then fixed and counted as described for

doubling time assay.

Transwell Migration Assay

MCF10A (1.5 x 10°) or CAL-51 (2 x 10°) cells were plated in triplicate onto
transwells with 8-um pore polycarbonate membrane inserts (Corning) with serum-free
medium. Complete medium was used as a chemoattractant in the lower chamber. After
18 h, cells were fixed with 100% methanol for 10 min and stained with a 1:1 mix of
crystal violet in 100% methanol. Non-migrated cells on the upper side of the insert were
removed with a cotton swab. In parallel, cells were separately plated onto 24 well plates
without transwell inserts to determine the total number of attached cells by fixing,
imaging, and counting Hoechst 33342 stained nuclei as described for resazurin
metabolic assay. The relative migration was calculated as the number of migrated cells
normalized to the total number of cells. For each experiment, the number of cells from
each image (CAL-51, crystal violet stained 4X magnification; MCF10A, Hoechst stained,

20X magnification) was counted using CellProfiler (Carpenter et al., 2006).
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Murine Model and in vivo Experiments

Xenograft Tumor Studies

Mice were housed and treated in accordance with NIH guidelines and protocols
approved by the Institutional Animal Care and Use Committee at the Vanderbilt
University Medical Center. Mice were maintained on a 12 h light-dark cycle at 20-26°C
and 30-70% humidity, and housed in ventilated cages with constant access to food and
water. For cell line xenograft studies, female 6-8 week-old athymic nude mice (The
Jackson Laboratory, #002019) were anesthetized using isoflurane and injected
subcutaneously in the left and right flank with 5 x 108 MCF10A or 2.5 x 108 CAL-51 cells
suspended in 200uL PBS. Mice were monitored weekly and palpable tumors measured
with digital calipers every three days until the experimental endpoint, at which time mice
were euthanized by isoflurane overdose and cervical dislocation. Tumor volumes were
calculated as width? x length/2. Replicate mice injected with the same cell line were
removed from the study when a single mouse had a tumor volume exceeding 1500
mm?3. Tumors used for subsequent molecular analysis were fixed overnight in 10%
neutral buffered formalin (NBF), followed by 70% ethanol until further processing or
flash-frozen in liquid nitrogen and stored at -80°C. All analyses were performed blinded

to TP53 genotype or aneuploidy status.

Immunohistochemistry

Xenograft tumors were formalin-fixed and paraffin-embedded (FFPE) at the

Vanderbilt University Medical Center Tissue Pathology Shared Resource (VUMC
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TPSR). Three 1 mm cores were punched from each FFPE block in regions selected by
a pathologist to construct a tissue microarray (TMA). Five-micron sections were
deparaffinized with xylene and rehydrated with graded alcohol incubations. Pressurized
antigen retrieval was performed at 125°C for 4 min (Dako, S2367), followed by a 20
minute depressurization and cooling period prior to peroxidase inactivation by
incubation with 3% hydrogen peroxide for 15 min. Sections were permeabilized with
0.1% Tween-20 in PBS for 20 min, blocked with 5% Goat Serum, 0.3% Triton X 100 in
PBS for 1 h, followed by M.O.M. (Mouse on Mouse) blocking (Vector Laboratories,
MKB-2213-1) for 1 h and incubation with antibody (p53 DO-7, 1:2500) overnight at 4°C
in 5% Goat Serum with PBS. HRP-conjugated secondary antibody (SignalStain Boost
HRP Mouse, Cell Signaling, Catalog #8125) was incubated with tissue for 30 min,
followed by DAB reagent (Dako, K3468) for 90 seconds. Hematoxylin was used as a
counterstain and all washes were conducted with PBS or PBS with 0.25% Goat Serum,

0.015% Triton X-100.

Genomics: DNA/RNA Sequencing and Microarray Analysis

RNA Sequencing and Gene Set Enrichment Analysis

Cell lines were harvested by scraping, and pellets were frozen at -80°C. RNA
was extracted using ZYMO Quick-RNA MiniPrep Kits (Zymo Research) or with Aurum
Total RNA Mini kit for p53 knockdown RNA-seq experiments according to the
manufacturer’s instructions. RNA concentration and purity were measured on a

NanoDrop spectrophotometer, and 2 ug RNA (A260/280 > 2) were sent for sequencing
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(VANTAGE core at Vanderbilt University Medical Center or Novogene Co. Ltd., Beijing,
China). Sequencing libraries were generated using lllumina TruSeq or NEBnext Ultra
RNA Library Prep Kits following the manufacturer’'s recommendations. Sample quality
control to test for RNA integrity and contamination was performed using Agarose Gel
electrophoresis and the Agilent 2100 Bioanalyzer System. Library preparations were
sequenced by the Novaseq 6000 platform, generating unstranded 150bp paired-end
reads, and resulting in ~19-30 million reads per sample. Raw RNA-seq reads (FASTQ
files) were trimmed to remove adapter sequences using Flexbar v3.4.0(Dodt et al.,
2012), and quality was evaluated using FastQC v0.11.7(Andrews, 2010) and MultiQC
v1.5(Ewels et al., 2016). Reads were quantified against GENCODE v28 transcripts
using Salmon v0.12.0(Patro et al., 2017) correcting for sequence-specific bias and
fragment-level GC bias. Transcript abundances were imported into R v3.6.1 and
summarized to the gene level using tximport 1.12.3 (Soneson et al., 2016). DESeq2
v1.24.0(Love et al., 2014) was used for differential gene expression and PCA analysis
with independent hypothesis weighting IHW_1.12.0 (Ignatiadis et al., 2016). Shrunken
log-fold changes were generated using ashr_2.2-47 (Stephens, 2016). Genes were
classified as differentially expressed if they had a false discovery rate (FDR) adjusted p-
value less than 0.1 and a Log2 fold change of > 1 or < -1. Gene set enrichment analysis
(GSEA v4.0.3) (Subramanian et al., 2005) was conducted with the MSigDB 7.0 gene
sets using GSEA Preranked in the default parameters. Genes were ranked according to

the Wald statistic output from DESeqZ2.
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Cytogenomic Microarray and Copy Number Analysis

Whole-genome cytogenomic microarray and copy number analysis were
performed at the VUMC Cytogenetics Laboratory using the CytoScan HD SNP
microarray platform (Thermo Fisher). Briefly, 250 ng of whole genomic DNA isolated
from cultured cell lines was digested with Nspl, ligated with Nspl adapter primers, and
amplified using Platinum Taq with a GeneAmp PCR System 9700. PCR products were
purified, fragmented, labeled with biotin, and hybridized to the microarray chip. Chips
were washed, stained, and scanned on an Affymetrix scanner. Raw CEL files were

analyzed using the Rawcopy R package (http://rawcopy.org)(Mayrhofer et al., 2016).

Segmented log ratios and frequency plots were generated using the copynumber R
package (v_1.24.0)(Nilsen et al., 2012). Differential chromosome regions were analyzed
with CNApp (Franch-Expdsito et al., 2020). Aneuploidy scores were generated relative
to the WT parental clone and calculated as the sum of the absolute value of the
segmented log ratios for each profiled cell line. Cell lines were classified by AS quantile
as aneuploid-high (upper quantile, MCF10A AS > 198.5, lines M1-33, M1-19, M1-12
and M2-9; CAL-51 AS > 128.3, lines CN-81, C2-56, C2-22, C2-42, C2-09 and C1-06) or
aneuploid-low (lower quantile, MCF10A AS < 114.1, lines MW-04, MW-27, MN-37 and

M2-13; CAL-51 AS <43.7, lines CW-08, CW-23, CW-64, C1-18, C1-10 and C2-38).

Whole Exome Sequencing
Cell lines were harvested by scraping and pellets frozen at -80°C. Genomic DNA
was extracted using Qiagen DNeasy Blood and Tissue kit, according to the

manufacturer’s instructions. DNA concentration and purity were measured on a
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NanoDrop spectrophotometer, and 500ng were submitted for sequencing at the
Vanderbilt Technologies for Advanced Genomics (VANTAGE). Library preparation and
capture were performed using the Twist Exome library prep and capture kit (Twist
Bioscience). Sequencing was performed at 150 bp Paired-end on lllumina NovaSeq
6000, targeting an average of 20M reads per sample for 50x coverage. Data analysis
was performed using an NGSPERL based custom pipeline (Sheng et al., 2015).
Demultiplexed raw sequencing files were trimmed with Cutadapt (2.10) (Martin, 2011)
and read quality was evaluated using FastQC before and after adapter trimming. All
trimmed reads were aligned using BWA (0.7.17-r1188) (Li and Durbin, 2010) to the
human genome (v38). The mapped result was refined by local realignment and base
quality recalibration using GATK3, and all reads containing soft clip were discarded.
Single nucleotide variants were called using GATK4 (McKenna et al., 2010) with Variant
Quality Score Recalibration (VQSR) mode. The SNVs with inbreeding coefficient less
than -0.2, a depth less than 10 in any sample, or genotype quality less than 20 in any
sample were discarded. SNVs with a minor allele frequency of less than 0.3 in more
than 90% of the samples were also discarded. Valid SNVs were annotated by
ANNOVAR (20180416) (Wang et al., 2010). All SNVs with minor allele frequencies
larger than 0.001 in any of EXAC, 1000G, gnoMad, or TOPMed databases were treated
as high-frequency SNVs in population and removed. Copy number variations were also
called based on GATK4 germline best practice (McKenna et al., 2010). Mutation

analysis was conducted using the R maftools package (Mayakonda et al., 2018).
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Analyses of Publicly Available Datasets

Cancer Cell Line Aneuploidy Analysis
Cancer cell line encyclopedia (Barretina et al., 2012) (CCLE) and TP53 alteration data
were acquired from Memorial Sloan Kettering Cancer Center cBioPortal

(http://www.cbioportal.org) (Cerami et al., 2012; Gao et al., 2013). MCF10A SNP6 copy

number data were acquired from

https://www.synapse.org/#!Synapse:syn2346643/wiki/62255 (Daemen et al., 2013). The

FGA by aneuploidy was calculated as the length of Logz ratio segments > |0.2|, divided
by the length of all segments measured. MCF10A and CAL-51 copy number heatmaps
were visualized using the Integrative Genomics Viewer (IGV 2.3.97) (Robinson et al.,

2011).

Analysis of Cancer Cell Line Metastasis
Metastasis map (MetMap) (Jin et al., 2020) data was acquired from

https://depmap.org/metmap/data/index.html. CCLE annotation and TP53 mutation data

(21Q1) were downloaded from the depmap portal

(https://depmap.org/portal/download/). WT TP53 samples were defined as cell lines that

had silent mutations or no mutation in TP53. Missense cell lines were defined as those
that contained a single TP53 missense mutation. Cell lines with truncating mutations

were defined as those containing nonsense, frameshift, or splice-site mutations in TP53.
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TCGA Aneuploidy and Clinical Analysis

TCGA MC3 mutation data (mc3.v0.2.8.CONTROLLED.maf.gz) (Ellrott et al.,
2018) was used to determine the TP53 genotype and was downloaded from the NCI
Genomic Data Commons. WT TP53 samples were defined as individuals that had DNA
sequencing data but no mutation calls, silent or non-coding mutations. Samples with
multiple alterations or in-frame mutations in TP53 were removed from the analysis.
Missense tumors were defined as those that contained a single TP53 missense
mutation. Tumors with truncating mutations were defined as those containing nonsense,
frameshift, stop-gain, or splice-site mutations. The FGA by aneuploidy for TCGA
samples was acquired from cBioPortal (http://www.cbioportal.org). Progression-free
survival data were obtained from the TCGA Pan-Cancer Clinical Data Resource(Liu et
al., 2018). TCGA cohorts with low frequency (<10%) or fewer than 20 individuals with
TP53 missense mutations were excluded. Survival curves were constructed with the R
survival package (Therneau, 2020) using the Kaplan-Meier method, and the difference
between groups was assessed by the Log-rank test. Individuals with multiple tumors
were excluded from the analysis. Survival was compared by TP53 genotype or between
individuals with aneuploid-low (lower quantile FGA) and aneuploid-high (upper quantile

FGA) tumors with either WT, missense, or truncating TP53 mutations.
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CHAPTER I

ACQUISITION OF ANEUPLOIDY DRIVES MUTANT P53 GOF PHENOTYPES

Introduction

Mutation of TP53 is one of the most frequent genomic alterations in human
tumors. Mutations in p53 lead to a loss of p53 function (LOF), and certain high-
frequency “hotspot” mutations have also been proposed to confer oncogenic gain-of-
function (GOF) properties (Dittmer et al., 1993; Muller and Vousden, 2014). Many p53
GOF phenotypes have been described using in vitro cell model systems and mouse
models, including increased proliferation (Lang et al., 2004); colony formation (Kalo et
al., 2012; Liu et al., 2011); genomic instability (Agapova et al., 1996; Gualberto et al.,
1998; Noll et al., 2012); metastasis (Lang et al., 2004); xenograft growth (Dittmer et al.,
1993; Liu et al., 2011); metabolic dysregulation (Eriksson et al., 2017; Freed-Pastor et
al., 2012; Zhang et al., 2013); enhanced migration (Adorno et al., 2009; Muller et al.,
2009; Sun et al., 2020; Yeudall et al., 2012); and development of distinct tumor spectra
(Olive et al., 2004).

Understanding mutant p53 GOF activities is complicated by the diversity and
context-specific nature of reported GOF phenotypes. The study of mutant p53 GOF
activities is made even more challenging because mutations in p53 are positively
correlated with the development of aneuploidy (Ciriello et al., 2013; Davoli et al., 2017;
Taylor et al., 2018), which can increase heterogeneity through diverse chromosomal

alterations and contribute to tumorigenesis (Ben-David and Amon, 2020; Chunduri and

54



Storchova, 2019; Orr et al., 2015; Zhu et al., 2018). Recent advances in genome editing
enable the generation of model systems that can circumvent confounding experimental
limitations of overexpression models, including non-physiological protein expression
lacking regulation by the endogenous promoter. Use of the CRISPR/Cas9 system
allows for the study of mutant p53 function in a controlled context and has led to
observations that challenged the mutant p53 GOF hypothesis in myeloid malignancies
(Boettcher et al., 2019). Given the potential of using mutant p53 protein as a therapeutic
target in many cancer types, and the longstanding debate of whether GOF activities
exist, there is a critical need to study mutant p53 GOF activities in models of epithelial
malignancies controlled for the confounding effects of exogenous protein expression
and chromosomal alterations that occur following p53 LOF-.

In this Chapter we describe the characterization of two isogenic epithelial cell line
models (one non-transformed and one tumor-derived) developed using CRISPR/Cas9-
mediated genome editing. In these models, parental cells were modified to express
either of the most frequently occurring p53 missense mutations (R175H or R273H), to
be deficient for p53 protein (null), or to retain the wild-type (WT) protein. Endogenous
p53 expression is regulated by the native p53 promoter in these engineered models,
providing a biologically relevant system for rigorous functional experimentation across
different p53 states. Additionally, the use of clonally derived cell lines originating from
the same near-diploid parental genetic background allows for assessment of the
genomic alterations and resulting molecular heterogeneity following mutation of TP53.
Through our comparative analyses of isogenic epithelial cells, which initially differed

only by TP53 genotype, we discovered that increased aneuploidy is consistently
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observed in our mutant p53-expressing cell lines. Further, we discovered that in vitro
GOF phenotypes are only present in mutant p53-expressing cell lines that display
increased aneuploidy and that these phenotypes are not dependent on mutant p53
protein expression. Mutant p53-containing cell lines did not have increased
tumorigenicity or metastasis in vivo, and analysis of human tumors revealed that loss of
p53 function and increased aneuploidy were associated with unfavorable prognoses.
Importantly, our results reveal aneuploidy as a mechanism contributing to the diversity

of reported mutant p53 GOF phenotypes.

