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1.

INTRODUCTION:

Breast cancer is one of the leading causes of death in women worldwide. Currently, radiation therapy,
coupled with breast-conserving surgery is the standard of care for the majority of breast cancer patients.
However, a meta-analysis showed that radiation reduces 15-year breast cancer mortality risk only by 5%.
At present, 30% of all breast cancer cases are considered to be overtreated by the administration of more
aggressive therapies than is necessary or by overdiagnosis, where no treatment is required. An estimated
one to three deaths from overtreatment occur for every one breast cancer death avoided [1]. Hence, the
understanding of how to reliably identify which breast cancer patients will benefit from radiotherapy is
needed to reduce the mortality risk and improve the quality of life.

Mutations in TP53 (p53) gene are common in breast cancer and are especially enriched in Her2
(human EGF receptor 2, ErbB2) positive breast cancer (72%) [2], and basal-like breast cancer (80%) [2].
Whereas wild-type p53 (wtp53) is an important determinant of the efficacy of DNA-damaging therapies,
the p53 mutational status is not routinely used for cancer management. This is mainly due to inconsistent
results of clinical studies [3], conceivably because in previous studies the predictive effect of p53 status
in response to genotoxic modalities has not been assessed at the different stages and in the context of
p53 heterozygosity. In some cancers, mutant p53 (mutp53) status was shown to predict poor patient
outcome in response to genotoxic treatment. A prospective clinical trial in the early stages of non—small-
cell lung cancer revealed that chemotherapy shortens the survival of patients with dual TP53/KRAS
mutations, but not wild-type TP53/mutKRAS patients, compared to untreated cohorts [4], whereas other
studies showed a better response of mutp53 tumors to chemotherapies [5]. Thus, knowing how mutp53
interacts with the specific oncogenic environment in the context of conventional therapies will facilitate
the clinical utilization of the mutational status of p53.

Clinical data suggest that p53 behaves as a classic “two-hit” tumor suppressor where a point mutation in
one allele of p53 at early stages is followed by loss of the wild-type allele (loss of heterozygosity (LOH))
later during tumor progression [6]. Albeit mutp53 in heterozygosity may exert dominant-negative (DN)
effect [7], several in vivo studies showed that wtp53 retains its function in heterozygous tumors [8]. In
support, ~80% of advanced-stage mutp53 breast cancer tumors have lost the wtp53 allele suggesting
the high selective pressure for p53LOH during tumor progression [9]. These studies raise the question
of why mutp53 exerts DN in some contexts, but not others, and what is the clinical relevance of these
findings?

To address these questions, we generated MMTV-ErbB2 and mutp53 R172H (H thereafter) knock-in
mouse model that faithfully recapitulates human Her2-positive breast cancer [10]. We found that wtp53
retains its transcriptional activity in both p53-/+;ErbB2 and p53H/+;ErbB2 heterozygous cancer cells.
However, irradiation of premalignant mammary lesions aggravates mammary tumorigenesis that is
associated with increased frequency of p53LOH mostly in mutp53 heterozygous mice. We propose that

in response to irradiation, mutp53, via activation of several oncogenic pathways (mMTOR, Nek2),
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generates the selective pressure for wtp53 loss in heterozygous cells that is fueled by inactivation of ATM
signaling and deficient DNA repair. Thus, p53LOH in the presence of mutp53 allele enhances cancer cell

fithess, provides the genetic plasticity for acquiring metastatic properties that enables tumor progression.

2. KEYWORDS: p53, mutant p53, ErbB2, Her2, breast cancer, loss of heterozygosity (LOH), radiation,

chemotherapy, Her2 positive breast cancer.

3. ACCOMPLISHMENTS:

The major goals of the project.

Major Task 1. Determine the effect of DNA-damaging therapeutics on p53 LOH and tumorigenesis in ErbB2-

driven mutp53 mammary tumors in vivo (100% completion).

Subtask 1. Define the physiological consequences of p53 LOH in ErbB2-driven mammary tumorigenesis.
Analyze histopathology, the ErbB2/HSF1 signaling by IHC and Western in the established collection of mammary

tumors from irradiated and non-irradiated mice with different p53 LOH status.

Subtask 2. Evaluate the effect of different p53 mutations on p53 LOH in ErbB2-driven mammary tumorigenesis.
Test whether similar to R172H, R248Q mutant p53 allele aggravates mammary tumorigenesis compared to p53

null counterparts and promotes p53 LOH after irradiation.

Subtask 3. Assess the effect of irradiation of established mutp53;ErbB2 tumors on p53 LOH (neoadjuvant
setting). Test whether irradiation of established tumors induces LOH and accelerates mammary tumorigenesis in
R172H/+;ErbB2 mice. (50%completion)

Local IRB/IACUC approval (100% completion)

HRPO/ACURO approval (100% completion)

Major Task 2. Mechanistically assess the physiological consequences of p53 LOH in heterozygous mutp53

mammary cells in vitro. (100% completion)

Subtask 1. Examine the frequency and time of p53 LOH onset in the existing collection of cell culture of primary
mammary epithelial cells and mammary tumors culture derived from mice with different p53 genotypes. Serial
5



passaging of R172H/+ErbB2 vs p53-/+;ErbB2 vs p53+/+;ErbB2 MECs and mammary tumors cultured cells.

Subtask 2. Test the effect of irradiation on the frequency and time of p53 LOH onset in primary mammary
epithelial cells (MECs) and mammary tumors culture derived from mice with different p53 genotypes. Serial
passaging of R172H/+;ErbB2 vs p53-/+;ErbB2 vs p53+/+;ErbB2 MECs and mammary tumors cultured cells after
single dose of irradiation in vitro at passage 1.

Subtask 3. Correlate the p53 LOH status of R172H/+;ErbB2 vs p53-/+;ErbB2 vs p53+/+;ErbB2 MECs and
mammary tumors cultured cells with cellular properties (proliferation, chemoresistance, allografts) and with

biochemical characteristics.

Major Task 3. Determine whether p53 LOH promotes metastatic behavior in ErbB2 cancer cells. (50%
completion)

Subtask 1. Establish whether p53 LOH enhances the motility and invasion of cancer cells in vitro.
Test the motility and invasive properties of primary mammary epithelial cells and tumor cultures derived from
H/+;ErbB2 and p53-/+;ErbB2 mice before and after LOH in vitro. Boyden chamber assay, wound healing assay,

metastases in allografts.

Subtask 2. Determine whether p53 LOH enhances the ability of tumor cells to metastasize in vivo. Isolate
metastatic cells from lungs of irradiated and non-irradiated of R172H/+;ErbB2 vs p53-/+;ErbB2 vs p53+/+;ErbB2

mice. Assess p53 LOH status in metastases in comparison with primary tumors.

Major Task 1. Determine the effect of DNA-damaging therapeutics on p53 LOH and tumorigenesis in ErbB2-

driven mutp53 mammary tumors in vivo. (100% completion)

Subtask 1. Define the physiological consequences of p53 LOH in ErbB2-driven mammary tumorigenesis.
Analyze histopathology, the mutp53/ErbB2/HSF1 signaling by IHC and Western in the established collection of
mammary tumors from irradiated and non-irradiated mice with different p53 LOH status.

1.1 Loss of heterozygosity is required for missense mutant p53 stabilization and GOF in vivo.

The translational significance of tumor-specific stabilization of mutant p53 was established previously. The
purpose of this subtask is to 1) comprehensively evaluate mutant p53 protein levels in mammary tumors with

regard to p53 LOH status; 2) correlate the mutant p53 levels/LOH status with physiological outcomes.
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First, we evaluated the consequences
a
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Fig.1 Loss of wtp53 allele is required for missense mutant p53 stabilization and GOF. (a) The vast majority of sarcomas (16/17 cases,
94%) have stabilized mutp53. In contrast, the majority of breast carcinomas (16/20 cases, 80%) do not. Immunohistochemistry for
mutp53. Mouse identity in parentheses. Arrows indicate the osteoid in osteosarcoma. (b) Analysis of wtp53 copy number in sarcomas
and breast carcinomas of p53Q/+;Neu mice by quantitative genotyping. Tumors with mutp53 stabilization (all sarcomas and three breast
cancers tested) have significantly higher LOH than tumors without mutp53 stabilization (majority of breast cancers). Note, as sarcomas
have highnormal stroma contamination (top, blue mutp53-negative stromal cells, which do not have LOH), the actual LOH in sarcomas
is most likely even higher because of dilution of the tumor genotype, causing LOH underestimation. For the same reason, copy numbers
of the two highest sarcoma cases (two left red bars) are likely inflated. The wtp53 signal was normalized to the Rosa26 signal. Tail
biopsies from p53+/+ (two wt alleles), p53Q/+, p53-/+ (one wt allele) and p53—-/- mice (no wt alleles) were used as normal control
tissues without LOH. Bars represent mean+S.D. of two technical replicas of individual cases. ***P00.001. (c) Schematic diagram of the
proposed mechanism for mutp53 stabilization and GOF in heterozygous tumors. Loss of the wtp53 allele (LOH) causes accumulation of
highly stabilized mutp53 protein, which triggers tumor development and is the principle mechanism and prerequisite of GOF
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examined sarcomas (94%, 16/17), but only in rare breast carcinomas (20%, 4/20), even within the same animal
(Figure 1a, e.g., animal #1248). Our previous work has established that a high level of mutant p53 in cancer
cells is essential for its oncogenic activity. Thus, we asked whether mutant p53 stabilization in sarcomas is the
result of wtp53LOH and whether sarcomas are more prone to p53 LOH than breast tumors. Indeed, gPCR of
genomic DNA showed that p53 spontaneous LOH occurs in all sarcomas, but is less frequent in breast cancer
(Fig. 1b). Moreover, the few breast tumors that did stabilize mutp53 also underwent p53 spontaneous LOH.
Together, this strongly suggests that LOH is a critical prerequisite for mutp53 stabilization in cancer cells (Fig.1c).
Importantly, LOH and its related stabilization of mutant p53 protein strongly correlate with the tumor onset and
survival. We observed the oncogenic effect of mutant p53 only in sarcomas, where LOH and stabilization of
mutant p53 are more profound that in breast carcinomas. Sarcoma onset is faster in p53Q/+;Neu compared with
p53- /+;Neu mice (Fig. 3a).

The stability of mutant and wt p53 is maintained by Mdm2, p53-specific E3 ligase, which itself is the
transcriptional target of wtp53. Hence, the low level of mutant p53 protein in heterozygous mammary tumors,
most likely, is attributed to the transcriptional activity of wt53. There is a strong notion in the field, that in
heterozygosity mutant p53 inactivates wtp53 via the dominant-negative mechanism. To test this idea in our
model, we analyzed p53 target genes in tumors as a readout for the remaining wtp53 allele activity (Fig. 2).
Indeed, all tumors with stabilized mutp53, including the single ‘outlier’ breast cancer tested, had reduced or
undetectable Mdm2 and p21 levels, respectively, and sarcomas also had reduced Bax and Puma expression
correlating with their LOH. Hence, our data suggest that in heterozygosity wt p53 retains its transcriptional activity
and its tumor-suppressive function. While induced and/or spontaneous LOH would lead to complete loss of
wtp53 function, the manifestation of mutant p53 gain-of-function (GOF) and, thus, augment tumor progression.
First, we assessed mutp53 protein level through systematic IHC analysis of mammary tumors from irradiated

and non-irradiated mice.
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Fig. 3 Irradiation induces the accumulation of mutant
p53 protein in heterozygous cancer cells. (A) The
increase in p53LOH in H/+;ErbB2 mammary tumors
are associated with the stabilization of mutp53 after
irradiation of premalignant lesions, while irradiation
did not affect wtp53 levels in +/+;ErbB2 and -/+;ErbB2
tumors. Representative images of p53 IHC of
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ps3 e panels).4 tumors per genotype were analyzed. (B)
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1.2 Irradiation induces the accumulation of mutant p53 protein in heterozygous cancer cells.

Next, we tested whether our results on R248Q p53 mutant are reproducible for R172H p53 mutation in
MMTV;ErbB2 mouse model. R172H mutation in murine p53 corresponds R175H mutation in humans and is
highly prevalent in human ErbB2 positive breast cancer [2]. As radiotherapy is the most common genotoxic
modality in human breast cancer, we tested the oncogenic function of R172/H (H thereafter) and driving forces
for p53 LOH in the context of y-irradiation. Consistent with our previous study on R248Q;MMTV-Neu mouse
model[9], we found only 10-15% of p53 positive cells in H/+;ErbB2 mammary tumors, while no p53 staining
was detected in p53-/+;ErbB2 and +/+;ErbB2 tumors (Fig. 3A, upper panel). The increase in p53LOH in
H/+;ErbB2 mammary tumors was associated with stabilization of mutp53 after irradiation of premalignant
lesions (Fig. 3A, lower panel). Conversely, irradiation did not affect wtp53 levels in +/+;ErbB2 and -/+;ErbB2
tumors (Fig. 3A, lower panel). As mutp53 stabilization in tumors was proposed to be essential for its oncogenic
function [11], p53LOH with subsequent mutp53

Rad51 B Ku70 |

TRy

[ r.g:-:.,‘ g

[
S)

B

A p53+/+;ErbB2 i p53- p53+/+;ErbB2 p53-
e e | o R g Fig.4 P53LOH is associated with the switch from
! homologous recombinational repair (HRR) to
IS nonhomologous end joining (NHEJ) and genomic
77— .77 instability.
(A) Rad51(marker for HRR) IHC in ErbB2 mammary
e : tumors of mice with indicated p53 genotypes. (B)
o e R SHED Ku70 (a marker for NHEJ) in ErbB2 mammary tumors
of mice with indicated p53 genotypes. Four mammary
tumors per genotype were stained. Representative
images. (C) H&E staining of normal anaphase
showing the segregating masses of chromosomes and
C o~ i D, . o bridging (arrow) between the segregating masses of
‘\\ ) 34.‘ gso - chromosomes during anaphase. (D) p53 IHC staining
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Staining for mitotic spindles in a mitotic cell
(metaphase) in p53H/-;ErbB2 mouse mammary tumor
(a and e). Nuclear staining (DAPI), (b and f)
centrosomes (y-Tubulin), (c and g) mitotic spindles (a-
Tubulin), (d and h) merge. (a-d) a mitotic cell with
normal (2) spindle poles and 2 centrosomes. (e-h) a
mitotic cell with no centrosomes (acentrosomal) and
abnormal (>2) spindle poles. Arrows point to the
stabilization may represent a key event in cancer position of the centrosomes in the mitotic cell.
Asterisks indicate the 3 directions of the pull of the
acentrosomal spindle poles.

o

progression in vivo.

To understand how irradiation affects mutp53

protein levels in heterozygosity, H/+;ErbB2 and -

/+;Erbb2 mice were irradiated or not at the time of tumor onset (tumor volume-1cm?®). Western blot of tumors
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16h after irradiation revealed that irradiation stabilizes mutp53 protein in heterozygous tumors significantly
higher than wtp53, as p53 in -/+;ErbB2 tumors remained undetectable (Fig. 3B). Likewise, murine mammary
tumor cell lines show different kinetic of wtp53 and mutp53 stabilization following irradiation (9Gy). While wtp53
in +/+;ErbB2 cells was only transiently upregulated at 2h post-irradiation, mutp53 shows much higher and

continuous stabilization in H/+;ErbB2 cells (Fig. 3C).

As the previous study has shown upregulation of mutp53 RNA in response to genotoxic anthracyclines
in human cell lines[12], we analyzed p53 mRNA in cells with different genotypes before and after irradiation.
We found no increase in p53 RNA in H/+;ErbB2 cells (Fig. 3D), suggesting post-transcriptional regulation of
mutp53 protein levels in heterozygosity in response to irradiation. Collectively our data led us to hypothesize
that in heterozygous cells, irradiation stabilizes mutp53 over the threshold, which is sufficient to promote its
oncogenic activities leading to p53LOH and tumor progression. Therefore, independently of the type of p53
mutation (R172H and R248Q) and tissue of origin (mammary epithelial or mesenchymal) LOH-mediated
stabilization of mutp53 protein over threshold necessary for gain-of-function activity represents one of the

major oncogenic outcome of p53LOH.
1.3 P53LOH is associated with the switch from HRR to NHEJ and genomic instability.

Mutp53 was shown to elicit its GOF activities through various mechanisms, including the hallmark of
cancer cells- genomic instability. Genomic instability, such as chromosomal rearrangement caused mainly by
failure in normal chromosome segregation during mitosis, has been regarded as one of the major causes of LOH
in cancer [13, 14]. Mutations in a number of genes, e.g., p53 and PI3K, hinder normal mitosis leading to
chromosomal aberrations [13]. Alternatively, the accumulation of various oncogenic mutations during cancer
progression can be a result of inefficient DNA repair. Therefore, we assessed two major DNA repair mechanisms
in ErbB2 mammary tumors with various p53 genotypes.

Wi1p53 is activated in response to genotoxic treatments, eliciting cell-cycle arrest, DNA repair, and/or
apoptosis [15, 16]. Depending on cell context and the extent of DNA damage, p53 may promote DNA repair by
one or both of the two major repair pathways: 1) homologous recombinational repair (HRR) [17, 18],
nonhomologous end-joining (NHEJ) [18-20]. HRR is relatively slow and less error-prone, while NHEJ is faster
and more error-prone [21].

HRR (Rad51 as a marker) was activated in p53+/+;ErbB2, p53-/+;ErbB2, p53H/+;ErbB2 and p53-/-
;ErbB2 but was suppressed in p53H/-;ErbB2 and p53H/H;ErbB2 mammary tumors (Fig. 4A). Conversely, wtp53
inhibited NHEJ (Ku70 as a marker), while higher Ku70 staining was only in tumors lacking wtp53 (Fig. 4B).
Hence, in the context of p53 status, the presence of wtp53 allele may shift DNA repair mechanism towards HRR,
whereas loss of wtp53 allele leads to switch to NHEJ repair with mutp53 actively suppressing HRR. Therefore,
we hypothesized, that p53 LOH leads to the switch from HRR to NHEJ DNA repair mechanism, causing the

acquisition of multiple mutations, mitotic abnormalities, and chromosomal aberrations.
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Chromosomal aberrations can be measured by the frequency of ‘anaphase bridges’ (AB) in the anaphase
of the cell cycle. AB are extended chromosome bridging between two spindle poles (Fig. 4C) and are a histologic
hallmark of dicentric chromosomes [22]. High AB was shown to be associated with the increased frequency of
Apc LOH in a colon cancer mouse model [14]. We found a marginal difference in AB scoring between
p53+/+;ErbB2, p53-/+;ErbB2, and p53H/+;ErbB2 mammary tumors, whereas the absence of wtp53 allele
markedly increased AB in ErbB2 mammary tumors (Fig. 4C). Additionally, p53H/-;ErbB2 tumors had higher AB
compared to p53-/-;ErbB2 tumors and AB was further increased in p53H/H;ErbB2 tumors (Fig. 4E). Also, we
analyzed another ErbB2 mouse model with conditional deletion of R248Q mutp53 allele (flQ/-;ErbB2) upon
tamoxifen administration [11]. Genetic ablation of R248Qp53 in vivo significantly reduced the mutp53 expression

in established ErbB2 tumors compared to
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Hsp70) only in p53H/+;ErbB2 cells. Western
blot 7 days after irradiation. HSC70 as a
loading control.
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vehicle-treated tumors (Fig. 4D) and was concomitant with a two-fold AB decrease (Fig. 4E). Thus, our results
indicate elevated AB independently of the type of p53 mutation compared to p53-/- tumors (Fig. 4E).

Several studies have implicated centrosome abnormalities and mitotic multipolar spindle formation, as
the origin of chromosome instability in a variety of human tumors [23-26]. P53 is required for proper centrosome
duplication and was shown to localize to the centrosomes [27-30]. To identify centrosome aberrations (>2 or
absence of centrosomes), we analyzed mitotic cells in mammary tumors for centrosome and spindle formation.
Indeed, we observed acentrosomal multipolar polar spindles in p53H/-;ErbB2 tumors (Fig. 4F) only.
Collectively our data suggest that in heterozygosity wtp53 enables the maintenance of the genomic integrity in
cancer cells. Itis plausible that DNA damage via stabilization of mutp53 protein shifts the balance between
mutant and wtp53 alleles and unveils the oncogenic power of mutp53, leading to increased genomic
aberrations and p53LOH. Consequently, loss of wtp53 allele leads to further genome perturbations fueling

tumor progression.

1.4 P53LOH is associated with the activation of the mTOR pathway.

The mTOR pathway is a key downstream component of ErbB2 signaling [31]. Indeed, specific inhibitors
of ErbB2 (lapatinib and trastuzumab) effectively suppressed mTOR, as indicated by downregulation of pS6, a
downstream target of mTOR, (Fig. 5A). The mTOR pathway plays an essential role in regulating many oncogenic
processes — such as genomic instability in different cancer types [14, 32, 33], including breast cancer [32, 34].
The stimulation of the mTOR pathway followed by translational deregulation and accelerated G1-S transition
was implicated in inducing genomic instability and Apc LOH in a colon cancer mouse model [14]. Hence, we
asked whether the increased genomic instability and elevated p53LOH observed in the presence of mutp53 (Fig.
2) is attributed to increased mTOR signaling.

Several studies showed that wtp53 inhibits the mTOR pathway via inducing Sestrin 1 and 2 expressions,
that interact and activate AMPK leading to mTOR inhibition [35, 36]. Our data show elevated mTOR signaling
in mutp53;ErbB2 vs. wtp53;ErbB2 human cancer cells as indicated by high levels of downstream effectors of
MTOR - p70S6 and pS6, whereas the level of mMTOR and p-mTOR protein were comparable (Fig. 5B).
Furthermore, upregulation of wtp53 by nutlin suppressed mTOR signaling in wtp53;ErbB2 cells, but not in
mutp53;ErbB2 cells (Fig. 5C). Consistent with transcriptional activity of wtp53, Sestrin 2, and p21 (p53 targets)
MRNA expression was upregulated 24h post-irradiation in all mouse cell lines genotypes (Fig. 5D-E), and this
upregulation was associated with downregulation of mTOR activity (Fig. 5F). Importantly, irradiation did not alter
pPAKT, the upstream effector of mTOR, (Fig. 5F), indicating that wtp53-mediated induction of Sestrins is the main
regulator of mTOR activity post-irradiation.

To investigate the effect of p53LOH on mTOR activity, we tested cells 7 days post-irradiation. Compared
to p53+/+;ErbB2, the loss of wtp53 allele in p53H/+;ErbB2 cells was associated with mTOR upregulation and
p21 suppression (Fig. 5G), while there were sustained mTOR inhibition and p21 upregulation in p53-/+;ErbB2
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cells (Fig. 5G). Similarly, irradiation in vivo exacerbated p53LOH that is concomitant with significant upregulation
of mTOR signaling in p5S3H/+;ErbB2 tumors (Fig. 5H).
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gain-of-function (GOF) mechanism.

Next, we asked whether mutp53 impacts the mTOR pathway through a

We previously showed that mutp53

amplifies ErbB2 signaling via stimulation of HSF1 and its transcriptional target

Hsp90, which, in turn, stabilizes numerous Hsp90 clients, such as ErbB2 and

mutp53

itself  [37].

The

MTOR

pathway  components,

Fig.6 Survival curves analyzing tumor
onset of sarcomas and breast
carcinomas in p53Q/+;Neu,
p53-/+;Neu and p53+/+;Neu mouse
cohorts. (a) Sarcoma onset is faster
in p53Q/+;Neu compared with p53-
/+;Neu mice. This indicates either a
DN effect over wtp53 or, alternatively,
p53 LOH resulting in mutp53 GOF
specifically in sarcoma. (b) Breast
cancer latency in p53Q/+;Neu and
p53-/+;Neu siblings is similar,
reflecting that the majority of p53Q/+
breast tumors did not undergo LOH
(see Figure 3b) in contrast to human
breast cancer, and also did not exert
a DN effect over wtp53 but simply
behaved as a LOF allele. Kaplan—
Meier analysis; n, number of mice; P,
log rank statistics

which

are Hsp90 clients

(https:/www.picard.ch/downloads/Hsp90interactors.pdf), may also be stabilized by mutp53-HSF1-Hsp90 loop.
Indeed, both Hsp90 inhibitor (ganetespib) and HSF1 inhibitor (KRIBB11) efficiently suppressed mTOR signaling
in mutp53;ErbB2 cell lines BT474 (Fig. 51-J ) and SKBR3. Furthermore, p53LOH post-irradiation was associated
with the activation of both mTOR and HSF1 (as indicated by its elevated target, Hsp70) only in p53H/+;ErbB2

cells (Fig. 5K). Hence, in addition to the loss of wtp53 suppressive activity, p53LOH may lead to mTOR activation

via stimulation of HSF1-ErbB2 axis in a mutp53-dependent manner, providing the survival advantage over

p53+/+;ErbB2 and p53-/+;ErbB2 cells. Thus, the activation of the mTOR pathway associated with p53LOH may

generate selective pressure for the loss of wtp53 allele in p53H/+;ErbB2 cells.

Previously we and others [38, 39] have shown that ErbB2 signals via the phosphoinositide-3-kinase

(PI3K)-AKT— mTOR axis to phosphorylate HSF1 at pSer326 leading to transcriptional activation of HSF1. On
the other hand, the specific inhibitor of mMTOR, rapamycin, inhibits HSF1[38]. Therefore, we hypothesized that
p53LOH via stimulation of the mTOR pathway leads to HSF1 activation. To test this hypothesis, we stained

mammary tumors from irradiated/non-irradiated mice with different genotypes with HSF1 antibodies. However,

all HSF1 antibodies, which showed highly specific IHC staining in human specimens[40], produced a

substantial background staining in mouse tissues. As an alternative to the IHC study, we utilized in vitro

approach to investigate how p53LOH affects mTOR and its downstream signaling (HSF1) (Major Task 2,
Subtask 3).
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Fig.7 Increased growth rate of mutp53
heterozygous mammary tumors following low
dose y-radiation. A-C. Box plots of average
survival days of +/+, H/+ and -/+ mice,
untreated, or following HDR or LDR
respectively. D-F. Box plots of average tumor
growth rate of +/+, H/+ and -/+ mice,
untreated, or following HDR or LDR
respectively. G. Quantification of the number
of mitotic cells in +/+, H/+ and -/+ tumors,
untreated, or following HDR or LDR. H.
Quantification of percent necrotic/apoptotic
area in +/+, H/+ and -/+ tumors, untreated, or
following HDR or LDR. K&L. H&E
representative images of tumor with low
necrosis/apoptosis area (K) and a tumor with
high necrosis/apoptosis. Scale bar 200um.
Error bars represent + SD. *=p<0.05;
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p53+/+;Neu mice.