Results

Generation and characterization of genetically-engineered cell line models to
study potential mutant p53 GOF activities

To select cell lines that would provide controlled model systems for the study of
p53 mutation, we evaluated p53 status and the fraction of the genome altered (FGA)
across cancer cell lines (Cancer Cell Line Encyclopedia, n=957). We selected two TP53
WT lines derived from breast epithelium that are near-diploid and have a low FGA
(MCF10A=13%, CAL-51=3%) compared to pan- or breast cancer cell lines (Fig. 4a and
Fig. 6a). MCF10A is a non-transformed cell line derived from normal human mammary
epithelium (Soule et al., 1990). CAL-51 is a metastatic breast cancer cell line derived
from a pleural effusion (Gioanni et al., 1990). Both lines are considered “triple-negative”
since they lack estrogen and progesterone receptor expression and HER2 amplification

(Lehmann et al., 2011; Neve et al., 2006). To minimize genomic heterogeneity, we
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performed single-cell selection and clonal expansion to generate a parental clonal line
for each model. Using CRISPR/Cas9-mediated gene editing (Ran et al., 2013), we
generated mutations in TP53 using homology-directed repair (HDR) templates
containing mutant bases corresponding to hotspot TP53 mutations, R175H and R273H,
along with synonymous mutations to prevent CRISPR/Cas9-mediated cleavage of the
HDR-recombined alleles (Fig. 4b). As controls for CRISPR-mediated off-target effects,
we identified WT cell lines that underwent incomplete HDR (containing engineered
synonymous mutations but not the missense mutation). TP53 null cell lines were
generated from frameshift insertions or deletions in both alleles, resulting in cells
deficient for full-length p53 protein. Through single-cell isolation, clonal expansion, and
genotyping, we derived independent biological replicates for each model and TP53
genotype; WT (R/R), null (-/-), and the two p53 mutants, R175H and R273H (H/-, or
H/H) (Fig. 4b, Fig. 5). In total, we generated 15 clonally derived isogenic MCF10A cell
lines (2 WT, 4 null, 4 R175H, and 5 R273H) and 21 clonally derived isogenic CAL-51
cell lines (4 WT, 5 null, 4 R175H, and 8 R273H) (Fig. 5).

To analyze p53 activity in the engineered TP53 lines, we performed RNA-
sequencing (RNA-seq) on all cell lines derived from MCF10A and CAL-51 models. Both
models displayed decreased p53 target gene expression in the TP53 null, R175H, and
R273H mutant cell lines compared to WT cell lines (Fischer, 2017) (Fig. 4c). Gene set
enrichment analysis (GSEA) showed significant negative enrichment of p53 target gene
expression in R175H and R273H mutant and null cell lines (all comparisons: NES < -
2.8, FDR < 0.0001) (Fig. 4d), demonstrating p53 LOF as a sequence-specific

transcription factor in the null, R175H and R273H cell lines. We also analyzed protein
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expression after exposure of the MCF10A and CAL-51 models to the anthracycline
doxorubicin. Doxorubicin treatment resulted in increased p53 protein levels and
downstream targets, MDM2 and p21, in cell lines expressing WT p53. p53 protein levels
also increased after doxorubicin treatment in mutant cell lines in the transformed CAL-
51 model, similar to previous reports (Boettcher et al., 2019; Terzian et al., 2008).
However, no changes in MDM2 or p21 expression were observed, further indicating p53
LOF in null, R175H, and R273H p53 mutant cell lines (Fig. 4e). To further analyze p53
activity, we treated all cell lines with the small molecule Nutlin-3a, which inhibits the
interaction between p53 and MDM2, the primary p53 negative regulator (Vassilev et al.,
2004). Comparison of half-maximal inhibitory concentrations (ICso) revealed that only
WT cell lines were sensitive to Nutlin-3a, while all null, R175H, and R273H cell lines
showed a significant increase in ICso (null, R175H, and R273H compared to WT:
MCF10A, P <0.0015; CAL51, P <0.0001) (Fig. 4f). Therefore, genome editing of WT
TP53 to null, R175H, or R273H mutations abrogated canonical p53 function and
resulted in a loss of sensitivity to Nutlin-3a, consistent with previously reported results

(Boettcher et al., 2019; Humpton et al., 2018).
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Figure 4: Generation and characterization of genetically-engineered epithelial cell line models to
study potential mutant p53 GOF activities.

a Fraction of the genome altered across pan-cancer (n = 958, left panel) and breast cancer cell lines (n
= 53, right panel) from the Cancer Cell Line Encyclopedia, with (red) and without (black) TP53 alterations
(mutation or deletion); including the non-transformed MCF10A cell line. b Experimental workflow for
CRISPR-Cas9 genetic engineering of isogenic cell line models with TP53 missense (red) and
synonymous (blue) mutations and the resulting isogenic cell lines that either did (R175H and R273H,
+HDR) or did not undergo complete homology-directed repair (WT and Null, -HDR). HDR, homology-
directed repair. ¢ Heat map of normalized gene expression for the top 116 p53 target genes(Fischer,
2017) for all cell lines at passage five after clonal expansion. d GSEA plot showing negative enrichment
of p53 target genes from RNA-seq differential gene expression analyses between TP53 Null (pink),
R175H (teal), and R273H (purple) clones compared to the MCF10A and CAL-51 WT cell lines. e Western
blots of relative p53, MDM2, p21, and actin protein levels in the indicated cell lines after 6 h of doxorubicin
treatment (dox, 0.2 uM). f ICso values for Nutlin-3a in the MCF10A and CAL-51 cell lines after treatment
for 72 h. Dots represent the mean ICso per cell line calculated from at least two independent experiments
and black lines indicate median ICso per TP53 genotype. One-way ANOVA with Dunnett's multiple
comparison test, **P < 0.01, ***P < 0.001, ****P < 0.0001. Isogenic cell lines were generated by Timothy
Shaver and Hailing Jin.
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Figure 5. Genetically-engineered epithelial isogenic cell line models to study potential mutant p53
GOF activities.

Diagram of clonally-derived CRISPR-Cas9 isogenic MCF10A (left) and CAL-51 (right) cell lines grouped
by TP53 genotype (WT, Null, R175H, or R273H). Genotypes of each clone are indicated as homozygous
wild-type (R/R), homozygous mutant (H/H), heterozygous null/mutant (H) and homozygous null (-/-).
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p53 mutant isogenic cell lines display increased frequency of aneuploidy

Mutation of p53 is associated with development of aneuploidy (Gualberto et al.,
1998; Hanel and Moll, 2012). To evaluate the relationship between p53 mutations and
the development of aneuploidy, we assessed DNA content in our MCF10A and CAL-51
models early (passage five) after clonal expansion. Analysis of metaphase spreads and
flow cytometry of propidium iodide (Pl)-stained cells revealed that while the MCF10A
derived lines maintained a near-diploid median number of chromosomes, five of the
CAL-51 lines (three R273H, one R175H, and one null) contained a median number of
chromosomes >2N (Fig. 6b, c). Four of these five were nearly tetraploid, suggesting that
whole-genome doubling (WGD) likely occurred in these cells. Since metaphase spreads
and PI staining detect gross chromosomal alterations, we also examined DNA copy
number by cytogenomic microarray analysis (CMA) after 30 passages in culture. All
MCF10A cell lines showed aneuploidy, with chromosomal gains (1q, a portion of 5q and
8q, and 20) consistent with known parental MCF10A cell line karyotypes (Fig. 7a and
Fig. 6a). Additional whole-chromosome or arm-level alterations were identified in
chromosomes 4, 5, 13, 15, and 18 (Fig. 7a). Structural alterations, including gain or loss
of chromosomal regions, were evident in all MCF10A cell lines. Chromothripsis, a
chromosome shattering and rearrangement event that manifests as alternating patterns
of gains and losses, was also detected in several MCF10A R273H mutant clones (M2-
09, M2-03, and M2-13, Fig. 7a; chromosomes 6, 7 and 15, Fig. 8). In contrast, the CAL-
51 cells displayed mostly whole-chromosome alterations, such as gains in

chromosomes 6 and X and losses in chromosomes 3, 13, and 16 in both the TP53
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mutant and null genotypes (Fig. 7a), consistent with other analyses of tetraploid cells
(Fujiwara et al., 2005).

To identify chromosomal alterations common to each genotype, we generated
frequency plots to show the percentage of cell lines with a given chromosomal alteration
for each TP53 genotype relative to the parental WT cell line. Compared to null cells,
mutant cell lines in both models appeared to have increased frequency of chromosomal
gains and losses (Fig. 7b). Statistical analysis to compare differentiated chromosomal
arm regions between mutant and null cells revealed that chromosome 18q in the R175H
mutant MCF10A cells was the only region significantly altered (adjusted P < 0.1). To
quantify the degree of copy number alterations within each cell line, we generated an
integrative aneuploidy score (AS) from the CMA data that reflects the sum of
segmented copy number alterations (Log2 ratios) in the clonal lines relative to the
respective parental WT clone. In both models, mutant and null cell lines showed an
increased median AS compared to WT (MCF10A R175H P =0.011). Compared to null
lines, there was a significant increase in AS in MCF10A R175H lines (P = 0.046) (Fig.
7c). The median AS was higher in the R273H mutant compared to null lines in both
models, although not reaching statistical significance (Fig. 7c). For use in subsequent
comparative analyses of the models, AS quantiles were used to classify cell lines in
each model as aneuploid-high (upper quantile AS) or aneuploid-low (lower quantile AS)

(Fig. 7c).
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Figure 6. DNA content analysis of MCF10A and CAL-51 early passage cell lines.

a Heat map of chromosomal alterations (Log: ratios, LogR), either gain (red) or loss (blue) across the
genomes of MCF10A and CAL-51 cell lines and the corresponding fraction of the genome altered (FGA).
b Quantification of chromosomes using metaphase spreads (=15 cells per clonal cell line) for the
indicated MCF10A or CAL-51 cell lines at passage five after clonal expansion. Red bars indicate the
median chromosome number. Outliers with >200 chromosomes were removed for visualization. ¢
Histograms showing DNA content of MCF10A (left) and CAL-51 (right) isogenic cell line populations by
flow cytometry of propidium iodide (PI) stained cells at passage five after clonal expansion. Colors
represent DNA content (gray = ~2N, orange = 2N-4N, pink = ~4N). All analyses were conducted with the
help of Hailing Jin.
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Figure 7: p53 mutant isogenic cell lines display increased frequency of aneuploidy.

a Copy number alterations (Logz ratios, LogR) in MCF10A (left) and CAL-51 (right) isogenic cell lines
grouped by TP53 genotype. Chromosomal gain (red) and loss (blue). b Frequency plots of the proportion
of clonal lines from each genotype containing the indicated chromosomal copy number gains (red) or
losses (blue). Chromosomal alterations were calculated relative to the parental WT clone in the MCF10A
(left) and CAL-51 (right) cell lines from (a). Chromosome 18q in the R175H mutant MCF10A cells was
the only region significantly altered; e adjusted P < 0.1, two-sided student’s t-test comparing chromosome
arms between TP53 genotypes. ¢ Aneuploidy score (AS) in each MCF10A (left) and CAL-51 (right) cell
line by TP53 genotype (MCF10A n =2 WT, 4 Null, 4 R175H and 4 R273H cell lines; CAL-51 n = 4 WT,
5 Null, 4 R175H and 8 R273H cell lines). Colors indicate cell lines classified as aneuploid-low (lower
quantile AS [Q1], blue), and aneuploid-high (upper quantile AS [Q4], red). Cell lines colored in gray
indicate an intermediate AS (quantiles 2 and 3). *P < 0.05 (WT vs R175H, P = 0.011; Null vs R175H, P
= 0.046), one-way ANOVA with Dunnett’'s multiple comparison test.
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Figure 8. Analysis of chromothripsis in MCF10A TP53 R273H mutant clonal cell lines.

a - d Visualization of cytogenomic microarray analysis (CMA) segmented copy number (Log: ratios,
LogR) and B-allele frequency for the MCF10A clonal cell lines M2-03 (a) M2-09 (b - ¢) and M2-13 (d),
which displayed chromothripsis or alternating segments of chromosomal gain and loss in chromosome
6 (a), chromosome 7 (b), and chromosome 15 (c - d).
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To examine the possibility that acquired mutations in other genes could account
for the observed increased aneuploidy in our models, we conducted whole-exome
sequencing (WES) in tandem with CMA. No gene mutations were significantly enriched
in aneuploid-high cell lines in either model (Table 2). Further, no significant enrichment
in mutations was observed for a set of genes known to be associated with hereditary
cancers (Fig. 9a) (Invitae Corporation, 2018). However, the MCF10A cell line with the
highest AS (M1-33) displayed deletions in BRCAZ and RB1 (Fig. 9a). There was not a
significant difference in the total number of mutations in either model relative to TP53
genotype (Fig. 9b). In sum, these results show that aneuploidy occurs at an increased

frequency after TP53 mutation in both isogenic models.

Symbol | Aneuploid § Aneuploi | 5 oo | AdIP- o q) Cell Lines Altered
High (n) d Low (n) value
MN-37, MN-38, MN-39, MN-40, M1-12, M1-19, M1-
P53 4 2 0.42857 1 MCF10A 23, M1-33, M2-03, M2-09, M2-13, M2-15, M2-21
MW-04, MN-37, MN-38, M1-12, M1-19, M1-23, M1-
HKDC1 4 2 0.42857 1 MCF10A 33, M2-09, M2-21
MW-04, MW-27, MN-37, MN-39, MN-40, M1-19,
HTT 2 4 0.42857 1 MCF10A M2-03, M2-09, M2-13, M2-21
NCSTN 0 2 0.42857 1 MCF10A | MW-04, MN-37, MN-38, M2-21
RYR2 0 2 0.42857 1 MCF10A | MW-04, MN-37, MN-38, M2-21
WNK3 0 2 0.42857 1 MCF10A | MW-04, MN-37, MN-38, M2-21
SYN2 3 1 0.48571 1 MCF10A 2/|1N—37, MN-40, M1-12, M1-19, M1-23, M1-33, M2-
CN-18, CN-19, CN-91, CN-92, CN-81, C1-09, C1-
TP53 5 2 0.16667 1 CAL-51 18, C1-10, C1-06, C2-09, C2-12, C2-31, C2-38, C2-
42, C2-56, C2-60, C2-22
PXDN 0 3 0.16667 1 CAL-51 CW-08, CW-64, CN-19, C1-18
BICRA 1 3 0.52381 1 CAL-51 g;N—08 CW-64, CN-18, CN-19, C1-18, C2-12, C2-
KCNN3 3 1 0.52381 1 CAL-51 CN-92, C1-06,C2-38, C2-42, C2-56, C2-22
TTN 3 1 0.52381 1 CAL-51 CN-18, CN-81, C2-12, C2-38, C2-42, C2-56, C2-22
CW-08, CW-23, CW-67, CN-18 CN-19, C1-10, C1-
VCX3B 4 2 0.52381 1 CAL-51 06, C2-09, C2-12, C2-31, C2-42, C2-56, C2-22

Table 2. Analysis of mutations common to aneuploid high isogenic cell lines. Analysis of whole-
exome sequencing and two-sided Fischer’'s Exact Test between mutations in aneuploid-high (upper
quartile AS) and aneuploid-low (lower quartile AS) cell lines in MCF10A and CAL-51 isogenic cell line
models.
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Figure 9. Acquisition of aneuploidy in TP53 mutant lines is not associated with other cancer driver
gene mutations.

a Mutation or copy number alterations in 84 common cancer susceptibility genes (left panel) within
indicated clonal cell lines from MCF10A (middle panel) and CAL-51 (right panel). Bar graphs on top of
the two right panels indicate the total number of alterations within each cell line. Missense and truncating
mutations are shown as light blue and black bars, respectively, in the grid below. Copy number
duplication and deletion are shown as smaller red and blue bars, respectively. If a gene is not shown, no
alterations were detected. b Dot plots comparing total number of mutations in clonal cell lines with the
indicated TP53 genotype in MCF10A (left, n =2 WT, 4 Null, 4 R175H and 4 R273H) and CAL-51 (right,
n=4WT, 5Null, 4 R175H and 8 R273H) cells. Cell lines are colored by their calculated aneuploidy score
(AS). Black lines indicate the median number of mutations across all clonal lines grouped according to
TP53 genotype. One-way ANOVA with Dunnett’'s multiple comparison test. Whole exome sequencing
analysis was conducted with the help of Tiger Sheng.
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Mutant p53 does not contribute to the development of aneuploidy through
modulation of p73 activity

Because of the significant overlap in DNA binding sites and transcriptional
activities of p73 and p53 (Yang and McKeon, 2000), it has been hypothesized that p73
can have compensatory transcriptional activity in the absence of WT p53 (Talos et al.,
2007; Tomasini et al., 2008; Tsuchihara et al., 2018). Both p53 and p73 have been
implicated in controlling cellular ploidy through transcriptional regulation of cell cycle
checkpoints, and loss of p73 in a p53-deficient background results in increased
aneuploidy (Talos et al., 2007). Additionally, p73 has been shown to play an important
role in the spindle assembly checkpoint by binding and inhibiting key centrosome
maintenance proteins (Tsuchihara et al., 2018). Certain p53 mutants, like the R175H
mutant, have been shown to bind the p53 family member p73 and inactivate p73
transcriptional activity, although many of these observations have been made using
exogenously expressed or tagged protein (Di Como et al., 1999; Gaiddon et al., 2001;
Strano et al., 2000).