Subtask 2. Evaluate the effect of different
p53 mutations on p53 LOH in ErbB2-driven
mammary tumorigenesis. Test whether
similar to R172H, R248Q mutant p53 allele
aggravates mammary tumorigenesis
compared to p53 null counterparts and
promotes p53 LOH after irradiation. (100%

completion)

To test whether similar to R172H mutp53,
R248Q p53 mutation in heterozygosity
accelerates mammary tumorigenesis we
generated and analyzed the survival of
p53Q/+;Neu and p53- /+;Neu vs

Surprisingly, in contrast to R172H p53 mutation, breast cancer latency between p53Q/+;Neu and p53-/+;Neu

siblings was similar (Fig.6), suggesting p53 mutation-specific effects on mammary cancer development and

progression in ErbB2 context. Indeed, contrary to R172H p53 mutation, breast cancer latency, and the survival

between p53R248Q/+;Neu and p53-/+;Neu siblings were similar.- Nevertheless, loss or p53R248Q mutation of

one wtp53 allele dramatically accelerated mammary tumorigenesis suggesting a strong wtp53 loss-of-function

effect. Importantly, we found that the rate of spontaneous LOH is similar in both mouse models: H/+;ErbB2
mice (17%) and Q/+;ErbB2 mice (20%).
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Fig.8 Low dose radiation drives dominant-negative effect in mutp53
heterozygous mammary tumors. A-C. Line graphs representations of
average tumor volume measured per week in untreated, or following HDR or
LDR respectively. D. Accelerated kinetics of growth in H/+ tumors following
LDR but not HDR. Line graphs representations of average tumor volume
measured per week in each genotype untreated or following HDR or LDR. E
& F. PCR gel electrophoresis analysis of LOH in H/+ and -/+ tumors showing
LOH in H/+ tumors following HDR (E) and IDR (F). Error bars represent +

SD.

>

Tumor volume (cm?3)
BN W R e N e

-
15

Untreated

w
@]

HDR LDR

-
5]

-

5]

Tumor volume (cm?3)
BN W R e N e
Tumor volume (cm3)
RPN W s e N ®

xxxxxx

+/+

xxxxxxxxxxxxxxx

H/+ -[+

5 6 7 8 C 1 2 3 4 C
LDR of established tumors

These results implicate p53
mutation-specific effects on
mammary cancer development
and progression in ErbB2 breast
cancer. This data strongly
suggests that physiological
outcomes of irradiation in
p53R248Q/+;Neu mice would be
similar to -/+;ErbB2 mice.
Therefore, throughout all study we
focused on studying loss-of-function
p53-/+;ErbB2 mice (see below), and
cancer cells as a surrogate model for
p53R248Q/+;ErbB2 cancer.

Subtask 3. Assess the effect of
irradiation of established mutp53;ErbB2
tumors on p53 LOH. Test whether
irradiation of established tumors induces
LOH and accelerates mammary
tumorigenesis in R172H/+;ErbB2 mice.
(100% completion)

3.1. Low dose y-radiation
increases growth rate of mutp53
mammary tumors in MMTV-ErbB2

mouse model.

To complete this task we expanded the
experimental design to test the effects of
low (LDR) and high doses irradiation

(HDR) of established tumors. We

included low doses of irradiation in vivo in our study for the following reasons. The effects of low dose radiation

(such as low doses used in mammography and other imaging modalities) on tumor cells have been largely

overlooked, and in particular how mammary tumors harboring mutp53 behave in response to low radiation. TP53

is mutated in the majority of Her2 (human EGF receptor 2, ErbB2) positive breast cancer (72%), and basal-like

breast cancer (80%). However, the p53 mutational status is not routinely used for cancer management. To
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Figure 9. Differential cell cycle checkpoint in
response to high dose radiation as
compared to low dose radiation. A-F. Bar
graphs showing cell cycle analysis of +/+,
H/+, and -/+ cell lines irradiated (gray bars)
or not (black bars). Aberrant cell cycle
checkpoint following irradiation in H/+ cells
following HDR, while LDR does not show
any significant change in the cell cycle
profile of the 3 genotypes. G. Western blot
of p21 and H2AX level (representing cell
cycle check point and DNA damage,
respectively) post-irradiation, showing p21
response and H2AX elevation and resolution
in H/+ in response to HDR, while no change
in p21 and H2AX in response to LDR.
HSC70 as a loading control. Error bars
represent + SD.

complete the task, mice with the following
genotypes: p53H/+;ErbB2, p53+/+;ErbB2
and p53-/+;ErbB2 were irradiated, or not,
with low (0.1Gy) and high (5Gy) irradiation
when tumors reached 1 cm? in size. In
untreated mice, we found no significant
difference in p53H/+;ErbB2 mice survival,
as compared to p53+/+;ErbB2 and p53-
[+:ErbB2 mice, p53+/+;ErbB2
tended to have slightly better survival

while

(median survival 66 days) as compared to
both p53H/+;ErbB2 and p53-/+;ErbB2
mice (median survival 42.5 and 44 days
respectively) (Fig.7A). both
p53H/+;ErbB2 and p53-/+;ErbB2 mice
had significantly faster tumor growth rate

However,

as compared to p53+/+;ErbB2 mice
(Fig.7D, 8A-C and 9A). In mice exposed

to a single dose of HDR, we found no significant difference in survival of both p53H/+;ErbB2 and p53-/+;ErbB2

mice (median survival 35.5 and 38 days respectively), as compared to p53+/+;ErbB2 mice (median survival 42
days) (Fig. 7B). Though both p53H/+;ErbB2 and p53-/+;ErbB2 mice no significant difference in tumor growth

rate as compared to p53+/+;ErbB2 mice. Yet, both genotypes tended to have a faster tumor growth rate as

compared to p53+/+;ErbB2 mice (Fig. 7E, 8D-F and 9B). Interestingly, in mice exposed to a single dose of LDR,

we found that in p53H/+;ErbB2 mice mammary tumor growth was aggravated compared to both p53+/+;ErbB2
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and p53-/+;ErbB2 mice, as indicated by significantly shorter survival (median survival 11.5, 60 and 26 days

respectively) (Fig. 7C) and significantly faster tumor growth rate (Fig. 7F, 8G-I, and 9C).

3.2. Both low and high dose y-radiation of established tumors induces loss of heterozygosity in mutp53

mammary tumors in MMTV-ErbB2 mouse model.

We have previously shown that HDR promotes loss of heterozygosity (LOH) in p53H/+;ErbB2 and p53-/+;ErbB2
mouse mammary tumors when mice with premalignant lesions were irradiated [41]. Thus, to determine whether
HDR- vs LDR of established tumors have any differential effect on LOH in mouse mammary tumors, we analyzed
LOH in p53H/+;ErbB2 and p53-/+;ErbB2 mammary tumors from mice subjected to HDR vs LDR. As shown in
figure 8D-E, following HDR, 86% (6/7) of p53H/+;ErbB2 tumors showed LOH while no LOH (0/6) was detected
in p53-/+;ErbB2 tumors. Following LDR, 63% (5/8) of p53H/+;ErbB2 tumors and 25% (1/4) of p53-/+;ErbB2
tumors showed LOH. This result indicates that LDR is as effective as HDR in inducing LOH in mutp53
heterozygous setting, and that the significant increase in tumor growth rate observed in p53H/+;ErbB2 following
LDR, as compared to HDR (Fig. 7) is not driven by LOH alone.

3.3.  Differential cell cycle checkpoint to high dose y—radiation as compared to low dose.

Our results on potentially deleterious effects of LDR on mammary tumor progression prompted us to investigate
the mechanism underlying these observations. It is well established that upon genotoxic stress, wtp53 activates
the transcription of genes involved in cell-cycle arrest and DNA repair or apoptosis, to protect the genome from
the accumulation of mutations, while mutp53 may perturb these genome-guarding mechanisms and promote
genomic instability [19,42]. Yet, how cells with mutp53 respond to DNA damage induced by HDR vs LDR is not
fully understood. Hence, we irradiated cultured mouse mammary tumor cells with HDR (9 Gy) or with LDR (0.1
Gy) y-radiation and we compared cell-cycle profiles of cells with various genotypes 24 h after y-irradiation. Non-
irradiated p53+/+;ErbB2 and p53-/+;ErbB2 cells exhibited comparable cell-cycle profiles, whereas
p53H/+;ErbB2 cells showed cell-cycle profile with lower G1 and S and significantly higher G2/M indicating an
increased rate of proliferation (Fig. 9A-F). Consistent with fast recovery from DNA-damage post HDR,
p53+/+;ErbB2 cells did not significantly change G1 and S content and had a slight increase in G2/M arrest (Fig.
9A). In p53-/+;ErbB2 cells, HDR induced G1 and G2/M arrest, and significantly reduced S-phase (Fig. 9C).
Conversely, p53H/+;ErbB2 cells treated with HDR continued cell cycling as indicated by the unchanged S-phase
and increased G2/M (Fig. 9E). However, following, LDR, none of the cell genotypes showed any significant
change in their cell cycle profile as compared to their non-irradiated controls (Fig. 9B, D & F). Western blot
analysis for p21 (as an indicator of active cell cycle check point) and for yH2AX (as a marker of DNA double-
strand breaks) in p53H/+;ErbB2 cells, for HDR and LDR, showed a peak for p21 by 24 hrs post HDR while there
was no change in p21 level post-LDR (Fig. 9G). yH2AX showed a peak at 2-4 hrs post HDR and was still

sustained (though at a lower level) by 24 hrs post HDR. However, no change in yH2AX level was detected
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Fig. 10 DNA-damage repair response is activated response to
high dose radiation in all genotypes. A-C. Staining of cells for
H2AX in +/+, H/+, and -/+ cell lines, before and after HDR (2, 4,
6 and 24h post-irradiation). Scale bar 50um. D) Quantification
of cells with >5 and <5 H2AX foci/cell in +/+, H/+, and -/+ cell
lines, before and after HDR (4 and 24h post-irradiation). Error
bars represent £ SD. *=p<0.05; *=p<0.01; ***=p<0.001.

>

Untreated

2hr

following LDR. These results suggested that there
is differential sensitivity of the cells to HDR vs LDR

for them to activate the cell cycle checkpoint.

4hr
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To confirm these findings, we stained the cells for
the formation of yH2AX foci in response to HDR vs

LDR. We analyzed the dynamics of yH2AX foci
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formation and resolve at different time points, at 0,
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11, respectively. At the basal level, approximately

Untreated 4hr 24hr Untreated 4hr 24hr

ne e OHf M/ o OnR 10% or less of untreated cells of the 3 genotypes had

25 yH2AX foci with no significant difference between them (Fig 10A&D). The percent of cells with 25 yH2AX foci

was significantly increased to approximately 100% at 2 and 4 hrs post-HDR in all 3 genotypes and then returned
to the basal level by 24 hrs post-HDR in p53+/+;ErbB2 and p53H/+;ErbB2 (Figure 10 A-D). However, in p53-
/+;ErbB2 cells, the percent of cells with 25 yH2AX foci was significantly higher by 24 hrs post-HDR, as compared
to its untreated control and to p53+/+;ErbB2 and p53H/+;ErbB2 cells (Figure 10 A-D). These results suggest that
p53 haploinsufficiency leads to delayed DNA-damage response following HDR. Following LDR, the percent of
cells with 25 yH2AX foci was significantly increased at 2 and 4 hrs to approximately 10% and 25% post-LDR in
p53+/+;ErbB2 and p53-/+;ErbB2, respectively and then returned to the basal level by 24 hrs post-LDR (Fig. 11A-
D). In contrast, p53H/+;ErbB2 cells showed no increase in the percent of cells with =5 yH2AX foci at any time
point following LDR, as compared to its untreated control and to p53+/+;ErbB2 and p53-/+;ErbB2 cells (Fig. 11
A-D). These results suggest a differential sensitivity in DNA-damage response of p53H/+;ErbB2 to HDR vs LDR,

and points to a potential gain of function of mutant p53 in suppressing DNA-damage response to LDR.
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Fig.11 Mutant p53 abolishes DNA-damage repair
response in a dominant-negative manner in
response to low dose radiation. A-C. Staining of cells
for H2AX in +/+, H/+, and -/+ cell lines, before and after
LDR (2, 4, 6 and 24h post-irradiation), showing
suppressed H2AX staining in H/+. Scale bar 500m. D)
Quantification of cells with >5 and <5 H2AX foci/cell in
+/+, H/+, and -/+ cell lines, before and after LDR (4 and
24h post-irradiation). E. Western blot of Gadd45 (a
downstream target of wtp53) and p53 level (representing
cell cycle check point and DNA damage) post-irradiation,
showing Gadd45 elevation in +/+ and -/+ in response to
LDR, while no change in H/+ concomitant with elevation
and stabilization of mutp53 in response to LDR. HSC70
as a loading control. Error bars represent = SD.
*=p<0.05; *=p<0.01;
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cells but not in p53+/+;ErbB2 or p53-/+;ErbB2 cells.

Also, the stabilization of mutp53 in p53H/+;ErbB2
showed a DNE as indicated by suppressed Gadd45 expression (a known wtp53 target), as compared to
p53+/+;ErbB2 and p53-/+;ErbB2 cells.

3.6. ATM phosphorylation is suppressed in cells with mutant p53 following low dose radiation but not high

dose radiation

In mammalian cells, the ATM (ataxia-telangiectasia mutated), ATR (ATM- and Rad3-Related), and DNA-PKcs
(DNA-dependent protein kinase) kinases are the most upstream DNA-damage repair kinases. In response to
DNA damage, many proteins are phosphorylated in an ATM- or ATR-dependent manner, whereas DNA-PKcs
mainly regulate a smaller number of targets and play a role primarily in nonhomologous end joining (NHEJ) [28-
32]. In vivo and in vitro studies suggest that the DNA-damage specificities and functions of ATM and ATR are
distinct. ATM is primarily activated by double-stranded DNA breaks (DSBs) such as that induced by radiation
[33], whereas ATR responds to a broad spectrum of DNA damage [34]. One of the first steps of sensing DSBs
is the autophosphorylation of ATM (pATM) rendering it active [35-37]. pATM is required for the phosphorylation
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Figure 12. Mutant p53 suppresses
ATM phosphorylation in response to
low dose but not high dose radiation.
A-E. Co-staining of cells for pATM and
yH2AX in +/+, H/+, -/+, H/- and -/- cell
lines, before and after HDR or LDR (4h
post-irradiation), showing suppressed
pATM and yH2AX staining in H/+ and
H/-, but not in +/+, -/+ or -/- cells. Scale
bar 20pum. F. Quantification of cells
with pATM and yH2AX co-staining
foci/cell in +/+, H/+, -/+, H/- and -/- cell
lines, before and after HDR or LDR (4h
post-irradiation). G. Western blot of
yH2AX level (representing DNA
damage) post-LDR, showing yH2AX
elevation and resolution in -/- cells in
response to LDR, while suppressed
change in yYH2AX in response to LDR
in H/+ and H/-. HSC70 as a loading
control. Error bars represent £ SD. All
statistical significance is made to
p53+/+ cells, unless otherwise
indicated by cross bars, or indicated by
### and &&& on LDR -/- where
comparison was made to LDR H/+ and
LDR H/-, respectively. *=p<0.05;
**=p<0.01; ***=p<0.001.

of H2AX converting it to yH2AX which
then marks the DNA DSBs [38].
Additionally,
other substrates such as Chk2 [39-
41] and p53 [42, 43].
observed a defect in yH2AX foci in
p53H/+;ErbB2 cells following LDR,
we hypothesized that mutant p53
the pATM-

pATM phosphorylates

Since we

might be hampering

yH2AX axis in response to LDR-induced DSBs, in a potential GOF manner. To test this hypothesis, we stained
for pATM and yH2AX in p53+/+;ErbB2, p53-/+;ErbB2 and in p53H/+;ErbB2 cells (Fig.12). We also included
p53H/-;ErbB2 and p53-/-;ErbB2 cells as controls (Fig.12). Since the phosphorylation is of ATM is an early event

in response to DSBs, we analyzed the cells for pATM foci at 4 hrs post HDR or LDR by counting the percent of

cells with pATM foci that co-stained in cells with 25 yH2AX foci post-irradiation. Examples of pATM and yH2AX

co-staining in untreated, HDR and LDR are shown in Figure 12. At the basal level, approximately 2% or less of

untreated cells of all genotypes had pATM- yH2AX co-staining with no significant difference between them (Fig.

12 A-F). The percent of cells with pATM- yH2AX co-staining was significantly increased to approximately 80%
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Figure 13. p53 haploinsufficiency suppresses DNA-
PK mediated DNA damage repair in response to low
dose but not high dose radiation. A-E. Co-staining of
cells for pDNA-PK and yH2AX in +/+, H/+, -/+, H/- and
-/- cell lines, before and after HDR or LDR (4h post-
irradiation), showing suppressed pDNA-PK and yH2AX
staining in all genotypes except +/+ cells. Scale bar
20um. F. Quantification of cells with pDNA-PK and
yYH2AX co-staining foci/cell in +/+, H/+, -/+, H/- and -/-
cell lines, before and after HDR or LDR (4h post-
irradiation). G. Model comparing DNA damage repair
(DDR) in response to HDR vs LDR in presence of
mutp53. Following HDR, mutp53 suppresses ATM
pathway (homologous recombination (HR) DDR),
allowing DNA-PK pathway (non-homologous end
joining (NHEJ) DDR) to take place. Following LDR,
DNA-PK pathway is suppressed in wtp53
haploinsufficiency while mutp53 suppresses ATM
pathway, with a net result ablation of DDR in cells with
mutp53. Error bars represent £ SD. All statistical
significance is made to p53+/+ cells, unless otherwise
indicated by cross bars. *=p<0.05; **=p<0.01;
***=p<(0.001.

p53-/-;ErbB2, respectively (Fig. 12 A, C, E&F).

at 4 hrs post-HDR in p53+/+,ErbB2, p53-
/+;ErbB2, p53H/+;ErbB2 and p53-/-;ErbB2 (Fig.
12 A-C, E&F). However, though p53H/-;ErbB2
had a significant increase in pATM-UH2AX co-
staining, yet it was significantly lower than the
other 4 genotypes, at approximately 50% (Fig.
12 D&F).
with pATM- gH2AX co-staining was significantly

Following LDR, the percent of cells

increased to approximately 13%, 24% and 18%
post-LDR in p53+/+;ErbB2, p53-/+;ErbB2 and

In contrast, both p53H/+;ErbB2 and p53H/-;ErbB2 cells showed

no increase in the percent of cells with pATM- gH2AX co-staining following LDR, as compared to their untreated
controls and to the other genotypes (Fig. 12B, D&F). Western blot for [J[TJH2AX in p53H/+;ErbB2, p53-/-;ErbB2
and p53H/-;ErbB2 cells confirmed that in p53-/-;ErbB2 has higher [JH2AX levels post LDR as compared to
p53H/+;ErbB2 and p53H/-;ErbB2 cells (Fig. 12G). These results suggest that: 1) LDR can still activate ATM; 2)
phosphorylation of ATM and consequently, H2AX are p53 independent events; 3) mutant p53 suppresses ATM

phosphorylation and consequently H2AX phosphorylation in a GOF and/or DNE manner.

3.7. DNA-PK DDR pathway is suppressed in p53 haploinsufficiency-manner in response to low dose but not

high dose U-radiation.
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Figure 14. (A) P53 expression in a panel of
cell lines established from mammary tumors
of MMTV-ErbB2 mice with different p53
genotypes. HSC70 is a loading control. (B)
Mutp53 enhances LOH following irradiation
in cell culture (n=3 independent samples).
Cultivated mammary tumors cells were
irradiated (9Gy), or not, and grown up to 25
days post-irradiation. DNA was extracted at
the indicated time points. The copy humber
of p53 wt and mut alleles was quantified by
real-time PCR. DNA extracted from tall
tissue samples of the corresponding
genotype was used for copy number control.
The experiment was repeated three times.
Summary of a representative experiment.
(D) Wtp53 retains transcriptional activity
and, in response to Mdm?2 inhibitor nutlin,
induces its target p21 and Mdm2 in mutp53
heterozygous cells. Nutlin does not induce
Mdm?2 in p53H/H;ErbB2 and p53-/-;ErbB2
MECs. N=3 independent experiments.

We have previously shown that wtp53
promotes HR DNA damage repair

mechanism in response to [J-

irradiation and that mutp53 diverts the
DNA (DDR)

damage repair

mechanism to the more error-prone NHEJ pathway, leading to more aggressive tumors (Fig.4 A,B). Thus, we
examined whether mutp53 would have any differential effect on HR vs NHEJ DNA damage repair in response
to HDR vs LDR. We analyzed the cells for pDNA-PK foci at 4 hrs post HDR or LDR by counting the percent of
cells with pDNA-PK foci that co-stained in cells with =25 [TH2AX foci post-irradiation. Examples of pDNA-PK and

OH2AX co-staining in untreated, HDR and LDR are shown in Figure 13. Indeed, our data show that DNA-PK

(NHEJ DDR) is activated in all genotypes following HDR. (Fig. 13 A-F).

However, following LDR, DNA-PK

pathway was activated only in p53+/+ cells, but not in the other genotypes (Fig. 13A-F). Importantly, following
HDR, H/+ and H/- cells showed the highest DNA-PK activation as compared to +/+, -/+ and -/- cells, indicating

more active NHEJ DDR in cells with mutp53. This is in support of our previous finding (Fig.4 A,B) that mutp53

promotes N

HEJ following HDR.

Major Task 2. Mechanistically assess the physiological consequences of p53 LOH in heterozygous mutp53

mammary cells in vitro.( 100% completion)

Subtask 1. Examine the frequency and time of p53 LOH onset in the existing collection of cell culture of

primary mammary epithelial cells (MECs) and mammary tumors culture derived from mice with different p53
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genotypes. Serial passaging of R172H/+ErbB2 vs p53-/+;ErbB2 vs p53+/+;ErbB2 MECs and mammary tumors

cultured cells.

Previously, we successfully established and passaged primary cultures of MECs derived from mammary
epithelial of mice of following genotypes: H/H;ErbB2, -/-;ErbB2 and Q/-;ErbB2. Although, H/H;ErbB2 and -/-
;ErbB2 MECs proliferate at a different rate, we were able to passage them indefinitely. Unexpectedly, in
contrast to primary mouse embryo fibroblasts (MEFs) (Shetzer, Y. et al. The onset of p53 loss of
heterozygosity is differentially induced in various stem cell types and may involve the loss of either allele.
Cell death and differentiation 21, 1419-1431) we failed to passage MECs from H/+;ErbB2, -/+;ErbB2 and
+/+;ErbB2 mice. All wtp53 expressing MECs undergo senescence following passage 3. This data is
consistent with our observations that wtp53 in heterozygosity can exert its tumor suppressive function by
inducing the transcription of a subset of wtp53 target genes. Therefore, now we mainly will focus on cell lines
established from mammary tumors of H/+;ErbB2, -/+;ErbB2 and +/+; ErbB2 cells (Fig. 14A). We successfully
established mammary tumor cell lines from different H/+;ErbB2, -/+;ErbB2 and +/+; ErbB2 mice that
continuously retain wtp53 allele. Our initial analysis has shown, that tumor cell lines in contrast to wtp53

expressing MECs can be propagated for indefinite time, even in the presence of wt p53 allele.

Subtask 2. Test the effect of irradiation on the frequency and time of p53 LOH onset in primary mammary
epithelial cells (MECs) and mammary tumors culture derived from mice with different p53 genotypes. Serial
passaging of R172H/+;ErbB2 vs p53-/+;ErbB2 vs p53+/+;ErbB2 MECs and mammary tumors cultured cells
after single dose of irradiation in vitro at passage 1.

Next, we determined whether the presence of mutp53 allele accelerates p53LOH after irradiation in vitro.
Cell lines, generated from mouse tumors of different genotypes (Fig.14A) were irradiated, or not, and the copy
number of wtp53 and mutp53 alleles were determined at different time points by gPCR (Fig. 14B). In agreement
with in vivo data [41], we found 3-fold reduction of wtp53 allele post-irradiation in p53H/+;ErbB2 compared to
untreated cells (a 5-fold reduction compared to control p53+/+;ErbB2 cells), but not in p53-/+;ErbB2 cells
compared to non-irradiated cells (Fig.14B). Irradiation induced a 2-fold decrease in copy number of the wild-
type allele in p53+/+;ErbB2 cells compared to control cells (Fig. 14B).

To evaluate the consequences of p5S3LOH in vitro with respect to the transcriptional activity of wtp53 in
heterozygosity, we examined the expression of canonical p53 target genes Mdmz2 and p21 in response to Mdm2
inhibitor, nutlin, by gPCR. Nutlin promotes p53 transcriptional activity without induction of DNA damage [42].
No significant difference in the expression of Mdm2 and p21 was observed between p53+/+;ErbB2 and
p53H/+;ErbB2 cells at the basal level, while the expression of both was increased following nutlin addition (Fig.
14C). In contrast, nutlin failed to induce p53 targets in p53H/H;ErbB2 and p53-/-;ErbB2 mammary epithelial cells
(MECs) (Fig. 14C). Hence, in heterozygosity, wtp53 at least partially preserves its transcriptional function, while

p53LOH may abrogate tumor-suppressor activities of wtp53.
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Subtask 3. Correlate the p53 LOH status of R172H/+;ErbB2 vs p53-
/+;ErbB2 vs p53+/+;ErbB2 MECs and mammary tumors cultured cells

Figure 15. Mutp53 promotes cell
proliferation. (A) Growth curve of mouse
ErbB2 mammary epithelial tumor cell lines
with different p53 status. n=3 independent
experiments per genotype (one cell line per
genotype except for p53+/+ and p53 H/-
where 2 different cell lines derived from
different tumors and result per genotype was
averaged). (B) Bar graph showing percent
mitotic cells in mouse ErbB2 mammary
epithelial tumor cell lines with different p53
status. Each bar represents the average
percent of mitotic per genotype counted from
at least 5 randomly selected fields at x400
magnification (one cell line per genotype
except for p53+/+ and p53 H/- where 2
different cell lines derived from different
tumors and result per genotype was
averaged). (C) Bar graph showing relative
MRNA expression level of p21 in ErbB2
mammary epithelial tumor cell lines with
different p53 status. n=3 independent
experiments per cell line per genotype. (D)
Western blot analysis of p53 and p21 levels
in mouse ErbB2 mammary epithelial tumor
cell lines with different p53 status before and
after CRISPR/Cas9 p53 deletion (p53CC9).
Hsc70 is loading control. (E) Growth curve
of mouse ErbB2 mammary epithelial tumor
cell line with mutp53, before and after
CRISPR/Cas9 p53 deletion (p53CC9). n=3
independent experiments per cell line.
Where applicable *=p<0.05; **=p<0.01,;
***=p<0.001. Error bars represent = SD.

with cellular properties (proliferation, chemoresistance, allografts) and with biochemical characteristics.

3.1 p53LOH enhances cell proliferation.