To determine if protein-protein interactions between mutant p53 and p73
influence the development of aneuploidy, we conducted co-immunoprecipitation (IP)-
Western analyses using the isogenic MCF10A and CAL-51 cell line models. No
significant interactions were identified relative to control cell lines containing no p53
protein (Null) or IgG controls (Fig. 10a-b). Co-immunoprecipitation experiments were
also conducted in additional cancer cell lines containing endogenous mutant p53 and
p73 protein or a control cell line with no p53 protein (Null). Again, we found no evidence

of interactions relative to control cell lines (Fig. 10c).
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To determine if p73 transcriptional activity differs in the context of differing TP53
genotypes, we evaluated known p73 target gene expression in our isogenic models
(Marshall et al., 2016; Rosenbluth et al., 2011) using RNA-seq in our isogenic models.
Unsupervised hierarchical clustering of p73-target genes did not separate cell lines by
TP53 genotype (Fig. 10d), indicating that p73 transcriptional activity is not modulated by
mutant p53.

Finally, dual-immunofluorescence experiments were performed in CAL-51 cell
lines. Analysis of p53 and p73 staining revealed that p53 and p73 protein are expressed
in separate cells regardless of the TP53 genotype (Fig. 11). Co-localization of mutant
p53 and p73 was seen only in a small fraction of aneuploid cell lines. Therefore, given
the lack of evidence for a physical interaction between mutant p53 and p73 proteins in
our models, we conclude that mutant p53 does not promote aneuploidy through
modulation of p73, contradictory to previous reports (Gaiddon et al., 2001; Strano et al.,

2000; Talos et al., 2007).
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Figure 10. Mutant p53 does not interact with or alter p73 gene transactivation.

a — ¢ Immunoprecipitation (IP) of protein lysates with p53 antibody (DO-1) or control IgG, from MCF10A
(a) or CAL-51 isogenic cell lines (b), or cancer cell lines containing endogenous mutant p53 and p73
proteins (c¢). Immunoblots showing input and immunoprecipitated p53, p73 with loading control (GAPDH).
d Hierarchical clustering of curated p73 target genes from MCF10A (left) and CAL-51 (right) cell lines.
Immunoprecipitation experiments were conducted with the help of Hailing Jin.
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Figure 11. Mutant p53 and p73 do not co-localize in a majority of CAL-51 cells.

Representative tyramide signal-amplified (TSA) immunofluorescence images of isogenic CAL-51 cell
lines with varying TP53 genotypes dual stained for p53 (FITC), p73(CY3) and nuclear stain Hoechst
(blue). Cell lines were identified as aneuploid (+) or non-aneuploid (-) through DNA content analysis by
flow cytometry and propidium iodide staining. Scale bars, 100 pM.



Gene expression changes are associated with aneuploidy and not mutant p53
expression

Previously, mutant p53 GOF phenotypes were ascribed to the acquisition of a
mutant p53-dependent transcriptional program (Scian et al., 2004a, 2004b; Turrell et al.,
2017). To investigate this possibility in our models, we performed RNA-seq in parallel
with CMA and WES experiments on MCF10A and CAL-51 cell lines cultured under
normal conditions or with doxorubicin to induce genotoxic stress (Fig. 13a). Principal
component analyses (PCA) of all genes revealed differences in global gene expression
patterns, with cell lines clustering independent of TP53 genotype or doxorubicin
treatment in both models (Fig. 12a and Fig. 13b). Further, we found that the most
significant degree of variance in the PCA could be attributed to cell lines with higher
levels of aneuploidy (Compare Fig. 12a to Fig. 7c). We conducted differential gene
expression analyses comparing R175H or R273H mutants to null cells in MCF10A and
CAL-51 models. Comparison of differentially expressed genes (DEGs) revealed almost
no shared genes between R175H or R273H mutants in both MCF10A and CAL-51
models, except for TP53 and a gene encoding for Histone H2A (Fig. 12b). R175H
mutant cells in the MCF10A cell line had a larger number of DEGs; however, GSEA
revealed that the most significantly altered pathway between MCF10A R175H and null
cells was the chromosome positional pathway CHR18Q21 (Fig. 13c), indicating that
increased DEGs are related to chromosomal changes in those cells (Fig. 7b).

To further assess the impact of aneuploidy on the number of DEGs, we
conducted differential gene expression analysis between CAL-51 R273H mutants with

varying levels of aneuploidy (high, medium, or low AS) and two aneuploid-low null cell
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lines (Fig. 13d). Mutant clones with the greatest aneuploidy showed the greatest
number of DEGs, whereas comparison of R273H AS-low versus null AS-low cells
revealed only 17 significantly DEGs (Fig. 13e). To test if mutant p53 expression affected
the number of DEGs, we generated stable p53 knockdown cell lines from our isogenic
models with shRNAs targeting TP53 or a non-targeting control (NT) (Fig. 14a). We
validated knockdown of p53 by RNA-seq or western blot (Fig. 14b, c). RNA-seq
comparing aneuploid-high CAL-51 R273H cell lines (C2-22 and C2-56) with NT control
to those with p53 knockdown revealed only six DEGs (Fig. 14d), and there were no
differences in global gene expression patterns by PCA between the p53 knockdown and
NT control cells (Fig. 14e). These data suggest that DEGs in our isogenic p53 mutant
cell lines result from genetic variation and not a novel transcriptional program induced
by mutant p53.

Distinct transcriptional programs have been reported to be transactivated by
mutant p53 (Scian et al., 2004a). However, we did not observe genotype-specific
patterns for these reported genes, with heterogeneous expression observed across cell
lines in both models (Fig. 12c). In the CAL-51 model, unsupervised hierarchical
clustering revealed that cell lines with a higher AS clustered together and had increased
expression of most of these reported mutant p53-upregulated genes (Fig. 12c, right). To
determine if our cell lines displayed gene expression patterns consistent with those
previously found in aneuploid cells, we analyzed expression of the HET70 gene set,
which consists of genes upregulated in cells displaying karyotype heterogeneity
(Sheltzer, 2013). Unsupervised hierarchical clustering revealed that cell lines with a

higher AS clustered together in both MCF10A and CAL-51 models and had increased
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expression of HET70 genes (Fig. 12d). These data suggest transcriptional changes are
associated with karyotype heterogeneity and are not driven by the p53 mutations
analyzed herein.

We hypothesized that aneuploidy and the resulting stochastic genetic variation
led to the altered gene expression profiles in TP53-mutated cells. To test this
hypothesis, we determined if gene dosage effects resulting from chromosomal
alterations aligned with the changes in gene expression observed in the PCA (Fig. 12a).
For each untreated cell line, we compared the average transcriptome expression per
chromosome to the average chromosomal copy number and observed a significant
correlation in highly altered chromosomes across cells from both models (MCF10A,
chromosome (chr) 5: r = 0.96, chr18: r = 0.99; CAL-51, chr10: r = 0.94, chr6: r = 0.84; all
P < 0.0001), but not in chromosomes lacking copy number changes (Fig. 12d). These
data indicate that chromosomal imbalances, rather than mutant p53 expression,

significantly correlate with transcriptional changes in our isogenic models.
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Figure 12: Gene expression changes are associated with aneuploidy and not mutant p53

6.91 6.93

a Principal component (PC) analysis of gene expression values for untreated MCF10A (left panel) and CAL-
51 (right panel) isogenic cell lines. b Venn diagrams showing the overlap between differentially expressed
genes in R175H (left) and R273H (right) cell lines compared to null cells in MCF10A (blue) and CAL-51
(yellow) models. Cells were either untreated (top) or treated with doxorubicin (0.2 uM, 6 h) (bottom). Cell
lines used in RNA-seq analyses are shown in Supplementary Fig. 5a. ¢ Hierarchical clustering and
comparison of gene expression for previously reported mutant p53-associated upregulated genes(Scian et
al., 2004a) from the indicated MCF10A (left panel) and CAL-51 (right panel) cell lines. d Hierarchical
clustering and comparison of gene expression for the karyotype heterogeneity associated HET70 gene
signature*® from the indicated MCF10A (left panel) and CAL-51 (right panel) cell lines. e Scatter plots
comparing average chromosomal copy number with chromosomal RNA expression for MCF 10A (left panel,
n = 13) and CAL-51 (right panel, n = 18) cell lines across frequently altered or unaltered chromosomes.
Each point represents the mean per cell line. The blue line represents a linear model of the best fit, with the
gray area representing the 95% confidence intervals. r = Pearson correlation coefficient, ****P < 0.0001.
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Figure 13. Gene expression changes are associated with aneuploidy and not mutant p53
expression.

a Diagram shows MCF10A (top) and CAL-51 (bottom) cell lines used for RNA-seq analyses grown under
the indicated control (all cell lines) or treated (bold font; doxorubicin, 0.2 uyM) conditions for 6 h. b PCA plot
for MCF10A (left panel) and CAL-51 (right panel) clonal cell lines. Data point shapes represent the indicated
TP53 genotype (cross = WT, circle = Null, triangle = R175H, square = R273H) and treatment as described
in Part A (untreated = gray, doxorubicin treated = orange). PC1, principal component 1. PC2, principal
component 2. ¢ GSEA plot showing negative enrichment of CHR18Q21 positional pathway genes from
RNA-seq differential gene expression analysis between MCF10A TP53 R175H and null cells. pos, positive.
neg, negative. d Table showing CAL-51 Null and R273H cell lines separated into low, medium, or high
aneuploidy classes based on their calculated aneuploidy score. e MA plots showing the shrunken Log: fold
changes of all genes in CAL-51 aneuploid low, p53 null clones compared to p53 R273H mutant clones
classified as having either low, medium, or high aneuploidy as described in (d). The number of differentially
expressed genes (P < 0.1, Logzfc > |1|) are shown in the upper right-hand corner of each plot. Genes with
P < 0.1 are depicted in red. P values are adjusted for false discovery rate.
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Figure 14. Generation of clonal lines with stable knockdown of p53 and characterization for gene
expression analyses.

a Diagram demonstrating workflow of lentiviral-mediated shRNA knockdown of p53 or non-targeting control
(cont) in isogenic MCF10A and CAL-51 null and TP53 mutant (R175H and R273H) cell lines and phenotypic
gain-of-function (GOF) characterization. b RNA-seq transcript per million (TPM) values for TP53 in CAL-51
cells of the indicated genotype expressing p53 shRNA (p53, red) or non-targeting shRNA controls (control,
black). ¢ Western blot analysis of p53 and GAPDH protein in CAL-51 cells with p53 shRNA (sh) or non-
targeting control shRNA (c). Blots are representative of at least two independent experiments. d MA plot
showing the shrunken Logz fold change of all genes in CAL-51 R273H aneuploid high cells (C2-56 and C2-
22) containing stable expression of p53 shRNA compared to the same cells containing non-targeting
shRNA controls. The number of differentially expressed genes (False Discovery Rate adjusted P < 0.1,
Logafc > |1|) are shown in the upper right-hand corner of each plot. Genes with P < 0.1 are depicted in red.
e PCA plot for CAL-51 cells containing p53 shRNA (triangle) or non-targeting shRNA controls (control,

circle).

77



Clonal in vitro gain-of-function phenotypes are associated with aneuploidy and
not mutant p53 expression

Cancer cells with mutant p53 have been reported to have neomorphic activities
leading to oncogenic phenotypes such as increased cellular proliferation rates (Lang et
al., 2004), increased colony formation (Kalo et al., 2012; Liu et al., 2011), altered
cellular and mitochondrial metabolism (Cordani et al., 2018; Eriksson et al., 2017; Kalo
et al., 2012; Liu et al., 2015), and chemotherapeutic resistance (Aas et al., 1996;
Blandino et al., 1999; Li et al., 1998). To determine if our mutant p53 cell lines displayed
evidence of GOF activities in vitro, we performed a variety of functional assays using
our full panel of MCF10A and CAL-51 cell lines. Assessment of proliferation through cell
growth assays revealed no significant differences in doubling time for MCF10A and
CAL-51 cells by TP53 genotype (Fig. 15a) or upon stable p53 knockdown (Fig. 15b, Fig.
16a, b). Decreased proliferation has been associated with aneuploid states (Williams et
al., 2008). Similarly, in both MCF10A and CAL-51 models, the average doubling time for
aneuploid-high cells was higher than that of aneuploid-low cells (MCF10A P = 0.035,
CAL-51 P =0.047) (Fig. 17a). Colony formation assays also revealed no significant
differences for MCF10A and CAL-51 cells by TP53 genotype or with p53 knockdown;
however, cell lines with the most colonies formed were among those with the highest
AS (M1-33, C2-56, Fig. 15c, d), indicating that changes in cell growth in our clonal cell
lines can be attributed to genetic variation caused by aneuploidy rather than TP53
genotype.

We evaluated our cell lines for changes in cellular metabolism but observed no

significant differences in the level of reactive oxygen species (ROS), mitochondrial
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superoxides, mitochondrial mass, or mitochondrial membrane potential in MCF10A cells
by TP53 genotype (Fig. 17b-e). We did observe a significant difference in mitochondrial
metabolism when measuring the reduction of resazurin in MCF10A R175H clonal lines;
however, this increase was most notable in the cell line with the highest AS (M1-33) and
did not change upon p53 knockdown (Fig. 15e, f, Fig. 17a). In the CAL-51 lines, there
was not a significant difference in resazurin reduction relative to TP53 genotypes or
upon p53 knockdown (Fig. 15e, f and Fig. 16b). However, similar to the MCF10A model,
cell lines with the highest metabolic activity were among those with the highest AS (CN-
81, C1-06 and C2-56, Fig. 7a), and we observed a significant correlation between this
metabolic activity and the AS calculated for each clone (P = 0.0001, Fig. 17f). In CAL-51
R273H mutant cells with varying aneuploidy (Fig. 17g), we observed that mitochondrial
membrane potential was increased in three aneuploid R273H mutant lines compared to
three non-aneuploid R273H mutant lines (Fig. 17h). Previous reports have shown that
mutant p53 upregulates the mevalonate pathway (Freed-Pastor et al., 2012); however,
analysis of RNA-seq data for mevalonate pathway gene expression revealed that
expression was clonal, and not associated with the TP53 genotype or AS, except in the
CAL-51 model in which highly aneuploid samples showed increased expression of the
gene NAD(P) Dependent Steroid Dehydrogenase-Like (NSDHL) (Fig. 17i). These data
indicate that altered cellular metabolism is associated with aneuploidy and independent

of TP53 genotype.
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Figure 15: Differences in proliferation, colony formation and metabolism are associated with
aneuploidy and not mutant p53 expression.

a Average doubling time in all MCF10A (left) and CAL-51 (right) clonal cell lines by TP53 genotype. b
Doubling time in MCF10A (left) and CAL-51 (right) cell lines of the indicated TP53 genotype expressing
either a non-targeting (NT, black) or p53 targeting shRNA (red). Mean + standard deviation (s.d.) from n
= 3 independent experiments per cell line (except M1-33, CN-19, and C1-06 cell lines, n = 2). ¢ Average
number of colonies formed in all MCF10A (left) and CAL-51 (right) cell lines by TP53 genotype. d Average
number of colonies formed in MCF 10A (left) and CAL-51 (right) cell lines of the indicated TP53 genotype
expressing either a non-targeting (NT, black) or p53 targeting shRNA (red). Bottom, representative
images. Mean + s.d. of n = 3 technical replicates representative of at least two independent experiments
per cell line. e Resazurin intensity per cell, in all MCF10A (left) and CAL51 (right) cell lines by TP53
genotype. f Resazurin intensity per cell in MCF10A (left) and CAL-51 (right) non-targeting (NT, black) or
p53 shRNA (red) containing cell lines. Mean + s.d. of n = 4 technical replicates, representative of at least
two independent experiments per cell line. (a, ¢, €) Dots represent the mean per cell line (MCF10A n =
2 WT, 4 Null, 4 R175H, and 5 R273H cell lines; CAL-51 n = 4 WT, 5 Null, 4 R175H and 8 R273H cell
lines) from at least two independent experiments. Bars indicate the median per genotype. Dots are
colored by their calculated aneuploidy score (AS), and those colored in gray were not profiled in
cytogenomic microarray experiments. One-way ANOVA with Dunnett's multiple comparison test, *P <
0.026. (b, d, f) Significance tested using two-way analysis of variance with Sidak’s multiple comparisons
test. Western blots showing knockdown of p53 are shown in Fig. 16a, b. All analyses were conducted
with the help of Hailing Jin. Colony formation images were quantified with the help of Johanna Schafer.
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Figure 16. Analysis of p53 protein in MCF10A and CAL-51 clonal lines with stable p53 knockdown.
a - b Western blot analyses of the indicated proteins in the indicated MCF10A (a) and CAL-51 (b) cells
with p53 shRNA (sh) or non-targeting control shRNA (c). Lower panels display quantification of p53
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Flgure 17. Ana ysis of prollferation and metabolic activity in isogenic clonally-derived lines.

a Doubling time in MCF10A (left) and CAL-51 (right) cells classified by aneuploidy score (AS) as either
aneuploid-low (lower quartile AS) or aneuploid-high (upper quartile AS). Dots represent the mean for
each cell line from at least two independent experiments. Bar indicates median value per group. *P =
0.0348, 0.0469, from left to right, Two-tailed student’s t-test. b - e Dot plots showing intensity of the
metabolic indicators (b) DCFDA (reactive oxygen species) (¢) MitoSOX (mitochondrial superoxides) (d)
MTG (mitochondrial mass) and (e) TMRE (mitochondrial membrane potential), across all MCF10A cell
lines with the indicated TP53 genotype (n =2 WT, 4 Null, 4 R175H, and 5 R273H). Each point represents
the average geometric mean fluorescent intensity (MFI). Bars indicate the median staining for each
genotype from two independent experiments. f Scatter plot showing aneuploidy score versus the average
resazurin staining intensity for all CAL-51 cell lines. The black line represents a linear model of the best
fit, with the gray area representing the 95% confidence intervals. Significance was determined using
Pearson correlation, ***P = 0.0001. g Cell cycle distributions showing DNA content of cells in (h) by
propidium iodide (PI) staining and flow cytometry in the CAL-51 isogenic model. Colors represent TP53
genotype (black = WT, pink = Null, purple = R273H). h Bar graph showing TMRE mean fluorescent
intensity of CAL-51 non-aneuploid (solid purple) and aneuploid (dashed purple) R273H cell lines. Mean
+ s.d. from n = 2 independent experiments. i Heatmaps comparing gene expression for mevalonate
pathway transcription factors and genes encoding for pathway enzymes in MCF10A (left) and CAL-51
(right) cell lines. Metabolic analyses shown in b - e were conducted with the help of Rachel Hongo and
Katy Beckermann.
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To determine if R175H or R273H TP53 mutations confer resistance to commonly
used cancer chemotherapeutic agents, we treated all clonal lines in both models with
increasing concentrations of doxorubicin or paclitaxel for 72 h. Significant changes in
drug sensitivity were observed when comparing cells with p53 LOF (null, R175H, or
R273H) to WT cells (MCF10A, doxorubicin [P = 0.027]; CAL-51, doxorubicin [P = 0.009]
and paclitaxel [P < 0.0001]) (Fig. 18a, b). However, there was no significant difference
in sensitivity when comparing either R175H or R273H mutant lines to TP53 null cells in
either model or with knockdown of p53 (Fig. 18a-d, Fig. 16a, b). The heat shock protein
90 (Hsp90) inhibitor 17-AAG and histone deacetylase (HDAC) inhibitor SAHA
(Vorinostat) have been reported to decrease cell viability in mutant p53-containing
cancer cells (Li et al., 2011a, 2011b). However, CAL-51 cells showed no significant
differences in 17-AAG or SAHA ICso values by TP53 genotype (Fig. 18e, f) or after p53
knockdown (Fig. 18g, Fig. 16b). Compared to aneuploid-low cells, aneuploid-high cells
had significantly increased sensitivity to SAHA (P = 0.0006) (Fig. 18h). Altogether, these
data indicate that in vitro GOF phenotypes are not associated with mutant p53
expression but can be associated with genomic alterations such as aneuploidy that

occur following the loss of p53 function.
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Figure 18: Clonal differences in drug sensitivity are associated with aneuploidy and not mutant
p53 expression.

a, b 1Cs0 values for MCF10A (left) and CAL-51 (right) cell lines treated for 72 h with increasing
concentrations of either doxorubicin (a) or paclitaxel (b). ¢, d 1Cso values in MCF10A (left) and CAL-51
(right) cell lines containing non-targeting control (NT, black) or p53 shRNAs (red) after treatment with
doxorubicin (c) or paclitaxel (d). Mean + s.d. from n = 2 two independent experiments per CAL-51 cell
line, or n = 3 for MCF10A cell lines (except for MN-39, and M1-33 in (c), n = 2). e, f ICso values for CAL-
51 cell lines treated for 72 h with increasing concentrations of either 17-AAG (e) or SAHA (f). g Mean 17-
AAG (top) and SAHA (bottom) ICso values in CAL-51 cell lines containing non-targeting (NT, black) or
p53 shRNAs (red). Mean * s.d. from n = 2 independent experiments per cell line. h Mean SAHA ICso
values for n = 6 high-aneuploid and n = 6 low-aneuploid (upper and lower quartile AS, respectively) CAL-
51 cell lines. Colors indicate TP53 genotype. Two-tailed student’s t-test, ***P = 0.0005. (a, b, e, f) Dots
represent the mean for each cell line from at least two independent experiments. Bars represent the
median per TP53 genotype. Dots are colored by their calculated aneuploidy score (AS), and those
colored in gray were not profiled in cytogenomic microarray experiments. *P < 0.05, ***P < 0.001, ****P
< 0.0001, Two-tailed student’s t-tests. Significance between TP53 genotypes tested using one-way
ANOVA with Dunnett’'s multiple comparison test. (c, d, g) Significance tested using two-way analysis of
variance with Sidak’s multiple comparisons test. Western blots showing knockdown of p53 are shown in
Fig. 16a, b. All analyses were conducted with the help of Hailing Jin.
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Clonal differences in tumorigenicity are associated with aneuploidy and not p53
genotype

It has been reported that tumor cells with TP53 mutations display more
aggressive features in murine models (Dittmer et al., 1993; Liu et al., 2011). To
investigate if our p53 mutant-containing cell lines displayed gain-of-function activities
that would lead to increased tumorigenesis in vivo, we evaluated xenograft tumor
growth of our MCF10A and CAL-51 cell lines after subcutaneous injection (Fig. 19a and
Fig. 20a). MCF10A cell lines did not form tumors in mice, regardless of TP53 genotype
or DNA content (Fig. 20b, c). CAL-51 cell lines showed significant differences in tumor
growth by TP53 genotype, with TP53 null cell lines having significantly increased tumor
growth compared to TP53 WT, R175H or R273H mutant cells (WT vs Null, P = 0.035;
R175H vs Null, P = 0.008; R273H vs Null, P = 0.022; Fig. 21b). While tumor growth was
variable across CAL-51 cells regardless of TP53 genotype, we noticed a trend where
CAL-51 cells with a higher AS displayed increased tumor growth (e.g., C2-56, CN-81,
C2-42, Fig. 19c, Fig. 20d). However, not all highly aneuploid cells showed increased
growth (e.g., C1-06). Our data are consistent with previous reports that aneuploidy can
be either tumor-promoting or tumor suppressive (Vasudevan et al., 2020, 2021).
Additionally, cell line CN-19 displayed no detectable aneuploidy but was the most
tumorigenic (Fig. 19c, Fig. 20d). To further investigate the observed correlation between
tumor growth and aneuploidy, we isolated a diploid and tetraploid sub-clonal cell line
from C2-09, a CAL-51 R273H mutant cell line with an intermediate growth phenotype
(Fig. 19d). The tetraploid clone 9B6 displayed significantly increased xenograft tumor

growth (P = 0.001, Fig. 19e) and final tumor weight (P = 0.019, Fig. 19f) compared to
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the diploid clone 9B11. Analysis of tumor DNA through CMA revealed the 9B6 clone
was highly aneuploid compared to clone 9B11 (Fig. 19g). In summary, cell lines with
mutant p53 did not preferentially show increased tumorigenicity in vivo; rather, the
feature of increased aneuploidy in p53 mutant cells was associated with increased

tumorigenicity in vivo.

Metastatic phenotypes are associated with aneuploidy and not mutant p53
expression

Mutant p53 has been associated with cellular features leading to metastatic
progression, such as enhanced migration (Adorno et al., 2009; Lang et al., 2004; Olive
et al., 2004; Subramanian et al., 2015; Sun et al., 2020; Yeudall et al., 2012). We
performed trans-well migration assays to determine if mutant p53 alters cellular
migration in our isogenic cell line models. We did not observe a statistical difference in
the average relative migration in either MCF10A or CAL-51 clonally derived cell lines
across TP53 genotypes (Fig. 21a), and knockdown of p53 did not significantly alter
migration relative to any genotype in MCF10A or CAL-51 cells (Fig. 21b, Fig. 16a, b).
While the level of migration was variable across each clonal cell line, the CAL-51
R273H mutant lines with the highest overall relative migration were among those with
the most elevated AS (Fig. 21a, clones C2-60, C2-56 and C2-22). Note that not all
aneuploid cell lines showed increased migration (e.g., MCF10A M1-33, CAL-51 CN-81
and C1-06), suggesting specific chromosomal alterations and not the degree of

aneuploidy resulted in increased migration.
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To determine if cells with TP53 mutations have increased metastasis in vivo, we
utilized the MetMap500, MetMap125, and MetMap Basal-like datasets from the
metastasis map (MetMap) project, which provided the metastatic potential of barcoded
and pooled cancer cell lines following cardiac injection in mice (Fig. 21c) (Jin et al.,
2020). We compared the metastatic potential of cell lines that were p53 WT or
contained either missense or truncating mutations in TP53. Across all three datasets,
we found no statistical difference in the metastatic potential of cell lines based on TP53
genotype (Fig. 21d). While there is no correlation between total aneuploidy and
metastatic potential in these datasets (Jin et al., 2020), others have shown that
chromosomal alterations are enriched and drive metastatic tumor formation (Bakhoum
et al., 2018; Vasudevan et al., 2020). Similarly, our results indicate that differences in
metastatic phenotypes such as increased migration are not dependent on the
expression of mutant p53 or total levels of aneuploidy but are likely the result of specific

chromosomal alterations.
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Figure 19: Clonal differences in tumorigenicity are associated with aneuploidy and not mutant
p53 expression.

a Diagram demonstrating workflow for CAL-51 xenograft tumor growth experiment. b, ¢ Tumor volume
(in cubic millimeters) of CAL-51 cell lines. Data shown represent the mean * standard error of the mean
(s.e.m.) tumor volume (n = 10 tumors per cell line) measured across CAL-51 cell lines indicated in (a)
averaged by (b) TP53 genotype or (c) colored by aneuploidy score (AS). d Diagram demonstrating
workflow for single cell isolation and subcutaneous xenograft experiment of CAL-51 diploid (9B11) and
tetraploid (9B6) R273H mutant p53 sub-clones. e, f, Tumor volume (e) and tumor weights (f) for 9B11
and 9B6 sub-clone xenografts. Data shown represent the mean + s.e.m. tumor volume measured every
three days (n = 10 tumors per cell line). g Copy number alterations from cytogenomic microarray
analyses in 9B11 and 9B6 sub-clones (Log: ratios, LogR). Chromosomal gain (red) and loss (blue).
Significance tested using (b) mixed-effects analysis with Dunnett’s multiple comparison test, (e, f) Two-
tailed student’s t-tests. *P < 0.05, **P < 0.01, ***P < 0.001. Xenograft experiments were conducted with
the assistance of Brian Lehmann and Clayton Marshall.
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Figure 20. Analysis of tumorigenicity and aneuploidy in MCF10A and CAL-51 cells.