To perform this task we characterized the following mouse genotypes: R172H/wtp53;ErbB2 (H/+;ErbB2),
p53null/wtp53;ErbB2 (-/+;ErbB2) and wtp53/wtp53;ErbB2 (+/+;ErbB2). To evaluate the phenotypic effects of
mutp53 in heterozygosity, we established stable cell lines from mouse mammary tumors of +/+;ErbB2,
H/+;ErbB2, H/-;ErbB2 (R172H/p53null;ErbB2), -/+;ErbB2 and -/-;ErbB2 genotype (three biological replicas per

genotype) (Fig. 14A). In contrast to the existing human breast cancer cell lines that are mutp53 homo- or

hemizygous, our panel of cell lines (isogenic and non-isogenic) allows us to evaluate the pathological

consequences of p53LOH in the well-controlled model.

We found that compared to p53+/+;ErbB2 and p53-/+;ErbB2 cells, the presence of mutp53 allele in

heterozygous cells elevates the total p53 protein level, while p53LOH leads to further stabilization of mutp53
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Figure 16. Mutp53 suppresses cell
+/+;ErbB2 H/+;ErbB2 cycle checkpoint following irradiation.
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protein (Fig. 1A). We have shown that y-irradiation leads to the | cycle analysis of p53H/-;ErbB2,
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. ) . ] p53H/+;ErbB2, p53-/+;ErbB2 following
profound loss of wtp53 allele in p53H/+;ErbB2, but not in p53-/+;ErbB2 CRISPR/Cas9 p53 deletion (p53CC9)

cell lines (Fig.14B). Hence, we utilized the established cell line panelto | and in  p53-/-ErbB2 cell lines

. . . irradiated (gray bars) or not (black
elucidate the mechanism of mutp53-mediated p53LOH. bars). n=3 independent experiments

Markedly, the cell growth analysis demonstrated that p53 LOH | Pper genotype. (F) Bar graphs showing
) . . . ) mitotic index in different cell lines
(H/-;ErbB2 cells) increases cell proliferation over cells with wtp53 allele | . adiated (gray bars) or not (black

(+/+;ErbB2, H/+;ErbB2 and -/+;ErbB2 cells) and over cells null for p53 | bars) (result for each irradiated
genotype was compared to its own
(p53-/-;ErbB2) (Fig. 15A). Consistent with growth curves, loss of wtp53 control). n=3 independent
experiments per genotype. Where
applicable  *=p<0.05; **=p<0.01;
percentage of cells in mitosis compared to other p53 genotypes (Fig. | ***=p<0.001. Error bars represent *
SD.

allele in mutp53 heterozygous cells (H/-;ErbB2) shows the highest

15B). Our previous results demonstrated that in H/+;ErbB2 cells,
mutp53 does not exert a global DN effect over wtp53 allele in response to DNA damage (Fig.5D). In agreement

with this data, here we show that the presence of wtp53 allele in H/+;ErbB2 cells is sufficient to induce canonical
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p53 target p21 at the RNA (Fig. 15C) and protein level (Fig. 15D) under normal conditions. Loss of wtp53 allele
in H/-;ErbB2 and p53-/-;ErbB2 cells abrogates p21 expression (Fig. 15C), which remains undetectable even after
irradiation (Fig. 16B). Consistent with the transcriptional activity of wtp53 in heterozygous cells, CRISPR/Cas9-
deletion of p53 (mutp53 and wtp53) obliterates the basal p21 expression in unstressed H/+;ErbB2 cells (Fig.
15D).

This finding suggests that the loss of wtp53-mediated p21 expression may enhance proliferation and
provide a competitive advantage to cells with p53LOH over cells retaining wtp53 allele. Additionally,
CRISPR/Cas9 deletion of mutp53 in H/-;ErbB2 cells decreased cell proliferation significantly (Fig. 15E),
suggesting that mutp53 enhances cell proliferation in GOF manner.

These results led us to speculate that under normal conditions, spontaneous p53LOH in heterogeneous
H/+;ErbB2 tumor population provides a competitive growth advantage to H/-;ErbB2 cells by two complementary
mechanisms: the ablation of basal p21 expression via loss-of-function mechanism and stabilization of mutp53
protein enabling its GOF activities.

3.2 p53LOH abrogates the G2/M checkpoint after irradiation.

An increased incidence of p53LOH in the presence of mutp53 allele after irradiation (Fig.8E,F), set us
to investigate the mechanism by which mutp53 promotes p53LOH. The cell cycle analysis demonstrated that
p53LOH in mutp53 cells abrogates G2/M checkpoint, which is preserved in the presence of wtp53 allele in -
/+;ErbB2 and is partially functional in H/+;ErbB2 (Fig. 16A). As p21 was shown to play a distinct role in the
G2/M checkpoint [43, 44], we analyzed p21 protein level in response to irradiation. To avoid nonspecific effects
of high dose irradiation, in subsequent experiments, we utilized the low dose irradiation (0.1 Gy). Consistent
with the transcriptional activity of wtp53 allele in heterozygous cells (Fig. 15C), we found that irradiation induces
p21 in H/+;ErbB2 cells, while the loss of wtp53 allele (H/-;ErbB2) correlates with a lack of detectable p21 protein
even after irradiation (Fig. 16B).

Cyclin E is necessary for centrosome duplication in the S phase that precedes the G2/M transition [45].
Previously we demonstrated a significant reduction of cyclin E2 transcription after irradiation in the presence of
wtp53 allele (p53H/+;ErbB2 and p53-/+;ErbB2), which is indicative of G2/M arrest [41]. Contrary, irradiation does
not affect cyclin E2 transcription in H/-;ErbB2 (Fig. 16C) that was associated with the deficient G2/M checkpoint
after irradiation (Fig. 16A). In agreement with defective G2/M checkpoint (Fig. 16A), the lack of p21 expression
(Fig. 16B) and elevated cyclin E2 mRNA (Fig. 16C), H/-;ErbB2 cells sustain proliferation after irradiation (Fig.
16A, D). This is in stark contrast to continuous growth arrest of -/+;ErbB2 and H/+;ErbB2 cells after irradiation
(Fig. 16A, D).

Importantly, we found that mutp53 CRISPR/Cas9 deletion in H/-;ErbB2 cells restored G2/M arrest after
irradiation, as indicated by increased G2/M populations (Fig. 16E). A similar cell cycle profile was observed in
H/+;ErbB2 and -/+;ErbB2 cells after p53 CRISPR/Cas9 deletion (Fig. 16E). Consistently, p53-/-;ErbB2 cells

maintain functional G2/M checkpoint as indicated by increased G2/M population after irradiation (Fig. 16E), with
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no mitotic slippage except in H/-;ErbB2 cells (Fig. 16F). Of note, the cell cycle profiles of H/-;CC9 and -/-;ErbB2
cells are slightly different. The -/-;ErbB2 line was established from -/+;ErbB2 tumor that lost its wtp53 allele
through LOH, while the H/-;CC9 cells had mutp53 before CRIPSR depletion. The original presence of mutp53 in
the H/-;ErbB2 cells may have led to genetic alterations that are persistent after p53 deletion leading to the
differences in the cell cycle profile observed in H/-;CC9 line and -/-;ErbB2 cells. Most importantly, all CC9
(including 630H/-;,CC9) and -/-;ErbB2 cells exhibit functional G2/M checkpoint post-irradiation. This data
indicates wtp53 independent G2/M checkpoint; however, skipping the G2/M arrest is driven by mutp53 (Fig.
16A). These results strongly suggest that p53LOH in mutp53 heterozygous cells abrogates G2/M checkpoint in
the mutp53 GOF manner leading to cell cycle progression after y-irradiation in the presence of unrepaired DNA
(Fig. 16E).

Together, our data indicate that y-irradiation enhances the clonal expansion of mutp53 cells with

p53LOH by providing the competitive growth advantage over cells retaining the wtp53 allele, which induces p21
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3.3 p53LOH drives chromosomal instability in mutant p53 cancer cells.

While mutp53 was implicated as an essential driver of various forms of chromosomal instability -
aneuploidy, translocation, and amplification [31, 35], the underpinning mechanism of how mutp53 induces
chromosomal aberrations remains vague. Previously we demonstrated that p53LOH in the presence of mutp53
allele is associated with increased chromosomal instability in vivo indicated by the higher incidence of anaphase
bridges in mammary tumors [41]. In addition, errors in chromosome segregation (chromosomal instability) during
mitosis might be monitored by the formation of micronuclei [46, 47]. Consistent with our previous finding [41],
we found that irradiation more profoundly drives chromosomal instability in the presence of a mutp53 allele that
is further augmented by p53LOH, as indicated by micronuclei formation (Fig. 17A).

As chromosomal instability may arise from abnormal chromosome segregation in mitosis, we investigated
centrosome aberration with respect to p53 status. During mitosis, two centrosomes form spindle poles and direct
the formation of bipolar mitotic spindles, which is an essential event for the accurate segregation of
chromosomes. The presence of more than two centrosomes (centrosome amplification) severely disturbs
cytokinesis during mitosis via the formation of more than two spindle poles (Fig. 17B), resulting in an increased
frequency of chromosome segregation errors, such as aneuploidy, amplifications, and deletions. These genetic
events may further facilitate tumor progression and the acquisition of metastatic phenotype. Significantly, the
presence of mutp53 allele in heterozygous cells increases centrosome amplification compared to -/+;ErbB2 cells
(Fig. 17B, C) in an apparent DN fashion. Therefore, the elevated centrosome amplification in H/+;ErbB2 cells
may increase the incidence of spontaneous p53LOH under normal conditions as compared to -/+;ErbB2 cells.
Subsequently, p53LOH (H/-;ErbB2 and -/-;ErbB2 cells) slightly increases the abnormal centrosome number (Fig.
17B, C). On the other hand, the excessive centrosome amplification within tumor cells can be deleterious as it
may lead to multipolar mitosis and generate sufficiently high levels of aneuploidy to pose a challenge for cell
viability [48]. As a pro-survival mechanism, cancer cells adapt to avoid multipolar mitosis by clustering their extra
centrosomes at the two poles of the spindle during mitosis, thus ensuring bipolar chromosome segregation [49].
However, pseudo-bipolar spindle formation through centrosome clustering causes slower mitosis. The latter
leads to increased frequency of lagging chromosomes during anaphase and thus to chromosomal instability,
thereby explaining the link between supernumerary centrosomes and chromosomal instability [50]. Although
centrosome clustering occurs both in vivo [51, 52] and in vitro [53], its underpinning mechanism is not well
understood. Thus, we set to determine whether the mutp53 cells ensure cell survival by evasion of multipolar
mitosis via centrosome clustering at the expense of chromosomal instability. We observed mitotic cells with
centrosome clustering in all mouse mammary tumor cell lines; however, the percent of mitotic cells with
centrosome clustering was significantly higher in cells with mutp53 as compared to mitotic +/+;ErbB2, -/+;ErbB2
and -/-;ErbB2 cells (Fig. 17D). Furthermore, p53LOH (H/-;ErbB2 cells) significantly increased mitotic centrosome
clustering compared to H/+;ErbB2 cells (Fig. 17D). Notably, the loss of protective wtp53 allele (-/-;ErbB2 and
H/-;ErbB2) significantly elevated multipolar mitosis (Fig. 17E), but only H/-;ErbB2 cells adapt centrosome
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clustering, deletion of mutp53 by CRISPR/Cas9 significantly reduced centrosome clustering but does not affect
centrosome amplification or multipolar spindle formation Fig.17F-H.
Together our data identify centrosome clustering a novel pro-survival GOF mechanism that underlies an

increased fitness of mutp53 cancer cells with p53LOH at the expense of chromosomal instability.

3.4 Mutant p53 allele is associated with the elevated Nek2 function.

Understanding how p53LOH enables the proliferation of mutp53 cells (Fig. 15A) and disrupts the mitotic
checkpoint (Fig. 16A) in the presence of centrosomal and chromosomal aberrations (Fig. 17) would provide an
essential insight into how to prevent the outgrowth of mutp53 cells with p53LOH.

To identify the putative mechanism, we performed RNAseq of mouse mammary tumor cell lines with
various p53 genotypes, irradiated, or not (Fig. 18A). The expression analysis of genes involved in the regulation
of mitosis identified Nek2 among the top 10 differentially up-regulated genes in the presence of mutp53. Neks
(Never in Mitosis (NIMA) Kinases) are a family of serine/threonine kinases involved in the regulation of
centrosome function and bipolar division during mitosis. Nek2 is overexpressed in various cancers, including
Her2 positive breast cancer, where it predicts poor overall survival [54, 55]. RNAseq analysis showed
upregulation of Nek2 at basal level in H/+;ErbB2 as compared to +/+;ErbB2 cells (Fig. 18B).

We focused on studying Nek2 for the following reasons: i) Nek2 plays an indispensable role for the entry
into mitosis and G2/M progression, as it is required for centrosome assembly/maintenance, spindle formation,
and chromosome segregation [56-59]. ii) Nek2 overexpression promotes centrosome amplification and
aneuploidy by disrupting the mitotic checkpoint, leading to malignant transformation [60, 61]. iii) Silencing Nek2
with siRNA inhibited proliferation, induced cell death (due to mitotic errors), and dramatically increased the
susceptibility of breast cancer cells to DNA-damaging modalities [60, 61]. iv) Wtp53—Nek2 autoregulatory
feedback loop has previously been described [62-64], while no mutp53-Nek?2 functional interaction has been
investigated. v) Nek2 can be targeted by highly specific small-molecular inhibitor JH29525 that opens the
opportunity for therapeutic intervention.