a Diagram demonstrating workflow for MCF10A xenograft tumor growth experiment. b Tumor volume
(in cubic millimeters) of MCF10A cell lines. Data shown represent the mean + s.e.m. of tumor volume (n
= 10 tumors per cell line) measured every three days (for palpable tumors) or weekly for mice with no
detectable tumor across MCF10A cells indicated in (a) by TP53 genotype. ¢ Histograms showing DNA
content of injected MCF10A (left) and CAL-51 (right) xenograft cells by flow cytometry of propidium iodide
(PI) stained cells. Colors represent TP53 genotype. d Copy number alterations from cytogenomic
microarray analyses of tumor DNA (left) from select corresponding CAL-51 cell line xenografts (right).
Xenograft growth was measured as tumor volume (in cubic millimeters) and represents the mean + s.e.m
of n = 10 tumors per cell line. Chromosomal gain (red) and loss (blue). Xenograft experiments were
conducted with the assistance of Brian Lehmann and Clayton Marshall.
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Figure 21: Metastatic phenotypes are associated with aneuploidy and not mutant p53 expression.
a Quantification of the relative migration (mean cells per field from three technical replicates normalized
to the number of cells seeded, arbitrary units) of MCF10A (left) and CAL51 (right) cells that crossed the
membrane in transwell assays. Each dot represents the mean relative migration for each cell line
(MCF10A n =2 WT, 4 Null, 4 R175H, and 5 R273H cell lines; CAL-51 n =4 WT, 5 Null, 4 R175H and 8
R273H cell lines) from at least two independent experiments. Bars represent the median value per TP53
genotypes. Dots are colored by aneuploidy score, and those colored in gray were not profiled in
cytogenomic microarray experiments. b Quantification of relative migration, as described above, in
MCF10A (left) and CAL-51 (right) cells containing non-targeting (NT, black) or p53 shRNAs (red). Mean
+ s.d. from n = 3 independent experiments (except MN-39, M2-03, and C1-09 cell lines, n = 2). Western
blots showing knockdown of p53 are shown in Fig. 16a, b. ¢ Diagram demonstrating workflow for
metastatic datasets generated in the MetMap project(Jin et al., 2020). d Box and whisker plots of the
metastatic potential in cells with wild-type (WT), missense or truncating mutations in TP53 in the
MetMap500 (left; WT n = 129, Trunc. N = 101, Miss. N = 195), MetMap125 (middle; WT n = 33, Trunc.
N = 20, Miss. N = 50) and MetMap Basal-like (right; WT n = 1, Trunc. N = 7, Miss. N = 10) datasets.
Points represent mean metastatic potential across all sites. Boxplot elements: center line, median; box
limits, upper and lower quartiles; whiskers, 1.5x interquartile range. Significance tested using (a) one-
way analysis of variance (ANOVA) with Dunnett’'s multiple comparisons test, (d) two-way ANOVA with
Sidak’s multiple comparisons test and (c) one-way ANOVA with Tukey’s multiple comparison test.
Migration images were quantified with the help of Johanna Schafer.
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Aneuploidy and loss of p53 function associate with unfavorable prognosis

TP53 mutation strongly correlates with the development of aneuploidy (Ciriello et
al., 2013; Taylor et al., 2018), and both TP53 mutation and aneuploidy have been
associated with unfavorable prognostic features in multiple cancer types (Hieronymus et
al., 2018; Kandoth et al., 2013; Olivier et al., 2006; Silwal-Pandit et al., 2014; Smith and
Sheltzer, 2018; Stopsack et al., 2019). Thus, we determined the relationship between
missense TP53 mutations, aneuploidy status, and survival across human tumor types.
We first analyzed the fraction of the genome altered (FGA) by aneuploidy in tumors
across 19 cancer types (TCGA, n = 6682; abbreviations defined in Table 3) that
contained either missense or truncating mutations in TP53. Similar to previous findings
(Smith and Sheltzer, 2018), the FGA was significantly increased across a majority of
tumor types with either truncating or missense mutations in TP53 compared to those
with WT p53 (Fig. 22a). Uterine carcinosarcoma (UCS), uterine corpus endometrial
carcinoma (UCEC), lung squamous cell carcinoma (LUSC), ovarian (OV), and breast
cancers (BRCA) with missense TP53 mutations displayed the highest median FGA
across all cancer types (Fig. 22a). Breast and sarcomas were the only cancer types that
displayed a significant difference between missense and truncating TP53 mutations,
with tumors containing truncating TP53 mutations having increased FGA. Not all
missense mutations in TP53 equally disrupt p53 function, so we assessed aneuploidy in
the top five most frequent missense and truncating amino acid changes across the
above tumor types with the highest median FGA (UCS, UCEC, OV, BRCA, and LUSC).
Tumors with WT p53 had a significantly lower FGA compared to truncating or missense

mutations (P < 0.0001); however, there was no statistical difference between high-
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frequency missense and truncating p53 alterations (Fig. 22b). This data suggests that
loss of p53 function leads to increased aneuploidy, irrespective of the type of point
mutation.

To determine if individuals with tumors containing missense versus truncating
mutations experienced differential survival, we compared the progression-free survival
in individuals with BRCA, OV, UCEC, UCS, and LUSC. Individuals with tumors
containing either missense or truncating mutations in TP53 displayed significantly worse
survival when compared to those with WT p53 (P < 0.0001). There was no statistical
difference in survival between individuals with tumors containing either missense or
truncating mutations in p53 (Fig. 22c). To assess the relationship of tumor aneuploidy
with survival, independent from TP53 mutation, we stratified individuals with tumors
containing WT, missense, or truncating mutations in TP53 into either aneuploid-high
(upper quantile FGA) or aneuploid-low (lower quantile FGA) groups. All individuals with
aneuploid-high tumors, regardless of p53 genotype, showed significantly worse survival
outcomes compared to aneuploid-low tumors (WT P = 0.008, truncating P = 0.004,
missense P < 0.0001) (Fig. 22d-f). In summary, these data indicate that progression-
free survival is not directly associated with TP53 mutation type (truncating vs.
missense). Instead, an individual's outcome is associated with the loss of p53 function

and increased genomic alterations in their tumor(s).

92



dekk ke
a Fkkk

L MR ek TP53 Genotype
1.004 prk m mnrm sk
e e R e o B2 wr
e Sk Lo I~ = .
E = a i Truncating
0.754 ok FE e _
F%I B F‘ll** % X E Missense
< L i
S 050 H H mooEn
w i
N é lJZ_l é $ é
0.00 é
] > 3] [$) 3] [$) ) a a) a) 3] a =] 0]
P8 08 2 & 5 2 3 5 § £ g 2 § 2 ¢ §F % 3 8
Cohort: 2 S S g a = a 3 3 I u o £ ) 4 g |
b TP53 Genotype c 100 TP53 Genotype © Truncating
B3 wr Truncating E Missense = ’ WT _ 1.004 FGA Quartile
. 2 0784 Truncating [ —~ Low (Q1)
=" E —— Missense 50'75‘ —— High (Q4)
J 7]
1.00 £ 050 B 050 ]
g, - —— C
g 3
0.75 4 S 0.25 £ 0.254
Truncating vs Missense: p = ns o _
< 0.004 Truncating/Missense vs WT: p < 0.0001 0.004 P* 0.0041
Q 0.501 0 2000 4000 6000 8000 0 1000 2000 3000 4000 5000
Progression-free Survival (days) Progression-free Survival (days)
0.25 e WT Missense
1.004 _ 1.004 FGA Quartile
® [ —— Low (Q1)
0.00 E 0.75 E 0.75 —— High (Q4)
EhH QI IIISO H =
sSgeS£2EpPReeR @ 0.50- Lo.50
dEEEAIEREEY % 5
b '
R 0 0.25 FGA Quartile £0.25
N 0 o —— Low (Q1)
s o p =0.0084 —~— High (Q4) & p < 0.0001
p53 Protein Change 0.00 A : 0.004
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Progression-free Survival (days) Progression-free Survival (days)

Figure 22: Aneuploidy and loss of p53 function associate with unfavorable prognosis.

a, b Box and whisker plots of the fraction of the genome altered (FGA) in tumors with wild-type (WT),
missense or truncating mutations in TP53 compared (a) across cancer types (source: The Cancer
Genome Atlas [TCGA]), or (b) in BRCA, OV, UCEC, UCS and LUSC cancer types across the five most
frequent truncating or missense mutations. Cohort acronyms and values for n can be found in Table 3.
Pairwise two-sided Wilcoxon test with Benjamini-Hochberg P value correction, *P < 0.05, **P <0.01, ***P
< 0.001, ****P < 0.0001. Boxplot elements: center line, median; box limits, upper and lower quartiles;
whiskers, 1.5x interquartile range. ¢ — f Kaplan-Meier curves showing progression-free survival of
individuals with BRCA, OV, UCEC, UCS, and LUSC separated by TP53 genotype (c) or further divided
into aneuploid-low (blue, lower quantile FGA, Q1) or aneuploid-high (red, upper quantile FGA, Q4) groups
in individuals with tumors containing WT (d), truncating (e), or missense (f) mutant TP53. Log-rank tests.
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Tumors per indicated TP53

Genotype
Abbsrtel:/(iigtion Study Name T(Ltlg::;;s WT | Truncating | Missense

BLCA Bladder urothelial carcinoma 344 196 51 97

BRCA Breast invasive carcinoma 985 658 130 197

COAD Colon adenocarcinoma 339 163 40 136

ESCA Esophageal carcinoma 131 17 44 70

GBM Glioblastoma multiforme 333 244 16 73

HNSC Head and Neck squamous cell 352 128 102 122
carcinoma

LGG Brain lower grade glioma 425 255 23 147

LIHC Kidney renall papillary cell 349 245 37 60
carcinoma

LUAD Lung adenocarcinoma 432 220 75 137

LUSC Lung squamous cell carcinoma 380 55 118 207

oV Ovarian serous 352 29 125 198

cystadenocarcinoma

PAAD Pancreatic adenocarcinoma 152 55 39 58

PRAD Prostate adenocarcinoma 461 409 16 36

READ Rectum adenocarcinoma 128 36 30 62

SARC Sarcoma 231 153 37 41

SKCM Skin cutaneous Melanoma 409 345 28 36

STAD Stomach adenocarcinoma 376 201 69 106

UCEC Uterine corpus endometrial 461 304 40 117
carcinoma

UCS Uterine carcinosarcoma 49 5 8 36

Table 3. TCGA cohort acronyms and the number of tumors analyzed.
Cancer studies from The Cancer Genome Atlas, study abbreviations and the number of tumors
analyzed for each TP53 genotype.
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Discussion

The concept of mutant p53 GOF was introduced over 30 years ago (Dittmer et
al., 1993; Halevy et al., 1990). Since then, many publications have reported context-
specific and conflicting evidence for oncogenic phenotypes arising from overexpression
of the mutant protein. As described in this chapter, we generated and characterized two
breast epithelial isogenic models with cells differing only by the presence or absence of
mutant p53 protein. We examined several reported mutant p53 GOF phenotypes in our
cell line models and found no evidence for GOF activities by mutant p53 protein.

Two prominent hallmarks of human tumors are aneuploidy and mutation TP53.
Given the strong associations between p53 mutations and the development of
aneuploidy in human tumors (Ciriello et al., 2013; Davoli et al., 2017; Taylor et al.,
2018), and the diverse cellular consequences that accompany aneuploidy (Beach et al.,
2017; Chunduri and Storchova, 2019; Santaguida and Amon, 2015; Sheltzer and Amon,
2011), we speculated that aneuploidy itself could be a mechanism accounting for the
diversity of reported GOF phenotypes. Through the use of our clonally derived cell lines
which originated from the same near-diploid parental genetic background, we assessed
the molecular heterogeneity and genomic alterations that occurred following mutation of
TP53. Through our comparative analyses of isogenic epithelial cells, which initially
differed only by TP53 genotype, we discovered that increased aneuploidy is consistently
observed in our mutant p53-expressing cell lines. Further, we discovered that in vitro
GOF phenotypes are only present in mutant p53-expressing cell lines that display

increased aneuploidy and that these phenotypes are not dependent on mutant p53
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protein expression. Mutant p53-containing cell lines did not have increased
tumorigenicity or metastasis in vivo, and analysis of human tumors revealed that loss of
p53 function and increased aneuploidy were associated with unfavorable prognoses.
Importantly, our results reveal aneuploidy as a mechanism contributing to the diversity
of reported mutant p53 GOF phenotypes. Given our findings and current efforts to target
mutant p53 protein for therapeutic purposes, it will be of interest to determine if other
GOF activities exist independent from aneuploidy development.

Proponents of the mutant p53 GOF hypothesis have argued that the
accumulation of specific high-frequency hotspot p53 mutants suggests that GOF
activities confer a fitness advantage. However, many hotspot mutations, including R273
and R175, contain methylated CpG dinucleotides, rendering them more likely to mutate
by spontaneous deamination (Rideout et al., 1990). Recent findings confirmed that
natural mutational processes combined with LOF and dominant-negative activities
select for the spectrum of TP53 mutations (Giacomelli et al., 2018); additionally, this
work found that the growth of an extensive panel of cell lines was not dependent on
mutant p53 protein expression. These findings were corroborated by a study of mutant
p53 isogenic models of myeloid malignancies showing no evidence of GOF, but instead
LOF and dominant-negative activities over WT p53 protein (Boettcher et al., 2019). Two
concurrent studies of mouse models harboring the knock-in TP53 mutations equivalent
to R175H and R273H showed persuasive but conflicting evidence for GOF in vivo, with
an increased incidence of carcinomas in R175H/- (Olive et al., 2004) but not
R175H/R175H (Lang et al., 2004) mice. The latter inconsistency was attributed to

differing murine genetic backgrounds. Of note, tumors from R175H/- mice displaying
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altered tumor spectra also showed enlarged nuclei and polyploid cells in hematoxylin
and eosin-stained tumor sections (Olive et al., 2004), consistent with the notion that
aneuploidy could underlie differences in tumor development and GOF activities reported
using these models.

The increased aneuploidy observed in our mutant p53 cell lines is consistent with
previous studies (Duensing and Duensing, 2005; Hanel and Moll, 2012). There is a
strong correlation between TP53 mutation and aneuploidy in human tumors (Ciriello et
al., 2013; Taylor et al., 2018), and analyses of medulloblastoma tumors and acute
myeloid leukemias from Li-Fraumeni Syndrome (LFS) individuals with somatic TP53
mutations showed increased chromothripsis (Rausch et al., 2012). Fibroblasts from LFS
individuals accumulate aneuploid cells (Bischoff et al., 1990; Boyle et al., 1998), as do
normal human and murine fibroblasts with exogenous expression of TP53 missense
mutations (Gualberto et al., 1998; Liu et al., 1996; Talos et al., 2007). Further, a study of
LFS individuals revealed that those who developed cancer had a striking enrichment in
germline copy number variation (Shlien et al., 2008), suggesting that aneuploidy
following p53 LOF leads to tumorigenesis. The latter is supported by the wide range of
tumorigenic phenotypes caused by aneuploidy (Ben-David and Amon, 2020; Chunduri
and Storchova, 2019; Zhu et al., 2018), many of which have been associated with
mutant p53 GOF activities, including, but not limited to: altered proliferation (Williams et
al., 2008); altered metabolism (Hwang et al., 2017; Stingele et al., 2012); transcriptional
reprogramming and drug resistance (Kim et al., 2018); immune evasion (Davoli et al.,
2017); migration (Vasudevan et al., 2020); and invasion and metastasis (Bakhoum et

al., 2018). Given the strong propensity for cells containing mutant p53 to become

97



aneuploid and the overlap of tumorigenic phenotypes related to both alterations, GOF
phenotypes identified in mutant p53 models must be carefully validated relative to
corresponding chromosomal changes.

The underlying mechanisms behind the increased aneuploidy we observed in our
engineered lines require further study, although many potential mechanisms, such as
loss of cell cycle checkpoints, have been previously reported (Hanel and Moll, 2012).
Our study was limited by the number of independent cell lines assayed and the
technology available to evaluate aneuploidy. Finally, our work only examined two
specific hotspot p53 missense mutations in two cell line models; thus, we cannot
exclude the existence of select GOF activities occurring in cells containing other p53
missense mutants or existing in different tissue-specific cellular contexts. In addition,
further studies are needed to determine the effect of oncogenic mutations, not present
in the model systems used in the current study, on potential mutant p53 GOF activities.

In summary, our study demonstrates that the acquisition of aneuploidy can
generate a variety of the previously ascribed mutant p53 GOF phenotypes. Further, our
data showed the heterogeneity of genomic alterations that can occur following mutation
of p53, consistent with the diverse and sometimes conflicting phenotypes observed in
prior reports. While we cannot rule out the existence of p53 mutant-specific GOF effects
in other models, future studies should carefully consider how the genomic changes that
occur after the loss of WT p53 can confound and contribute to GOF phenotypes.
Acquisition of aneuploidy after the loss of WT p53 function provides a unifying
mechanism that accounts for the wide array and context-specific nature of GOF

phenotypes previously attributed to p53 mutant proteins.
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CHAPTER IV

ANALYSIS OF MUTANT P53 PROTEIN ACCUMULATION

Introduction

Proper regulation of p53 protein stability is critical for its tumor suppressor
activities. In addition to mutation or deletion of TP53, dysregulation of p53 protein
stability also contributes to p53 inactivation through both MDM2-dependent and
independent mechanisms. For example, tumor cells that maintain wild-type p53 often
overexpress the E3 ubiquitin ligase, MDM2, or other negative regulators of the protein
(Bulavin et al., 2002; Momand et al., 1998). Less is known about mutant p53 regulation;
however, similar to the WT protein, mutant p53 can be stabilized in response to various
cellular stresses (Boettcher et al., 2019; Redman-Rivera et al., 2021; Terzian et al.,
2008). Compared to WT p53, which has a half-life of approximately 30 minutes (Reich
and Levine, 1984), mutant p53 proteins have significantly increased half-lives of several
hours (Giaccia and Kastan, 1998; Oren et al., 1981).

A commonly observed feature of cancer cells that contain TP53 missense
mutations is elevated levels of p53 protein. This accumulation is not an intrinsic property
of the mutant protein as high expression is not seen in most normal tissues of mutant
p53 murine models and LFS patients (Lang et al., 2004; Olive et al., 2004; Soussi,
2007; Terzian et al., 2008). However, mutant p53 accumulation has been shown in
some normal tissues, such as proliferating cells of small intestinal crypts of engineered

murine models containing mutant p53, in a manner dependent on gene dosage and cell
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type (Goh et al., 2015). Thus, it is hypothesized that elevated mutant p53 protein in
some normal tissues, transformed cells and tumors requires secondary events (Terzian
et al., 2008).

Mechanisms underlying the accumulation of mutant p53 protein are poorly
understood, although it was initially thought that mutant accumulation is primarily due to
loss of WT p53-mediated MDM2 transactivation and thus negative regulation. However,
mutant p53 murine models with MDM2 knockout display stabilized mutant p53 in some
but not all tissues, indicating that other factors besides MDM2 contribute to mutant p53
stability. Other cancer cell-specific factors, such as oncogenic alterations like c-Myc and
PTEN overexpression, have been identified to contribute to mutant p53 protein
accumulation (Suh et al., 2011; Terzian et al., 2008).

Mutant p53 accumulation has been proposed to be necessary for mutant p53
proteins to exert putative GOF effects (Brosh and Rotter, 2009; Yue et al., 2017). A
study of mutant p53 mice with MDM2 knockout and stabilized mutant protein showed
the animals had significantly decreased survival and increased frequency of metastatic
lesions compared to mice with stabilized mutant p53 protein (Terzian et al., 2008).
However, MDM2 loss may have other cellular consequences that contribute to this
phenotype. Song and colleagues have suggested that protein accumulation can
enhance novel interactions between mutant p53 and other cellular proteins, further
contributing to proposed GOF activities (Song et al., 2007).

Because of the reported roles for mutant p53 accumulation contributing to GOF
phenotypes in cells, destabilization of mutant p53 protein is currently being studied as a

potential cancer therapy (Parrales and lwakuma, 2015). The hypothesis is that this
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frequent tumor alteration represents an actionable therapeutic target for certain cancer
types such as basal-like/triple-negative breast cancers, which display a high frequency
of TP53 mutation and relatively homogeneous accumulation of the mutant protein in
patient tumors (Fig. 2b) (Bouchalova et al., 2014). However, as mutant and wild-type
p53 can be regulated similarly, the use of p53 destabilizing agents could cause
significant damage to normal cells containing the WT protein. For this reason, an
improved understanding of the overlapping and distinct mechanisms that contribute to
WT and mutant p53 stabilization is critical.

This chapter reports results from a study using our isogenic clonal cell lines
developed from breast epithelial cells to investigate mechanisms contributing to mutant
p53 accumulation. Through comparative analyses of our transformed CAL-51 cell lines,
we identified heterogeneous protein stabilization between and within clonal cell lines in
vitro and in vivo. We found that aneuploidy, but not whole-genome doubling or nuclear
area, is correlated with increased mutant p53 protein accumulation. Highly aneuploid
cells displayed increased mutant p53 ubiquitination and increased cytoplasmic
localization. We also identified that mutant proteins are ubiquitinated and degraded
through proteasomal and non-proteasomal mechanisms independent of MDM2
expression. Further study of mechanisms contributing to mutant p53 accumulation in
our cell lines is needed, however through these preliminary analyses, we show that our

isogenic cell lines represent ideal model systems for the study of mutant p53 regulation.
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Results

Missense mutant p53 expression is increased in basal-like and highly aneuploid
breast cancers

Mutant p53 accumulation has been highly studied for prognostic relevance and
contribution to GOF activities in breast cancers (Bouchalova et al., 2014; Olivier et al.,
2006). As expected, analysis of TP53 mRNA and protein expression reverse-phase
protein array (RPPA) data from breast tumors revealed that missense mutant p53
protein is elevated compared to other TP53 mutations (Fig. 23a). To identify clinical and
molecular features associated with increased missense mutant protein expression, we
stratified breast (BRCA) TP53 missense tumors into either p53-high (upper quantile
RPPA) or p53-low (lower quantile RPPA) groups with significant differences in p53
protein levels (Fig. 23b). Analysis of clinical features associated with differences in p53
protein revealed that patients with the basal-like breast subtype had significantly
increased enrichment in the p53-high group (Fig. 23c). Basal-like/triple-negative breast
cancers have high levels of chromosomal instability, and similarly, the fraction of the
genome altered by aneuploidy was also increased in patient tumors with high levels of
p53 protein, which are enriched for the basal-like subtype (Fig. 23d). The CAL-51 and
MCF10A isogenic cell line models described in Chapter Ill are considered “triple-
negative” since they lack estrogen and progesterone hormone receptor expression and
HERZ2 amplification (Lehmann et al., 2011; Neve et al., 2006), and thus represent
improved model systems to study further the molecular mechanisms associated with

mutant p53 protein accumulation in this cancer subtype.
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Figure 23. Missense mutant p53 protein is elevated in basal-like and highly aneuploid breast
cancers.

a Scatter plot showing TP53 mRNA expression and p53 protein expression in human breast tumors.
Dots are colored by TP53 mutation. b Diagram showing the workflow to classify breast (BRCA) tumors
containing TP53 missense mutations into quantiles with high or low p53 protein expression (source: The
Cancer Genome Atlas, TCGA). Protein expression is from TCGA reverse-phase protein array (RPPA)
datasets. ¢ Stacked bar plots showing enrichment of BRCA subtypes in p53-high and -low groups.
Enrichment was calculated using a chi-squared test. d The fraction of the genome altered in tumors with
either high or low p53 protein. Wilcoxon Test.
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Mutant p53 expression is heterogeneous in transformed isogenic cell lines

Mutant p53 is associated with oncogenic transformation; however, accumulation
is context-specific, occurring in some but not all tumors in murine models and patient
tumors expressing mutant p53 (Terzian et al., 2008; Xue et al., 2019). To study
mechanisms contributing to heterogeneous mutant p53 accumulation, we first evaluated
p53 protein expression within the CAL-51 clonally derived cancer cell lines described in
Chapter Il of this dissertation (Redman-Rivera et al., 2021). Immunoblotting for p53 in
R273H, p53 WT and null (negative control) cell lines revealed that mutant p53 levels
were elevated in all mutant cell lines compared to the WT control (Fig. 24a). To analyze
mutant p53 expression in individual cells, we conducted tyramide signal-amplified
immunofluorescence (TSA-IF) staining for p53. We found that mutant p53 cell lines
displayed a range of p53 protein levels, with several mutant-containing cell lines
maintaining low levels of p53 similar to WT p53 cell lines (Fig. 24b). Cell lines with low
levels of p53 expression also had a smaller percentage of cells that stained positive for
p53, indicating that p53 mutant expression is heterogeneous between and within clonal
cell lines (Fig. 24b).

To further analyze mutant p53 expression, we conducted p53
immunohistochemistry (IHC) on a formalin-fixed and paraffin-embedded tissue
microarray (TMA) consisting of CAL-51 cell line xenograft tumors as described in
Chapter Il (Fig. 19a-c). p53 IHC specificity was validated by staining CAL-51 p53 null
cell lines and the R273H mutant cell line MD-AMB-468, respectively, as negative and

positive controls. IHC staining was consistent with immunoblot analysis, with p53
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Figure 24. Mutant p53 protein expression is heterogeneous across and within CAL-51 cells.

a Western blot of relative p53 and GAPDH protein levels in the indicated CAL-51 cell lines (left panel)
and quantification of p53 protein levels normalized to the loading control GAPDH (right panel). Results
are representative of at least two independent experiments. Colors indicate TP53 genotype (WT, gray;
R273H, purple; Null, pink). b Representative tyramide signal-amplified (TSA) immunofluorescence
images stained for p53 (CY3/red) and nuclei (Hoechst/blue) in the indicated CAL-51 cells (left panel),
from at least two independent experiments. Scale bar, 100 uM. Quantification of the mean cellular p53
protein immunofluorescence intensity (right panel). Colors indicate TP53 genotype (WT, gray; R273H,
purple; Null, pink). ¢ Representative p53 immunohistochemistry (IHC) images of CAL-51 cell line
xenograft tissue or the MD-AMB-468 cell line used as a positive control. Scale, 20 pM.
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protein expression higher in R175H and R273H mutant cells compared to WT p53 (Fig.
24c). In addition, p53 staining was heterogeneous between cell lines and within tumors,
indicating that sub-clonal heterogeneity or environmental factors contribute to mutant
p53 expression (Fig. 24c). Collectively, these results indicate that mutant p53
accumulation is heterogeneous in our transformed CAL-51 cell lines, consistent with
previous reports (Lang et al., 2004; Song et al., 2007; Suh et al., 2011; Terzian et al.,

2008; Xue et al., 2019).

Mutant p53 accumulation is correlated with aneuploidy

Analysis of TCGA BRCA cancers with missense mutations in TP53 revealed that
the fraction of the genome altered by aneuploidy was increased in patient tumors with
high levels of p53 protein (Fig. 23d). Further, analyses conducted in Chapter Ill revealed
that mutant p53 GOF phenotypes were associated with aneuploidy development
(Redman-Rivera et al., 2021). To determine if mutant p53 accumulation was also
associated with aneuploidy in our isogenic cell line models, we performed immunoblot
analyses in isogenic p53 WT and R273H CAL-51 and MCF10A cell lines. Aneuploidy
score was significantly correlated with p53 protein levels in CAL-51 cells and a similar
trend observed in MCF10A cells, although not reaching statistical significance (CAL-51,
P =0.0084; MCF10A, P = 0.0536; Fig. 25a).

The aneuploidy observed in mutant p53 CAL-51 cell lines occurs over time in
passage (Fig. 26). To analyze p53 protein levels following aneuploidy development
within the same cell line, temporal DNA-content and p53 immunoblot analyses were

conducted in parallel with CAL-51 p53 WT and R273H cell lines. The p53 WT (CW-64)
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and R273H (C2-38) cell lines remained diploid over time in passage and had
consistently low levels of p53 protein. In contrast, the R273H mutant cell line C2-56
displayed aneuploidy at all passages and had high levels of p53 protein (Fig. 25b-c).
Interestingly, the R273H cell line C2-09 developed aneuploidy over time in passage,
with a corresponding increase in p53 protein levels (Fig. 25b-c). However, this mutant
p53 protein accumulation was not associated with amplification of the TP53 locus
analyzed at passage 30 (Fig. 25d) or with increased TP53 transcript measured in the
corresponding cells by RNA-seq at passages 5 and 30 (Fig. 25e).

To further evaluate how DNA content and aneuploidy affect p53 accumulation,
we isolated sub-clonal cell lines from the CAL-51 C2-09 R273H mutant cell line, which
displayed a mixed population of diploid and tetraploid cells at an intermediate passage
(Fig. 25c and Fig. 27a). DNA-content analysis revealed that the C2-09 sub-clones had
varied content, with several clones undergoing whole-genome doubling (WGD) (Fig.
27b). TSA-IF staining on the same cells showed that p53 staining intensity and the
percent of p53 positive cells did not correlate with DNA content or increased nuclear
area (Fig. 27c-d). These results indicate that mutant p53 accumulation is associated
with aneuploidy but not WGD or nuclear area in CAL-51 cells and suggest that specific
chromosomal alterations may contribute to dysregulation of mutant p53 protein and

mutant p53 stabilization.
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Figure 25. Mutant p53 accumulation is correlated with aneuploidy but not TP53 DNA or RNA
levels.

a Scatter plot showing immunoblot quantification of p53 levels versus aneuploidy score in CAL-51 (left
panel) and MCF10A (right panel) isogenic cell lines. The black line represents a linear model of the best
fit, with the dotted lines indicating the 95% confidence intervals. Significance was determined using
Pearson correlation. b Western blot of relative p53 and vinculin protein levels in the indicated CAL-51
cell lines over time at various passages in culture. ¢ Histograms showing DNA content of CAL-51 cell
lines by flow cytometry of propidium iodide (PI) stained CAL-51 cells at indicated passages (P5, P20,
and P30). Cells were collected in parallel to western blot samples displayed in panel (b). d DNA copy
number alterations (Log2 ratios) of the corresponding CAL-51 cell lines indicated in panels b and ¢ at
passage 30. e RNA-seq transcript per million (TPM) values for TP53 in CAL-51 cells of the indicated

passage.
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Figure 26. CAL-51 cell lines become aneuploid over time in passage.

Histograms showing DNA content of CAL-51 isogenic cell line populations by flow cytometry of
propidium iodide (PI) stained cells at passage 5 (P5), 20 (P20) and 30 (P30) after clonal expansion.
Colors represent DNA content (gray = ~2N, orange = 2N-4N, pink = ~4N). These experiments are
representative of n = 2 independent experiments. Flow cytometry was conducted with the help of
Hailing Jin.
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Figure 27. Mutant p53 accumulation is not correlated with whole-genome doubling or nuclear

area.

a Diagram demonstrating workflow for single-cell isolation of CAL-51 C2-09 sub-clones, and parallel
DNA content analysis and p53 TSA-IF analyses. b Histograms showing DNA content of CAL-51 C2-09
sub-clones by flow cytometry of propidium iodide (Pl) stained cells. c-d The mean cellular p53
fluorescence intensity (c) and mean percentage of cells with positive p53 TSA-IF staining (d) from
immunofluorescence staining of CAL-51 WT CW-08, Null CN-18 and the R273H parental C2-09 cell line,
as well as C2-09 sub-clones and the MD-AMB-231 cell line used as a positive control from n = 2
independent experiments. Colors indicate TP53 genotype (pink, Null; gray, WT; purple, R273H; blue,
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R280L). Analyses were conducted with the help of Hailing Jin.
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Mutant p53 is ubiquitinated and degraded in CAL-51 cells, independent of MDM2

WT p53 protein is typically maintained at low levels through MDM2-mediated
ubiquitination and proteasomal degradation (Haupt et al., 1997; Rodriguez et al., 2000).
However, ubiquitination of mutant p53 protein is controversial: studies have reported
both increased and decreased mutant p53 ubiquitination occurring in cells (Li et al.,
2011a; Lukashchuk and Vousden, 2007). To determine if altered mutant p53
ubiquitination underlies protein accumulation in clonal CAL-51 cell lines, we treated WT
and R273H mutant p53 cells with the cell-permeable proteasome inhibitor MG132 to
prevent protein degradation. Immunoblotting showed higher molecular weight forms of
p53 in all cells treated with MG 132, indicating that p53 ubiquitination may occur
regardless of the TP53 genotype (Fig. 28a).