We validated the RNAseq data by Western (Fig. 18C). Consistent with wtp53 as a negative regulator of
Nek2 expression [63], we observed the lowest level of Nek2 in +/+;ErbB2 and -/+;ErbB2 cells (Fig. 18C).
Furthermore, irradiation downregulates Nek2 in cells carrying at least one p53 allele (Fig. 18C), while the loss of
wtp53 allele (H/-;ErbB2) leads to Nek2 upregulation that is insensitive to irradiation on both protein (Fig. 18C)
and RNA levels (Fig. 18D). In addition to the loss of wtp53 function, mutp53 in H/-;ErbB2 cells upregulates Nek2
expression in apparent GOF manner as stabilized mutp53 protein in H/-;ErbB2 cancer cells was associated with
a higher level of Nek2 mRNA and protein levels compared to -/-;ErbB2 cancer cells (Fig. 18D) or following
mutp53 ablation by CRISPR/Cas9 (Fig. 18E). Similarly, mammary epithelial cells (MECs) established from
mammary of -/-;ErbB2 mice [10] express significantly lower levels of Nek2 protein compared to H/H;ErbB2 MECs

(Fig. 18F). Importantly, mutp53 promotes Nek2 expression independently of the host and the type of p53
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human cancer cell line BT474 (E285K) (Fig. 18G).
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In further support of the mutp53-Nek2 association in human
cancer, a retrospective analysis of the Metabric cohort of breast cancer patients (www.cbioportal.org)
demonstrated a significantly higher median of Nek2 mRNA expression in mutp53 patients, regardless of the
mutation type, as compared to patients with wtp53 (Fig. 18H). Furthermore, human mutp53 HER2-positive
human breast cancer lines (BT474 (E285K), SKBR3 (R175H)) showed significantly higher expression of NEK2
MRNA as compared to ZR-75-1(wtp53) (Fig. 18I).

Together, these experiments indicate that mutp53 can affect Nek2 expression by two complementary
mechanisms: the loss of wtp53 inhibitory function and mutp53 GOF upregulation of Nek2. Hence, mutp53-
mediated Nek2 expression may reinforce G2/M transition, override G2/M checkpoints, and protect cancer cells

from multipolar mitosis at the expense of chromosomal instability.
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Mammary tumor Figure 20. Proposed model for the role of mutp53 and Nek2
®H/+ @) in promoting tumorigenesis. In tumors heterozygous for
mutp53 there is a mixed population of heterozygous cells
(H/+) and cells that underwent spontaneous LOH (H/-).
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Multipolar gigﬁ;"rfﬁ;e clustering process lengthens mitosis which then leads to
mitosis -~ increased chromosomal instability and thus enhancing tumor
/,\,‘,—m\ progression and metastasis. Our model proposes Nek2 as an
\"“.T"“/ Achilles heel, for tumor cells with mutp53, that can be used as

a therapeutic target to prevent p53 LOH and cells that have

Bipolar mitosis, cell survival

Cell Death

3.5 Nek2 inhibition prevents p53LOH in mutant p53

Chromosomal instability,

tumor progression, metastases heterozygous cells.

We hypothesized that deficient checkpoints and the
increased proliferation of H/-;ErbB2 cells confer a positive selection for p53LOH during tumor progression.
Therefore, the identification of specific vulnerabilities of mutp53 cancer cells with p53LOH would provide the
therapeutic opportunity to prevent p53LOH and, thus, the expansion of genetically unstable, more aggressive
cancer cells population. As a mutp53-mediated upregulation of Nek2 (Fig. 18) may facilitate G2/M transition by
reinforcing centrosome clustering, mutp53 cells with p53LOH may specifically be dependent on Nek2 expression
for their survival to avoid multipolar mitosis and mitotic catastrophe.

To test this hypothesis, we investigated the effect of Nek2 inhibitors on mitotic spindle formation and
centrosome clustering with respect to p53 genotypes. Several Nek2-specific inhibitors were described in the
literature (JH 295, TOCRIS, or TAI-95, Probechem) [65]. In our study, we utilized JH295 (oxindole propynamide,
IC50=770nM), which is a highly specific and irreversible Nek2 inhibitor that blocks Nek2 activity via alkylation of
residue Cys22, and does not affect the activities of other mitotic kinases (CDK1, PLK1, Aurora B, or Mps1) [65].
Moreover, JH295 does not perturb bipolar spindle assembly or the spindle assembly checkpoint [65]. Given this
selective profile, we thought that JH295 is as useful for identifying the biological roles of Nek2 as RNAI
interference approach.

Strikingly, we observed a genotype-specific inhibitory effect of JH295 in mutp53 cells with p53LOH (H/-
;ErbB2) as compared to cells with wtp53 allele (+/+;ErbB2, -/+;ErbB2, H/+ErbB2) as indicated by the colony
formation assay (Fig. 19A, B). JH295 had an intermediate inhibitory effect on H/+ErbB2 cells (Fig. 19B). The
specificity of JH295 was validated on cells where Nek2 was deleted using CRISPR/Cas9. Consistent with the
requirement of Nek2 for the survival of mutp53 cancer cells, we were able to generate H/+;ErbB2/Nek2-/-, but
not H/-;ErbB2/Nek2-/- cell lines by CRISPR/Cas9 technology. However, the genetic depletion of Nek2
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significantly reduced the proliferation rate of H/+;ErbB2 cells in short term assay (Fig. 19C). The analysis of
mitotic H/+;ErbB2/Nek2-/- cells revealed that the genetic ablation of Nek2 did not increase the proportion of cells
with centrosome amplification (Fig. 19D), but dramatically reduced centrosome clustering (Fig. 5E) with a
concomitant increase in cells carrying multipolar mitotic spindle (Fig. 19F). Consistent with the genetic depletion
of Nek2, the sensitivity to JH295 correlates with the complete abrogation of centrosome clustering in H/+;ErbB2
and H/-;ErbB2 cells (Fig. 19H), while the proportion of mitotic cells carrying supernumerary centrosomes did not
change (Fig. 19G). Importantly, JH295 most robustly affected H/-;ErbB2 cells, but not +/+;ErbB2 cells in any
tested assays (Fig. 19A, G & H), suggesting an alternative Nek2-independent mechanism of centrosome
regulation in wtp53 cells. In sum, our data identified the requisite function of Nek2 for centrosome clustering
and, thus, survival of H/-;ErbB2 cells.

The increased sensitivity of H/-;ErbB2 cells to Nek2 inhibition set us to test whether JH295 prevents
outgrowth mutp53 cells with p53LOH, thus preventing loss of wtp53 allele after irradiation. Hence, H/+;ErbB2
cells were irradiated (9 Gy), or not, and then treated with JH295, or not, for 10 days. DNA from surviving cells
was analyzed for p53LOH by PCR. As shown in Fig. 191 & J, we observed p53LOH only in irradiated cells (lanes
7-9), but not in non-irradiated (lanes 1-3) or JH295-treated cells (lanes 4-6). Remarkably, Nek2 inhibition protects
cells from irradiation-induced p53LOH (lanes 10-12).

In sum, our results suggest that Nek2 inhibition may alter the selective pressure for p53LOH in
heterogeneous tumor population by contraction of specifically mutp53 population with p53LOH, thus, preventing

the outgrowth of genetically unstable and metastatic cells (Fig.20) .

aﬂ -
LR . . .

= 70 " Major Task 3 Determine whether p53 LOH promotes metastatic
5 601 -+
52 50 - Figure 21. Mutp53 allele promotes migration in heterozygous cells after
%ﬁ w0 ] irradiation. Cells were (I-irradiated (9Gy), or not, and 24h post-
= irradiation were assayed for migration using transwell assay. Cells were
2 g 307 fixed and stained using crystal violet. Cell were counted in 4 random
E 20 fields per treatment. For each cell genotype, the percent change in cell
® 10 - migration post irradiation as compared to non-irradiated controls was

0 then calculated.

behavior in ErbB2 cancer cells (50% completion).

Subtask 1. Establish whether p53 LOH enhances the maotility and invasion of cancer cells in vitro.
Test the motility and invasive properties of primary mammary epithelial cells and tumor cultures derived from
H/+;ErbB2 and p53-/+;ErbB2 mice before and after LOH in vitro. Boyden chamber assay, wound healing

assay, metastases in allografts.
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CRISPR-cas9 depletion mitigate cells adhesion.

First, we assessed the short-term (p53LOH independent) effect of irradiation on cells motility in the
context of p53 genotype. We tested migration 24h after irradiation. At this time point, we observed only marginal
loss of wtp53 allele in H/+;ErbB2 cells. Strikingly, we found that irradiation induces migration in all genotypes,
but more profoundly in H/+;ErbB2 cells (Fig. 21). Therefore, p53LOH independent effects may contribute to
motility followed irradiation. We hypothesized that irradiation-induced mutp53 stabilization may impose mutp53
dominant-negative effect over wtp53 allele, inducing metastases that we observed in vivo. The dramatic
difference in motility between H/+;ErbB2 and -/+;ErbB2 after irradiation supports this hypothesis.

As we previously reported, the main phenotype associated with p53LOH in mutp53 heterozygous cells is
enhanced metastases in vivo. Also, we demonstrated that irradiation induces migration in all genotypes, but
more profoundly in the presence of mutp53 allele (H/+;ErbB2 cells) in vitro. To identify the mechanism of mutp53-

induced metastases, we performed the RNAseq analysis of cells with different genotypes (Fig. 18).

RNAseq analysis identified three top candidates which were highly overexpressed in H/+;ErbB2 (n=2) vs. -
/+;ErbB2 cells: Cdh2 (N-cadherin), VEGFC, and MMP7. We validated the RNAseq data by gRT-PCR. N-
cadherin (a member of the family of Ca2+ dependent cell-cell adhesion molecules) is involved in multiple

processes including inducing invasion, migration, promoting survival of cancer cells, regulating adhesion, and,
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ultimately, metastasis. N-cadherin and Her2 were found to be co-expressed in human invasive breast
carcinomas, where they associated with lymph node-positive disease, distant metastases, and a high risk of
metastatic brain relapse. Importantly, in the Her2 amplified subtype, the frequency of brain metastasis has been

reported to be as high as 35% that representing a significant clinical problem[66].

Vascular endothelial growth factor (VEGF-C ) overexpression in breast cancer cells is shown to be associated
with increased intratumoral lymphangiogenesis, resulting in significantly enhanced metastasis to regional lymph
nodes and to lungs in vivo. The expression of VEGF-C mRNA has recently been shown to correlate with the
rate of metastasis to lymph nodes in human breast cancer[67].

Matrix metalloproteinase-7 (MMP-7) is a small secreted proteolytic enzyme with broad substrate specificity. Its
expression is associated with tumor invasion, metastasis, and survival for a variety of cancers including
metastatic breast cancer, where it is associated with metastasis, disease progression, and decreased

survival[68].

Furthermore, our RNAseq data identified Nek2 as a novel putative target of mutp53 that promotes genomic and

chromosomal instability. Genomic instability has long been proposed to be a mechanism by which a cell may
acquire the necessary properties for invasion and metastasis. We performed extensive mechanistic studies on
identifying the tumorigenic function of mutp53-Nek2 axis in breast cancer cells (Major Task 2). Although Cdh2
(N-cadherin), VEGFC, and MMP7 are promising potential leads, we focused on the mechanistic role of mutp53-
Nek?2 signaling in promoting breast cancer metastases.

The clonal diversity, produced by genomic instability, leads to intratumor clonal competition, clonal evolution,
and acquisition of the necessary properties required for metastasis (Fig.20). Therefore, we hypothesized that
mutp53-Nek2 axis mediates p53LOH that further produces genomic instability, generating a variety of genetically
distinct clones with de novo genetic evolutionary changes that allow clones to metastasize. On the other hand,
recent advances in understanding Nek2 biology suggest that Nek?2 itself is an important regulator of cancer cell
migration and metastasis beyond promoting genomic instability through the activation of a variety of oncogenic
pathways. Consistently, our retrospective analysis of clinical data revealed that the high level of Nek2 expression

is prognostic of poor survival of breast cancer patients (http://kmplot.com/) (Fig.22A). As metastatic disease

remains the leading cause of cancer-related mortality in humans, this clinical observation confirms the

association of the high Nek2 level and metastasis in humans.

To evaluate the impact of mutp53, p53LOH, and Nek2 on phenotypic characteristics related to metastatic
dissemination, we utilized the panel cell lines from mammary tumors of mice with different p53 and LOH
genotypes. The transcriptome analysis of differentially expressed gene sets revealed several pathways involved
in ECM remodeling that were specifically enriched in the presence of mutp53 (Fig.22B). To build upon these
observations, we generated isogenic CRISPR derivatives of murine tumor cell lines: with depleted p53 (Fig.22C)

and Nek2 (Fig.22D). Consistent with our in vivo data, loss of wtp53 allele in cells shifts cells phenotype from
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epithelial (H/+;ErbB2) to mesenchymal (H/-;ErbB2) (Fig.22E). Furthermore, CRISPR-cas9 mediated depletion
of mutp53 from H/-;ErbB2 cells reverts mesenchymal (H/-;ErbB2) to epithelial phenotype (Fig.22E). Significantly,
Nek2 CRISPR-cas9 depletion dramatically affects cell adhesion (Fig.22E, panel 4), indicating the interception of
ECM-integrin signaling. In sum, our experiments imply that p53LOH in the presence of a mutp53 allele may
promote metastases in mutp53 GOF manner via complementary mechanisms: 1) modulation ECM-integrin
signaling; 2) upregulation Nek2 and its mediated metastatic properties; 3) inducing genomic instability. We
hypothesize that after p53LOH mutp53-mediated upregulation of Nek may alter ECM-integrin signaling and,
thus, metastases. As a future development of this project, we will determine whether genetic and
pharmacological ablation of Nek2 prevents p53LOH associated metastases, which we observed in vivo.