To determine if the higher molecular weight bands were ubiquitinated forms of
p53, we conducted ubiquitination assays by transfecting cells with HA-tagged ubiquitin
(HA-Ub) and immunoprecipitating p53 protein. Immunoblot analysis of
immunoprecipitates showed that ubiquitinated p53 protein was detectable in all WT and
R273H clonal cell lines analyzed and not in the p53 null negative control (Fig. 28b).
Mutant p53 ubiquitination levels increased in several mutant clones compared to a p53
WT cell line, although ubiquitination varied by cell line and depended on total HA-Ub
expression (Fig. 28b). In a separate analysis across mutant cell lines with similar HA-Ub
transfection efficiencies, the highly aneuploid (Fig. 7) mutant C2-56 and C2-22 cell lines
that express higher levels of mutant p53 protein (Fig. 24a-b) also displayed increased
p53 ubiquitination levels compared to other R273H mutant cell lines (Fig. 28c). Mutant

p53 ubiquitination was independent of MDM2 expression, as p53 mutant CAL-51 clonal
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cell lines with genotoxic stress induced through doxorubicin or ultraviolet irradiation did
not upregulate MDM2 expression (Fig. 29). Together, these data indicate that mutant
p53 proteins are ubiquitinated through an MDM2-independent mechanism and that
increased mutant p53 ubiquitination is associated with aneuploidy in these transformed
cell lines.

Increased MDM2-independent ubiquitination of mutant p53 protein has been
reported previously, although increased ubiquitination in these cells did not lead to a
corresponding increase in protein degradation (Lukashchuk and Vousden, 2007). To
characterize mutant p53 degradation in our CAL-51 cell lines, we examined p53 protein
levels by immunoblotting at various timepoints following inhibition of protein translation
with cycloheximide (Fig. 30a). In contrast to WT p53, which was efficiently degraded
and had a short half-life, all cell lines with mutant p53 displayed a variable but increased
half-life of p53 protein (Fig. 30b-c). Even though mutant p53 half-lives were increased,
the protein was still degraded in clonal R273H CAL-51 cell lines but not the MDA-MB-
468 cell line (Fig. 30b).

To determine if mutant p53 degradation was dependent on the proteasome, we
analyzed p53 protein at various timepoints following cycloheximide treatment in the
presence of the proteasome inhibitor MG132 (Fig. 31a). Whereas proteasome inhibition
completely blocked WT p53 degradation, it reduced but did not completely abrogate
mutant p53 degradation (Fig. 31b-c). These data suggest that mutant p53 protein is
ubiquitinated independently of MDM2, and degraded through proteasomal and non-

proteasomal mechanisms.
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Figure 28. Mutant p53 is ubiquitinated in CAL-51 cells.

a Western blot using a p53-specific antibody showing higher molecular weight protein bands after 5 h
treatment with 10 pM MG132. p53 levels are shown at high and low exposures along with the loading
control actin in the indicated CAL-51 WT and R273H mutant cell lines. Western blot is representative of
n = 2 independent experiments across multiple clonal cell lines. b-c Western blots showing p53
ubiquitination in CAL-51 cells of the indicated TP53 genotype following 48 h transfection with HA-tagged
ubiquitin (HA-Ub) and 5 h treatment with 10uM MG132. Upper panel shows 5% of the input used for
immunoprecipitation of p53 shown in the lower panel. Western blots are representative of at least n = 2
independent experiments. All experiments were conducted by Hailing Jin.
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Figure 29. Increases in MDM2 protein levels are not detectable in p53 null and mutant cell lines
after treatment with agents that induce genotoxic stress.

Western blots showing relative p53, MDM2, and GAPDH protein levels in the indicated CAL-51 clonal
cell lines containing WT, null, R175H or R273H TP53 genotypes after treatment with doxorubicin (Dox,
0.2 uM, 6h) or ultraviolet radiation (UV, 20J, 6h).

114



TP53
Genotype: wT
Cell Line: Cw-08 CW-23 CW-64 CW-67
CHX(h) o0 1 2 4 8 0 1 2 4 8 0 1 2 4 8 0 1 2 4 8
ps3 | | | | |
TP53
Genotype: R273H
Cell Line: C2-09 C2-42 C2-31 C2-22
CHX() 0 1 2 4 8 0 1 2 4 8 01 2 4 8 012 4 8
- E=— |
actin I—--—-————— ————— ”—-———--—--———‘“ |
Cell Line: C212 C2-56 C2-38 C2-60
CHX(th) 0 1 2 4 8 01 2 4 8 01 2 48 01 2 4 8
ps3 [ ——— |
actin '—-———-—-- ”--—--—--—-- |
b C 1024
150 - WT 512 TP53
- w3 256 Genotype
- 5 . —
- 4 CW-64 £ 18 B wrt
w'c () CW-67 =
[ : MCF10A £ 64 Bl R273H
2 ® 100 ~n\o I
-1 o R273H © 324
g~ - C2-12 I
u&g —— C2-38 o 164
N - C2-09 v
¥ e o oy
= E —
EE” s &
x c S¢ 256 2
-©- MDA-MB-468 1
Cell DO M*AL DS Al N oD
0 . ; . . y e SIS BT DS Ak D Y R,
0 2 4 6 8 10 Line: o$c§c§c§c$ FFIFFY VoV e
Time (h) \‘s,v‘

Figure 30. Mutant p53 has increased half-life but is degraded in CAL-51 cells.

a Representative western blots showing p53 and actin protein levels at various timepoints following
cycloheximide (CHX) treatment (100 pg/pL) in CAL-51 p53 WT and R273H mutant cell lines. b
Quantification of western blots shown in (a) showing p53 degradation following cycloheximide treatment,
along with MCF10A and MD-AMB-468 cell lines (blots not shown). The mean p53 levels from n = 3
independent experiments are shown normalized to the actin loading control and relative to the untreated
sample. Colors indicate TP53 genotype (WT, gray; R273H, purple). ¢ Bar plot of p53 half-lives calculated
from nonlinear regression of data shown in (b). Data indicate the mean + 95% confidence intervals.
Colors indicate TP53 genotype (WT, gray; R273H, purple). Western blot analyses were conducted with
the help of Hailing Jin.
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Figure 31. Mutant p53 degradation occurred after proteasome inhibition in CAL-51 cells.

a Representative western blots showing p53 and vinculin protein levels following MG132 treatment (10
MM, 5 h) at various timepoints following cycloheximide (CHX) treatment (100 ug/pL). b Quantification of
western blots in n = 2 WT and n = 3 R273H mutant cell lines following MG132 and cycloheximide
treatment as shown in (a). p53 levels are shown normalized to the vinculin loading control and relative
to the untreated sample. Data shown represent the mean + standard deviation from 3 independent
experiments. Colors indicate TP53 genotype (WT, gray; R273H, purple). ¢ Bar plots of p53 half-lives
calculated from nonlinear regression of data shown in (b). Data shown represent the mean + 95%
confidence intervals. Colors indicate TP53 genotype (WT, gray; R273H, purple). Western blot analyses
were conducted with the help of Hailing Jin.
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Mutant p53 cytoplasmic localization is increased in aneuploid cells

Although mutant p53 accumulation is typically nuclear (Rotter et al., 1983;
Shaulsky et al., 1990), cytoplasmic localization has been reported to be associated with
MDM2-independent mutant p53 ubiquitination (Lukashchuk and Vousden, 2007). To
determine the localization of mutant p53 in CAL-51 isogenic cells, we conducted
subcellular fractionation and immunoblotting in addition to several p53 WT and R273H
cell lines. Fractionation was confirmed by immunoblotting for GAPDH and PARP as
cytoplasmic and nuclear controls, respectively. In WT cell lines, p53 protein levels were
increased in nuclear cell extracts, whereas in mutant cell lines, p53 protein was
increased in the cytoplasmic cellular extracts (Fig. 32a-b). This increase in cytoplasmic
mutant p53 was especially pronounced in the highly aneuploid cell line C2-56. To
validate p53 localization in a larger panel of cell lines, we conducted p53 TSA-IF
staining with a-tubulin immunofluorescent staining as a cytoplasmic marker. WT and
R273H mutant p53 clonal cell lines had similar levels of cytoplasmic p53 staining,
except for three cell lines determined to be aneuploid by flow cytometry analysis, which
had increased levels of cytoplasmic mutant p53 staining (Fig. 32c-d). Of note, the
mutant cell line C2-12 did not show increased cytoplasmic p53 staining, contrary to the
cellular fractionation experiments (Fig. 32a-b); however, this inconsistency could be due
to differences in experimental sensitivity. In total, this data indicates that aneuploidy is

associated with cytoplasmic localization of mutant p53 protein.
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Figure 32. Mutant p53 cytoplasmic localization is increased in aneuploid cells.

a Western blot showing relative p53, GAPDH, and PARP protein levels in the indicated whole-cell,
nuclear or cytoplasmic extracts in the indicated CAL-51 cell lines. Data are representative of three
independent experiments. b Quantification of p53 levels in the indicated cellular fractions (W, whole-cell
extract; N, nuclear extract; C, cytoplasmic extract) in CAL-51 cell lines with varying TP53 genotypes. ¢
Quantification of p53 cytoplasmic localization from tyramide signal-amplified immunofluorescence (TSA-
IF) in the indicated CAL-51 cell lines. Aneuploidy status for each cell line was determined by flow
cytometry and shown as having diploid (-) or tetraploid (+) DNA content. Colors indicate TP53 genotype
(gray, WT; purple, R273H) d Representative TSA-IF images stained for p53 (CY3/red), a-tubulin
(FITC/green), and nuclei (Hoechst/blue) in the CAL-51 C2-56 cell line. Arrows indicate examples of
mutant p53 cytoplasmic staining. Scale bar, 100 uM. Analyses were conducted with the help of Hailing
dJin.
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Mutant p53 is destabilized by the HDAC inhibitor SAHA but not with HSP90
inhibitors or statins

Therapeutic targeting and destabilization of mutant p53 protein is an active area
of research, and several compounds have been identified to destabilize mutant p53 in
cells. For example, HSP90 or HDAC inhibitors have been shown to alter mutant p53
protein levels and are being considered as an exploitable therapeutic option for tumors
containing mutant p53 (Alexandrova et al., 2015; Li et al., 2011b). In addition, the use of
statins has been reported to specifically induce degradation of mutant p53 protein in
breast cancer cell lines (Parrales et al., 2016; Turrell et al., 2017). Therefore, we
determined if compounds previously reported to destabilize mutant p53 protein could
decrease mutant p53 levels in our isogenic CAL-51 cell line models. CAL-51 clonal cell
lines containing WT or R273H mutant p53 were treated with the HSP90 inhibitors 17-
AAG and ganetespib, or with the HDAC inhibitor SAHA and protein levels evaluated by
immunoblot. Only the HDAC inhibitor SAHA specifically decreased mutant p53 protein
levels (Fig. 33a). Neither HSP90 inhibitor nor two different statins (lovastatin and
atorvastatin) resulted in decreased mutant p53 protein in CAL-51 cells, contrary to

previous reports (Fig. 33b) (Freed-Pastor et al., 2012; Parrales et al., 2016).
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Figure 33. Mutant p53 is destabilized by the HDAC inhibitor SAHA but not HSP90 inhibitors or
statins.

a Western blots showing relative p53 and actin levels in the indicated CAL-51 WT and R273H cell lines
following treatment with the HDAC inhibitor SAHA (5 uM, 24h), or the HSP90 inhibitors ganetespib (30
nM, 24 h) and 17-AAG (5 uM, 24 h) or a DMSO control (upper panel). Quantification of p53 levels
normalized to actin and shown relative to the DMSO treated control (lower panel) from n = 2
independent experiments. b Western blots showing relative p53 and actin levels in the indicated CAL-
51 WT and R273H cell lines following treatment with the statins lovastatin (8 uM, 24h) and atorvastatin
(8 UM, 24h), or a DMSO control (upper panel). Quantification of p53 levels normalized to actin and
shown relative to the DMSO treated control (lower panel), representative of n = 2 independent
experiments. Western blot analyses were conducted with the help of Hailing Jin.

120



Discussion

Accumulation of mutant p53 protein is a hallmark feature of transformed cells and
human tumors, and this phenotype is especially prominent in basal-like/triple-negative
breast cancers (Bartek et al., 1991; Bouchalova et al., 2014). Increased protein
accumulation has been reported to enhance supposed mutant p53 GOF phenotypes
such as increased metastasis (Terzian et al., 2008). Given the high frequency of p53
mutations, there is significant interest in developing mutant p53 destabilizing
compounds for therapeutic purposes. However, very little is known about the
mechanisms underlying mutant p53 stabilization and if they are unique to mutant p53 or
shared with the WT protein. The latter is highly relevant given that it is unlikely that
compounds that destabilize mutant p53 will reach therapeutic utility if they also
destabilize WT p53 protein. As described in this chapter, we utilized our isogenic triple-
negative breast cell line models to study mechanisms contributing to mutant p53
accumulation.

Similar to previous reports (Terzian et al., 2008; Xue et al., 2019), we observed
heterogeneous mutant p53 accumulation in our cell line models. Utilizing our clonally
derived cell lines, which originated from a near-diploid parental genetic background, we
showed that increased p53 protein levels in R273H mutant cell lines correlated with the
acquisition of aneuploidy in those cells. Comparative analyses conducted with our cell
lines revealed that aneuploidy is also associated with the ubiquitination and cytoplasmic
localization of mutant p53 protein. Because aneuploidy, but not whole-genome
doubling, correlated with increased mutant p53 protein stability, it is likely that specific

chromosomal gains or losses, and potentially the gain or loss of novel mutant p53
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regulators, contributes to protein stabilization. We identified that mutant p53 is
ubiquitinated and degraded by an MDM2-independent mechanism through proteasomal
and non-proteasomal pathways. These data suggest that ubiquitin ligases other than
MDMZ2 are responsible for mutant p53 ubiquitination. Further studies are needed,
however, identification of novel mutant p53 regulators and ubiquitin ligases will be of
value to the p53 field and perhaps attractive therapeutic targets if mutant GOF activity is
identified and confirmed in future studies. Finally, determining whether the alteration of
other cellular degradation pathways such as autophagy contribute to mutant p53
stabilization requires further investigation.

Aneuploidy has been shown to activate wild-type p53 protein (Li et al., 2010;
Santaguida and Amon, 2015; Soto et al., 2017; Thompson and Compton, 2010),
although there is some debate over the specific types of aneuploidy and contexts that
cause p53 activation. For example, stable aneuploid murine embryonic fibroblasts do
not show elevated p53 levels (Tang et al., 2011), and whole chromosome aneuploidies
are tolerated and propagated in a p53-proficient background (Soto et al., 2017).
Aneuploidy has not previously been attributed to mutant p53 protein stabilization;
however, mutant and wild-type p53 are stabilized similarly in response to cellular stress
(Boettcher et al., 2019; Redman-Rivera et al., 2021; Terzian et al., 2008). Thus, it is
reasonable to hypothesize that cellular stresses associated with aneuploidy may be
contributing to mutant p53 stabilization in cells.