Subtask 2. Determine whether p53 LOH enhances the ability of tumor cells to metastasize in vivo. Isolate
metastatic cells from lungs of irradiated and non-irradiated of R172H/+;ErbB2 vs p53-/+;ErbB2 vs

p53+/+;ErbB2 mice. Assess p53 LOH status in metastases in comparison with primary tumors.

We have made numerous attempts to isolate metastatic cells from the lungs of mice with different genotypes, as
we designed in the original grant application (ErbB2 FACS sorting). We also attempted to dissect metastatic
lesions from the paraffin-embedded section of lungs using a laser-capture microscope. However, the low yield
of metastatic cells and contamination with normal tissues precluded the implementation of the proposed task in
a reproducible and statistically appropriate manner. Therefore, this subtask was not completed as was originally
designed due to technical issues.

Alternatively, currently, we are employing an established panel of isogenic cell lines with different p53
genotypes, which recapitulate p53LOH in p53 heterozygous cells (See subtask 1). We generated numerous
isogenic loss-of-function mammary tumors cell lines (p53CRISPR and Nek2CRISPR). We employed these cell
lines for the orthotopic mammary fat pad implantation in ongoing proof-of-principle experiments in vivo.
Unfortunately, this is an ongoing experiment and we were unable to complete the final analysis in a statistically

significant manner within the funding period.

Although this task was not completed within the funding period, we would like to point out that we completed
mechanistic studies that were beyond proposed research that identified 1) differential mutp53-mediated
suppression of ATM signaling in response to a high and low dose of irradiation; 2) new mutp53-Nek2 axis that
governs p53LOH after genotoxic stress; 3) pharmacological inhibition of Nek2 prevents radiation-induced
p53LOH in mutp53 dependent manner. These clinical questions could potentially have a significant clinical
impact on the development of new diagnostic, prognostic, and therapeutic approaches for breast cancer

management.
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= What opportunities for training and professional development has the project provided?

Lucas Garcia, undergraduate student, Stony Brook University (September 2016-July 2017), Julia
Rosenfeld, undergraduate student Binghamton University State University of New York, (June-July
2017) and Safia Mirza (high school student) have received professional on-hand training while
working on this project. Lucas Garcia is the co-author on the manuscript submitted to Molecular Cancer
Therapeutics. Partly as a result of this educational activity, Lucas Garcia was admitted to prestigious
Graduate School of Boston Medical School. Malik Padellan, undergraduate student, Stony Brook
University (September 2018-2019), and Boris Nekrasov (Junel8-Augustl18, high school student) have
received professional on-hand training while working on this project. Paige Brook, High School
student, (June 2020- August 2020) has received professional on-hand training in literacy while

working on this project.

= How were the results disseminated to communities of interest?

= Oral presentations:

=  Stony Brook University Pathology Grand rounds (5/31/2018): Molecular mechanisms of p53
deregulation in HER2-positive breast cancer in response to radiation.

= VA, Northport Medical Center, NY, "Lunch and Learn" seminar series for medical residents (9/21/2018):
P53 LOH in HER2-positive breast cancer in response to radiation: possible driver(s).

= Oral presentations: 8th International mutant p53 Workshop, Lyon, France, 15-18 May, 2019

= Poster presentation: “Molecular mechanisms of p53 loss of heterozygosity in breast cancer in response
to irradiation”, Amr Ghaleb, Alisha Yallowitz, and Natalia Marchenko. 8th International mutant p53
Workshop, Lyon, France, 15-18 May, 2019.

= |n May 2020 we planned to present our findings at the p53 International Workshop in Israel. The
workshop was cancelled due to pandemic.

» Oral presentations: Amr Ghaleb “Centrosome clustering as a survival mechanism in breast cancer

cells carrying mutant p53”. Stony Brook Cancer center, seminar (May 2021).

4.IMPACT

= Major innovative findings and achievements for this reporting period:

1) We completed generation and analysis of the novel mouse model for Her2 breast cancer R248Q;ErbB2. In

contrast to previously generated R172H;ErbB2 mouse model, R248Q p53 mutation in heterozygosity does not

accelerate mammary tumorigenesis. This data implies that cooperation of mutant p53 in ErbB2 occurs in p53
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mutation type-specific manner. The survival analysis of newly generated heterozygous R248Q;ErbB2 mouse

model indicates strong loss-of-function, but not gain-of-function effect of mutant p53.

2) Using MMTV;ErbB2 mouse model carrying heterozygous R172H p53 mutation, we show that under normal
condition, transcriptionally competent wtp53 allele enables the genomic integrity and suppresses the mTOR
pathway in mutp53 heterozygous ErbB2 cancer cells; As an early response in mutant p53 heterozygous cells,
genotoxic stress promotes sustained mutant p53 stabilization, continuous DNA damage, and aberrant G1-S
transition The main physiological outcomes of p53LOH are profound stabilization of mutant p53 protein,
mMTOR upregulation, enhanced genomic instability, and metastases.

3) We established that wtp53 in mutp53 heterozygous (H/+;ErbB2) tumors might be transcriptionally
competent towards a subset of targets (p21, Mdm2) and/or mutp53 may exert dominant-negative effect and
suppress subset of wtp53 targets (Gadd45) in response to irradiation. p53LOH leads to the loss of
transcriptional activation of p21 and abrogation of G2/M checkpoint and aggravation centrosome aberrations
leading to increased genomic and chromosomal instability; increased cells proliferation; 5) transcriptional
upregulation of genes involved in mitosis, including Nek2 (member of Never in Mitosis (NIMA) Related Kinases
family); the increased sensitivity of mutp53 cancer cells to Nek2 inhibition.

4) We identified Nek2 as a pharmacological target to prevent p53LOH onset in mutant p53 heterozygous
cells. As a proof-of-principle, we demonstrate that Nek2-specific inhibitor JH295 precludes the loss of wtp53
allele in mutp53 heterozygous cells after irradiation. These findings may have a significant translational impact,

as they may provide a foundation for developing a novel therapeutic strategy to curb tumor progression.

5) Using MMTV/ErbB2 mutant p53 (R172H) heterozygous mouse model we found differential p53 genotype-
specific effect of low (LDR) and high (HDR) doses irradiation of established tumors on cancer progression. In
mutant p53 tumors, LDR, but not HDR, causes p53 loss-of-heterozygosity. Following LDR, mutant p53 tumor
cells exhibit aberrant ATM/DNA-PK signaling with defects in sensing of double-strand DNA brakes, leading to
deficient DNA repair. In contrast, HDR-induced genotoxic stress is sufficient to reach the threshold of DNA
damage that is necessary for wtp53 induced DNA repair and cell cycle arrest. As a result, LDR promotes
genomic instability in mutant p53 cells leading to the selection of a proliferative death-resistant population, with
negligible mutagenic effect on tumors carrying wtp53. Hence, our study suggest that early stages breast

cancer patients carrying monoallelic p53 mutations are a potentially high-risk group for LDR exposure.

=  What was the impact on the development of the principal discipline(s) of the project?

During the awarded period, the following studies were prepared for peer-reviewed publications:
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1. Li D, Marchenko ND. ErbB2 inhibition by lapatinib promotes the degradation of mutant p53 protein in cancer
cells. Oncotarget. 2017 Jan 24;8(4):5823-5833. (The study utilizes mouse models and cell lines generated for
the DOD-funded project to explore how mutp53 affects ErbB2-HSF1 signaling)

2. Alexandrova EM, Mirza SA, Xu S, Schulz-Heddergott R, Marchenko ND, Moll UM. p53 loss-of-
heterozygosity is a necessary prerequisite for mutant p53 stabilization and gain-of-function in vivo. Cell Death
Dis. 2017 Mar 9;8(3). (In collaboration with Dr.Moll lab, we established that spontaneous p53LOH leads to
stabilization of other mutp53 R248Q protein).

3. Yallowitz A, Ghaleb A, Garcia L, Alexandrova EM, Marchenko N. Heat Shock Factor 1 confers resistance to
lapatinib in ErbB2 positive breast cancer cells. 2018, Cell Death Dis., 2018 May 24;9(6). (The study utilizes
mouse models and cell lines generated for the DOD-funded project to test how mutp53 affects ErbB2

signaling).

4. Ghaleb A. Marchenko N. “Mutant p53-Hsp90 axis in human cancer”, book chapter, “Heat Shock Protein 90
in Human Diseases and Disorders”,2018, Springer Nature Publishers. In press. (The summary of our studies
on how mutp53 affects ErbB2 signaling and cancer cells survival in response to proteotoxic stress and

literature overview of the field).

5. Ghaleb A., Yallowitz A, Marchenko N. 2019. Irradiation induces p53 loss of heterozygosity in breast cancer

expressing mutant p53. Commun Biol. 2(1):436.

6. Ghaleb A, Padellan M., Marchenko N. 2020. Mutant p53 drives the loss of heterozygosity by the
upregulation of Nek2 in breast cancer cells. Breast Cancer Res. 2020 Dec 2;22(1):133.

7. Ghaleb A, Roa L, Marchenko N. Low-dose but not high-dosell(-irradiation elicits dominant negative effect
of mutant p53 in vivo. Cancer Letters, 2021, under revision, # CANLET-S-21-03429-1

= What was the impact on other disciplines?

Nothing to Report.

»  What was the impact on technology transfer?

Nothing to Report.

=  What was the impact on society beyond science and technology?

Nothing to Report.

39



5. CHANGES/PROBLEMS:

As we described above, despite of our extensive expertise and numerous vigorous attempts we failed to
establish continuous culture of MECs from H/+;ErbB2, -/+;ErbB2 and +/+;ErbB2 mice, likely due to
transcriptional activity of wtp53 in heterozygosity. All wtp53 expressing MECs undergo senescence following
passage 3. Therefore, now we mainly will focus on cancer cell lines established from mammary tumors of
H/+:ErbB2, -/+;ErbB2 and +/+; ErbB2 mice.

Also, we encountered problem with the scoring of IHC staining for the implementation of Major Taskl Subtask
1, as ErbB2 staining produced overwhelmingly strong signal, while HSF1 staining was low and unspecific in
mouse tumor tissues. To overcome these problems, we switched to analysis of mTOR that is a major
downstream signaling target of ErbB2 and utilized in vitro studies to address genotype-specific effect of

p53LOH on HSF1 signaling. In both cases, the alternative approaches helped us to solve initial problems.

Major Task3 Subtask 2. We have made numerous attempts to isolate metastatic cells from the lungs of mice
with different genotypes, as we designed in the original grant application (ErbB2 FACS sorting). We also
attempted to dissect metastatic lesions from the paraffin-embedded section of lungs using a laser-capture
microscope. However, the low yield of metastatic cells and contamination with normal tissues precluded the
implementation of the proposed task in a reproducible and statistically appropriate manner. Therefore, this
subtask was not completed as was originally designed due to technical issues. We utilized the alternative

approach as discussed above.

= Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select

agents
Nothing to Report.
= Significant changes in use or care of human subjects
Nothing to Report.
= Significant changes in use or care of vertebrate animals.
Nothing to Report.
= Significant changes in use of biohazards and/or select agents

Nothing to Report.
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6. PRODUCTS:

During the awarded period, the following studies were prepared for peer-reviewed publications:

1. Li D, Marchenko ND. ErbB2 inhibition by lapatinib promotes the degradation of mutant p53 protein in cancer
cells. Oncotarget. 2017 Jan 24;8(4):5823-5833. (The study utilizes mouse models and cell lines generated for
the DOD-funded project to explore how mutp53 affects ErbB2-HSF1 signaling)

2. Alexandrova EM, Mirza SA, Xu S, Schulz-Heddergott R, Marchenko ND, Moll UM. p53 loss-of-
heterozygosity is a necessary prerequisite for mutant p53 stabilization and gain-of-function in vivo. Cell Death
Dis. 2017 Mar 9;8(3). (In collaboration with Dr.Moll lab, we established that spontaneous p53LOH leads to
stabilization of other mutp53 R248Q protein).

3. Yallowitz A, Ghaleb A, Garcia L, Alexandrova EM, Marchenko N. Heat Shock Factor 1 confers resistance to
lapatinib in ErbB2 positive breast cancer cells. 2018, Cell Death Dis., 2018 May 24;9(6). (The study utilizes
mouse models and cell lines generated for the DOD-funded project to test how mutp53 affects ErbB2

signaling).

4. Ghaleb A. Marchenko N. “Mutant p53-Hsp90 axis in human cancer”, book chapter, “Heat Shock Protein 90
in Human Diseases and Disorders”,2018, Springer Nature Publishers. In press. (The summary of our studies
on how mutp53 affects ErbB2 signaling and cancer cells survival in response to proteotoxic stress and
literature overview of the field).

5. Ghaleb A., Yallowitz A, Marchenko N. 2019. Irradiation induces p53 loss of heterozygosity in breast cancer

expressing mutant p53. Commun Biol. 2(1):436.

6. Ghaleb A, Padellan M., Marchenko N. 2020. Mutant p53 drives the loss of heterozygosity by the
upregulation of Nek2 in breast cancer cells. Breast Cancer Res. 2020 Dec 2;22(1):133.

7. Ghaleb A, Roa L, Marchenko N. Low-dose but not high-dosell(-irradiation elicits dominant negative effect
of mutant p53 in vivo. Cancer Letters, 2021, under revision, # CANLET-S-21-03429-1

All publications contain acknowledgement of DOD support.