Mutant p53 accumulation has been reported to underlie mutant p53 GOF
phenotypes (Brosh and Rotter, 2009; Terzian et al., 2008). While we have observed

overlapping associations between the acquisition of aneuploidy, mutant p53
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accumulation, the presence of mutant p53 associated GOF phenotypes, and mutant
p53 knockdown, the experiments described in Chapter Il revealed GOF phenotypes
were not dependent on mutant p53 protein levels. Similar to the findings of Chapter lll,
in this chapter, we show that acquisition of aneuploidy contributes to phenotypes
associated with mutant p53 protein. More work is needed to validate these findings and
determine how aneuploidy contributes to mutant p53 stabilization.

Finally, although aneuploidy was associated with mutant p53 accumulation in
CAL-51 cell lines, other mechanisms contributing to mutant p53 stabilization likely exist.
Notably, the varying levels of mutant p53 protein in our cell line models, which
originated from the same genetic background, provide improved models for the study of
p53 protein regulation. A better understanding of the mechanistic basis for mutant p53
protein accumulation is needed, especially as studies are attempting to modulate the
stability of both mutant and WT p53 proteins for therapeutic purposes. Even if this
protein accumulation is not contributing to mutant p53 GOF activity, it may be useful as
a prognostic marker indicative of other cellular alterations that could be targeted
therapeutically, especially in some aggressive cancer types that have high frequency of

p53 mutation and accumulation like triple-negative breast cancers.

123



CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

Summary

The work presented in this dissertation was performed to advance the field’s
understanding of mutant p53 protein function in human cancers. Although the role of
mutant p53 in tumorigenesis has been studied for over 40 years, the model systems
used for experimentation have yielded contradictory results and generated confusion
over whether mutant p53 has oncogenic gain-of-function (GOF) activities. The advent of
CRISPR/Cas9 genome editing technology has allowed the generation of improved
biological models, like those utilized in this dissertation, which control for confounding
effects caused by ectopic expression of protein and other cellular modification
techniques. Further, genomic sequencing advances have improved the ability to detect
complex genomic and chromosomal alterations in cells.

We deployed experimental and technological improvements to generate two
isogenic cell line models, consisting of 36 clonal cell lines derived from relatively diploid
non-transformed and transformed epithelial cells. These isogenic cell lines initially
differed only by TP53 genotype and allowed for the systematic study of mutant p53 LOF
and GOF. In Chapter Ill, | presented evidence that various cellular phenotypes, which
had previously been attributed to the oncogenic activities of mutant p53 proteins, were
not dependent on the mutant p53 protein but the acquisition of aneuploidy. Further, |

could not identify inhibitory protein-protein interactions between mutant p53 and p73 or
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changes in gene expression, previously reported as mechanisms for mutant p53 GOF
activities. In Chapter IV, | extended my investigation to another phenotype common to
mutant p53 expressing cells: accumulation of the mutant p53 protein. Similar to the
theme of Chapter Ill, my results in Chapter IV showed that aneuploidy contributes to the
accumulation of the mutant protein. Highly aneuploid cells displayed increased mutant
p53 ubiquitination and increased cytoplasmic localization, and mutant p53 protein
degradation occurred through proteasomal and non-proteasomal mechanisms,
independent of MDM2. Finally, in Chapter lll, | reported that human cancer cell lines
containing TP53 missense mutations do not display increased metastasis in murine
models. Further, patients with highly aneuploid tumors have unfavorable clinical
outcomes, regardless of TP53 status (mutant or null).

Analyses of the collective data generated from my dissertation research suggest
that the mutant p53 proteins analyzed herein (R175H and R273H) have LOF but not
GOF activity. This notion is supported by other studies utilizing isogenic cell lines and
next-generation sequencing techniques (Boettcher et al., 2019; Giacomelli et al., 2018).
Further, this dissertation work provides valuable insight to whether mutant p53 has an
oncogenic function. | discovered that aneuploidy, which frequently occurs in cells
following p53 LOF, can generate many GOF phenotypes previously attributed to the
mutant p53 protein. Aneuploidy has diverse cellular consequences that contribute to
tumorigenesis (Ben-David and Amon, 2020; Chunduri and Storchova, 2019; Vasudevan
et al., 2021), and cells with p53 mutations frequently display aneuploidy (Ciriello et al.,
2013; Davoli et al., 2017; Taylor et al., 2018; Zack et al., 2013). Yet, most publications

claiming mutant p53 GOF effects often disregard the confounding effects caused by the
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genomic instability following p53 LOF. The contribution of aneuploidy in mutant p53
GOF had not previously been assessed, and our findings reveal aneuploidy as an
explanation for the diverse array of reported mutant p53 GOF phenotypes. These
findings are significant given the extent of pre-clinical and clinical investigation currently

underway to target the GOF activities of mutant p53 for cancer therapy.

Future Studies and Ongoing Analyses

In the remainder of this chapter, | will discuss the ongoing analyses and future
studies that can address questions developed from our findings. Several important
questions remain: (i) Does mutant p53 GOF activity exist in other contexts, for example,
with other p53 mutations, other oncogenic mutations in the same cell like activating Ras
mutations, or phenotypes not yet analyzed in our models?; (ii) Is the increased
metastasis reported in mutant p53 murine models also driven by aneuploidy?; (iii) Does
mutant p53 contribute to the development of aneuploidy?; and (iv) What cellular factors
and processes contribute to mutant p53 stabilization and can they be utilized as
prognostic markers indicative of other cellular alterations that could be targeted for

therapeutic purposes?

Determining Mutant p53 GOF in Other Contexts
Our isogenic cell lines represent improved models for the study of both WT and
mutant p53 functions. Much work remains to determine if mutant p53 GOF activities

exist in other contexts. Early studies of mutant p53 (then thought to be the wild-type
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protein) found that the protein could facilitate cellular transformation in cooperation with
other oncogenes such as activated Ras (Eliyahu et al., 1984; Jenkins et al., 1984;
Parada et al., 1984). However, in the studies above, it was not determined if the cellular
transformation was due to dominant-negative or GOF effects. Dominant-negative
functions of mutant p53 often complicate the understanding of GOF activities as many
prior studies claiming GOF have been conducted in cells that retain a WT allele. For
example, the pancreatic ductal adenocarcinoma Kras®'2*; Trp53R772H+; Pdx1-Cre mice
(KPC) mice contain Kras and heterozygous p53 mutations (with a p53 WT allele intact)
and have been commonly used to define mutant p53 GOF (Ghosh et al., 2021; Morton
et al., 2010). It would be interesting to determine if mutant p53 can exert GOF activities
in cooperation with other alterations such as Ras, PIK3CA, or PTEN mutations in cells
that do not retain the WT protein. Our p53 null and mutant isogenic MCF10A or CAL-51
cell lines could be efficiently CRISPR/Cas9 engineered to add oncogene mutations of
interest (e.g., Kras G12D). The resulting modified lines could be used in xenograft
mouse models to determine if both mutant p53- and Kras G12D-expressing cells display
GOF phenotypes such as increased tumorigenicity compared to p53 null cells with a
Kras G12D mutation.

We were not able to analyze all mutant p53 GOF phenotypes previously
described. Using murine models of p53 mutations, investigators have reported
increased metastasis (Lang et al., 2004; Morton et al., 2010; Terzian et al., 2008),
however, we were unsuccessful in our attempt to study metastasis through tail-vein
injection experiments using our CAL-51 cell line models (data not shown). Although we

found no evidence supporting metastatic mutant p53 GOF activities by analyzing
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publicly available data on the metastatic potential of cancer cell lines in mice (Fig. 21c-
d), further work to optimize experimental conditions and study metastasis using our
isogenic cell line models could be conducted.

Recent work shows that mutant p53-containing cells with loss-of-heterozygosity
(LOH), which are aneuploid, have increased metastasis in mice (Nakayama et al.,
2020). Other studies have shown that chromosomal instability contributes to metastasis
(Bakhoum et al., 2018). Further, a study of KPC cells revealed that cells expressing
heterozygous p53 R172H (human R175H) and activating Kras (G12D) mutations
undergo p53 LOH, display widespread chromosomal instability and develop highly
metastatic disease compared to cells containing either the p53 mutation or Kras
mutation alone (Hingorani et al., 2005). However, there is limited understanding of how
mutant p53 contributes to cancer metastasis. Further studies are needed to determine if
mutant p53 GOF activity (and not dominant-negative activity) or chromosomal
alterations drive the increased metastasis seen in several engineered mouse models
with heterozygous mutations in p53. Given the unfavorable outcomes for patients
diagnosed with metastatic disease, any mechanistic insights in this area would be
significant.

Other reported mutant p53 GOF phenotypes of interest for further study include
cellular plasticity and immune modulation (Ghosh et al., 2021; Loizou et al., 2019).
Uncovering whether mutant p53 or aneuploidy contribute to these phenotypes would
also provide insight to mutant p53 function. Finally, not all p53 mutations are equivalent
in terms of their effect on protein structure. As we only analyzed two p53 mutations

(R175H and R273H), it will also be interesting to determine if other hotspot p53 mutants
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have GOF activities. For example, the R248Q mutation has been reported to have GOF
activity, and its ablation in murine models has been shown to cause tumor regression
(Alexandrova et al., 2015; Schulz-Heddergott et al., 2018). Isogenic models of this
mutation and others can easily be created and analyzed using the methods and

analyses described in Chapter Il of this dissertation.

Determining Mechanisms of Aneuploidy Development

Analyses described in Chapter Il show that mutant p53 containing cell lines
displayed an increased frequency of aneuploidy consistent with previous studies
(Ciriello et al., 2013; Duensing and Duensing, 2005; Gualberto et al., 1998; Hanel and
Moll, 2012; Hingorani et al., 2005; Liu et al., 1996; Rausch et al., 2012; Talos et al.,
2007; Taylor et al., 2018). However, the underlying mechanisms behind this increased
aneuploidy require further study. We have assessed several mechanisms by which
mutant p53 has been reported to generate aneuploidy. We evaluated cell cycle arrest
after DNA damage and double-strand break formation in our cell lines but found no
significant differences between p53 mutant and null cells (Fig. 34a-b). Another potential
mechanism could be through direct interactions between mutant p53 and the p53 family
member p73. Previously, p73 has been reported to maintain chromosomal stability and
ploidy in the absence of p53 (Talos et al., 2007). As described in Chapter Ill, no
interactions were observed between mutant p53 and p73 proteins in MCF10A or CAL-
51 isogenic cell lines (Fig. 10a-c). Additionally, overexpression of exogenous mutant
p53 protein in non-aneuploid CAL-51 null cell lines and subsequent DNA content

analysis by metaphase spreads or flow cytometry showed changes in DNA content (Fig.
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34c-e). These data suggest the expression of the mutant protein is not sufficient to
induce aneuploidy. Mutant p53 GOF activities associated with genomic and
chromosomal instability have been reported previously (Gualberto et al., 1998; Murphy
et al., 2000; Song et al., 2007). Even though it is well established that aneuploidy is a
consequence of p53 LOF, it remains possible that mutant p53 proteins have GOF
activities that contribute to the development of aneuploidy. Additional studies such as
immunofluorescence analyses of centrosome duplication and live-cell imaging
experiments to monitor and dissect mechanisms of aneuploidy development are one

area of focus for future studies.

Elucidating Mechanisms of Mutant p53 Stabilization

In Chapter IV, we utilized our cell line models with varying levels of mutant p53
protein to study mechanisms contributing to mutant p53 accumulation. We identified
that aneuploidy, but not whole-genome duplication, contributes to mutant p53
stabilization. However, further experiments are needed to uncover additional
mechanisms contributing to mutant p53 stability and the exact mechanisms for how
aneuploidy is promoting mutant p53 accumulation. One potential hypothesis is that
aneuploidy results in the gain or loss of proteins regulating mutant p53. Alternatively,
the cellular stresses associated with aneuploidy, such as proteotoxicity or metabolic
imbalances, could cause accumulation of the mutant protein. Further experiments to
induce aneuploidy through chemical (spindle checkpoint inhibitors) or genetic
(CRISPR/Cas9) methods to create specific chromosomal amplifications or deletions can

be utilized to analyze the effects of these perturbations on mutant p53 accumulation.
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Figure 34. Analysis of mechanisms for aneuploidy development in mutant p53 containing
isogenic cell lines.

a Cell cycle checkpoint analysis of MCF10A and CAL-51 cell lines after treatment with doxorubicin (Dox,
2 uM, 24 h). Data from two independent experiments represent the average percentage of cells in each
cell cycle phase from multiple cell lines of the indicated TP53 genotype. Colors represent the cell cycle
phase/DNA content (black, <G1; blue, G1; gray, S; purple, G2/M; and yellow, 8N). b Comet assay
(conducted in collaboration with Archana Krishnamoorthy, David Cortez Laboratory, Vanderbilt
University) showing the average tail moment of the indicated MCF10A cell lines. The p53 WT cell line
MW-04 was treated with camptothecin (+CPT, 10 pM, 2 h) and used as a positive control. At least 200
cells were scored for tail moment using Opencomet software in Fiji. Samples were compared using one-
way ANOVA with Tukey’s multiple comparisons test. ¢ DNA content analysis of CAL-51 CN-18 cells
transduced to overexpress R175H or R273H mutant p53. Cell cycle distributions represent DNA content
measured by flow cytometry of propidium iodide (PI) stained cells and d quantification of chromosomes
using metaphase spreads (10 cells per cell line) at approximately 10 passages after viral transduction.
e Immunoblot showing expression of the indicated p53 protein or GAPDH loading control following viral
transduction.
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Our results show that mutant p53 proteins are still ubiquitinated and degraded in
CAL-51 cell lines through an MDM2-independent mechanism (Fig. 28-30). These data
indicate that other E3 ubiquitin ligases exist that can contribute to mutant p53
ubiquitination. E3 ligases CHIP and Pirh2 have been shown to ubiquitinate and regulate
mutant p53 protein (Lukashchuk and Vousden, 2007; Parrales et al., 2016); thus,
genetic modulation through knock-in and knockdown experiments followed by
immunoblotting analyses can be utilized to determine if these proteins are contributing
to the mutant p53 ubiquitination seen in our cell lines. Current and ongoing analyses
also focus on identifying novel proteins that potentially regulate mutant p53 stability. We
are currently optimizing conditions to immunoprecipitate p53 from CAL-51 WT, Null and
mutant p53 cell lines followed by mass spectrometry to identify novel mutant p53
interacting proteins. In Chapter IV, we determined that a non-proteasomal mechanism
contributes to mutant p53 degradation (Fig. 31). Analysis of other cellular degradation
pathways, such as cellular autophagy, could be further investigated for their potential
role in mutant p53 degradation.

Finally, further analysis of genomic datasets comparing cell lines with high and
low levels of p53 protein could provide useful information as to the cellular pathways
contributing to mutant p53 stabilization and degradation. Bioinformatics analyses of
publicly available human cell line and tumor datasets are currently being conducted to
identify genes with genetic dependencies or expression levels that correlate with mutant
p53 expression. Given the interest in destabilizing mutant p53 for therapeutic purposes,
any discoveries made regarding mutant p53 stabilization utilizing our cell line models

will be of value.
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Concluding Remarks

In conclusion, the research presented herein has provided new insight to mutant
p53 function and uncovered that aneuploidy contributes to several phenotypes
previously associated with mutant p53 GOF activity and accumulation of the mutant
protein. Additionally, this dissertation research and the work of others utilizing advanced
technologies have shown no evidence for mutant p53 GOF (Boettcher et al., 2019;
Giacomelli et al., 2018; Redman-Rivera et al., 2021). These findings build on nearly
three decades of research, much of which has claimed oncogenic functions of mutant
p53. Thus, the research described herein will benefit the p53 field and catalyze

discoveries that may be translated into clinical advancements for patients with cancer.
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