= Other Products

Novel R248Q; ErbB2 mouse model recapitulating human Her2 positive breast cancer was generated.
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last

reporting period?

Name: Natalia Marchenko
Project Role: PI
Researcher

Identifier (e.g.
ORCID ID):

Nearest person
12 months
month worked:

Dr. Marchenko was responsible for the overall administration, data analysis,
Contribution to coordination and direction of the project and lab work. Dr. Marchenko
performed breeding and mouse colony maintenance, tumor specimens

Project: . o . . . :
analysis, mammary epithelial cells isolation, manuscript preparation.

Funding Support: || DOD # BC151569

Name: Euvgenia Alexandrova
Project Role: Collaborator
Researcher

Identifier (e.g.

ORCID ID):
Nearest person
3 months
month worked:
Contribution to As a collaborator Dr. Alexandrova was involved in generation, specimen
Proiect: tissue preparation and data analysis of R248Q;ErbB2 mice, manuscript
ject. preparation.

_ NCI gran t# K22CA190653-01A1
Funding Support:

Name: Sulan Xu

Project Role: Lab technician
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Researcher
Identifier (e.g.
ORCID ID):

Nearest person

month worked:

3 months

Contribution to

Project:

Sulan was responsible for breeding and mouse colony maintenance, mouse

genotyping, performed tissue embedding, cutting and IHC staining.

Funding Support:

Name: Lucas Garcia
Project Role: Undergraduate Student, Stony Brook University
Researcher

Identifier (e.g.
ORCID ID):

Nearest person

month worked:

11 months

Contribution to
Project:

Lucas Garcia performed Western blot analysis of cell lines, mice
genotyping and assessment of p53 LOH status in cell lines.

Funding Support:

none

Name: Julia Rosenfeld
. Summer Undergraduate Student, Binghamton University State University
Project Role:
of New York
Researcher
Identifier (e.g.
ORCID ID):
Nearest person
2 months

month worked:

Contribution to

Julia Rosenfeld performed Western blot analysis of cell lines.

Project:
Funding Support: || none
Name: Ute Moll
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Project Role:

Collaborator

Researcher
Identifier (e.g.
ORCID ID):

Nearest person

month worked:

1 month

Contribution to

Project:

As a collaborator Dr. Moll participated in planning of experiments,

discussions of data interpretations, manuscript preparation.

Funding Support:

NCI grant RO1CA176647

month worked:

Name: Amr Ghaleb
Project Role: investigator
Researcher
Identifier (e.0.
ORCID ID):
Nearest  person

12 months

Contribution to

Project:

Amr was responsible for breeding and mouse colony maintenance, mouse
genotyping, performed tissue embedding, cutting and IHC staining, QRT-PCR,

in vitro experiments.

= What other organizations were involved as partners?

Nothing to Report

8. SPECIAL REPORTING REQUIREMENTS

Nothing to Report
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Irradiation induces p53 loss of heterozygosity
in breast cancer expressing mutant p53

Amr Ghaleb™, Alisha Yallowitz'2 & Natalia Marchenko'™

Mutations in one allele of the TP53 gene in cancer early stages are frequently followed by the
loss of the remaining wild-type allele (LOH) during tumor progression. However, the clinical
impact of TP53 mutations and p53LOH, especially in the context of genotoxic modalities,
remains unclear. Using MMTV,;ErbB2 model carrying a heterozygous R172H p53 mutation, we
report a previously unidentified oncogenic activity of mutant p53 (mutp53): the exacerbation
of p53LOH after irradiation. We show that wild-type p53 allele is partially transcriptionally
competent and enables the maintenance of the genomic integrity under normal conditions in
mutp53 heterozygous cells. In heterozygous cells y-irradiation promotes mutp53 stabilization,
which suppresses DNA repair and the cell cycle checkpoint allowing cell cycle progression in
the presence of inefficiently repaired DNA, consequently increases genomic instability leading
to p53LOH. Hence, in mutp53 heterozygous cells, irradiation facilitates the selective pressure
for p53LOH that enhances cancer cell fitness and provides the genetic plasticity for acquiring

metastatic properties.
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worldwide. Currently, radiation therapy, coupled with

breast-conserving surgery is the standard of care for the
majority of breast cancer patients. However, a meta-analysis
showed that radiation reduces 15-year breast cancer mortality
risk only by 5%!. At present, 30% of all breast cancer cases are
considered to be overtreated by the administration of more
aggressive therapies than is necessary or by overdiagnosis, where
no treatment is required2. An estimated one to three deaths from
overtreatment occur for every one breast cancer death avoided>.
Hence, the understanding of how to reliably identify which breast
cancer patients will benefit from radiotherapy is needed to reduce
the mortality risk and improve the quality of life.

Mutations in TP53 (p53) gene are common in breast
cancer and are especially enriched in Her2 (human EGF
receptor 2, ErbB2) positive breast cancer (72%)%, and basal-like
breast cancer (80%)% Whereas wild-type p53 (wtp53) is
an important determinant of the efficacy of DNA-damaging
therapies, the p53 mutational status is not routinely used
for cancer management. This is mainly due to inconsistent
results of clinical studies®, conceivably because in previous
studies the predictive effect of p53 status in response to geno-
toxic modalities has not been assessed at the different stages
and in the context of p53 heterozygosity. In some cancers,
mutant p53 (mutp53) status was shown to predict poor patient
outcome in response to genotoxic treatment®, whereas other
studies showed a better response of mutp53 tumors to che-
motherapies’. Thus, knowing how mutp53 interacts with the
specific oncogenic environment in the context of conventional
therapies will facilitate the clinical utilization of the mutational
status of p53.

Clinical data suggest that p53 behaves as a classic “two-hit”
tumor suppressor where a point mutation in one allele of p53 at
early stages is followed by loss of the wild-type allele (loss of
heterozygosity (LOH)) later during tumor progressiond. Albeit
mutp53 in heterozygosity may exert dominant-negative (DN)
effect?, several in vivo studies showed that wtp53 retains its
function in heterozygous tumors!?. In support, ~80% of
advanced-stage mutp53 breast cancer tumors have lost the wtp53
allele suggesting the high selective pressure for p53LOH during
tumor progression'!. These studies raise the question of why
mutp53 exerts DN in some contexts, but not others, and what is
the clinical relevance of these findings?

To address these questions, we generate MMTV-ErbB2 and
mutp53 R172H (H thereafter) knock-in mouse model that
faithfully recapitulates human Her2-positive breast cancer!2.
We find that wtp53 retains its transcriptional activity in both
p53—/+;ErbB2 and p53H/+;ErbB2 heterozygous cancer cells.
However, irradiation of pre-malignant mammary lesions aggra-
vates mammary tumorigenesis that is associated with increased
frequency of p53LOH mostly in mutp53 heterozygous mice.
Importantly, p53LOH is concomitant with elevated genomic and
chromosomal aberrations, inefficient DNA repair, activation of
mTOR signaling and, as a result, increased metastases in mutp53
heterozygous compared to hemizygous cells. Hence, we propose
that in response to irradiation, mutp53, via activation of the
mTOR pathway, generates the selective pressure for wtp53 loss in
heterozygous cells that is fueled by deficient DNA repair and
abnormal cell-cycle progression.

B reast cancer is one of the leading causes of death in women

Results

Survival of mutp53 breast cancer patients following radio-
therapy is stage-dependent. To assess the predictive effect of
TP53 overall mutations in response to y-irradiation, we investi-
gated publicly available databases of retrospective clinical data of

Metabric cohort (2433 breast cancer patients, http://www.
cbioportal.org). Analysis of all stages of breast invasive ductal
carcinoma (BIDC) combined, showed that radiotherapy
improved overall survival (OS) to all patients independently of
the mutational profile (Fig. 1a, b). Stratification of BIDC patients
by stage demonstrated a significant stage-dependent benefit of
radiotherapy in stage 2 compared to stage 1 cohort (Fig. 1c, d).
Strikingly, stratification by p53 status in ErbB2 cohort of BIDC
showed that stage 1 patients with overall mutant TP53;ErbB2
tumors had significantly worse OS after radiotherapy as com-
pared to untreated cohorts (Fig. le), while radiation significantly
improved OS of stage 2 patients with overall mutant TP53;ErbB2
tumors (Fig. 1f). In contrast, radiotherapy marginally extended
OS of patients with wild-type TP53 tumors independently of the
stage (Fig. 1g, h). Hence, in ErbB2 breast cancer patients, overall
mutant TP53 status might be predictive of a negative outcome
from genotoxic modalities in stage 1, whereas it is significantly
advantageous for stage 2. Similarly, patients with overall mutant
TP53 BIDC tumors showed a worse outcome after chemotherapy
in stage 1 (Supplementary Fig. 1a), but favorable outcome in stage
2 (Supplementary Fig. 1b). Although the number of cases limited
the statistical significance, this trend was not observed for patients
with wild-type TP53 breast cancer patients after chemotherapy
(Supplementary Fig. 1c, d). Importantly, the frequency of
p53LOH increased during tumor progression: 52% of stage 1
patients are heterozygous for p53, while only 20% of stage 2
patients retain wtp53 allele (Fig. 1i).

Therefore, we hypothesized that the p53LOH status might be
an important determinant of the survival of patients carrying
mutant TP53 tumors after genotoxic therapies.

y-Irradiation aggravates mammary tumorigenesis and pro-
motes p53LOH in MMTV-ErbB2 mouse model. To recapitulate
the early stages of human ErbB2 breast cancer and study the
impact of p53LOH in context of genotoxic therapies, we gener-
ated a genetic mouse model as described before!2. The murine
R172H (H thereafter) p53 mutation corresponds to human hot-
spot R175H mutation in ErbB2 breast cancer? and (http://www.
cbioportal.org)). We found that ErbB2 mammary tumorigenesis
was aggravated in p53H/+;ErbB2 mice, compared to p53 null
counterparts, indicated by earlier tumor onset and shorter sur-
vival (Fig. 2, Table 1,'%). Furthermore, a single dose of y-
irradiation at the time of pre-malignant lesions onset (5 Gy to 80-
day-old mice) significantly shortened both tumor latency and
overall survival by approximately 80 days, in both p53—/+;ErbB2
and p53H/+4;ErbB2 genotypes (Fig. 2a), but not in p53+-/4-;ErbB2
mice (Fig. 2b). Notably, irradiation increased p53LOH in both
p53H/+;ErbB2 (Fig. 2¢) and p53—/+;ErbB2 (Table 1) tumors.
Also, p53LOH occurred more frequently in the presence of
mutp53 allele in both non-irradiated p53H/+;ErbB2 and
p53—/+;ErbB2 (18 and 11%, respectively, Table 1) and this dif-
ference was exacerbated after irradiation (p53H/+;ErbB2 95% vs.
p53—/+4;ErbB2 38%, respectively, Table 1). Although we did not
observe survival difference in p53H/+;ErbB2 vs. p53—/-+;ErbB2,
the main phenotype associated with enhanced p53LOH was
the increased rate of metastases in the presence of mutp53
allele (p53H/+;ErbB2 100% vs. p53+/—;ErbB2 58%, Table 1).
Contrary, irradiation of p53+4-/4;ErbB2 mice did not increase
metastasis, and we were unable to detect loss of wtp53 allele in
tumors after irradiation of p53+/+;ErbB2 mice (Table 1).

Next, we determined whether the presence of mutp53 allele
accelerates p53LOH after irradiation in vitro. Cell lines, generated
from mouse tumors of different genotypes (Fig. 2d and
Supplementary Fig. 2a) were irradiated, or not, and the copy
number of wtp53 and mutp53 alleles were determined at different
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Fig. 1 The survival of mutp53 breast cancer patients following radiotherapy is stage-dependent. Kaplan-Meier survival curve for patients (n = 2433) with
breast cancer receiving radiation therapy (red line) or untreated (blue line). a All breast cancer patients (p = 0.00079). b Patients with TP53 and ErbB2
mutations (n =193, p =0.033). ¢ Stage 1, all breast cancer patients (n =440, p=0.98). d Stage 2, all breast cancer patients (n =759, p=0.00026).
e Stage 1 patients with TP53 and ErbB2 mutations (n =35, p = 0.049). f Stage 2 patients with TP53 and ErbB2 mutations (n =70, p = 0.0019). g Stage 1
patients with wild-type p53 (n =302, p=0.26). h Stage 2 patients with wild-type p53 (n =458, p = 0.017). i TP53 LOH in breast cancer patients is stage-
dependent. 52% of stage | and only 20% stage || mutp53 tumors retain wtp53 allele.
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Fig. 2 y-Irradiation aggravates mammary tumorigenesis and promotes p53LOH in MMTV-ErbB2 mouse model. a, b Kaplan-Meier survival curves of irradiated
and non-irradiated MMTV-ErbB2 mouse model. Single-dose of 5 Gy y-irradiation at the time of onset of pre-malignant lesions (80 days) aggravates mammary
tumorigenesis in p53H/+;ErbB2 vs. p53—/-+;ErbB2 (p < 0.001 and p = 0.04, respectively) (a), but not in p53+/+;ErbB2 mice (p = 0.892) (b). n values are
indicated in the figure and represent the number of mice. ¢ Example of LOH analysis in tumors from p53H/+;ErbB2 mice. Non-irradiated mice are showing LOH
in few mice only (top lanes 7-9). Irradiated mice, showing LOH in all but T mouse (bottom lane 17). d P53 expression in a panel of cell lines established from
mammary tumors of MMTV-ErbB2 mice with different p53 genotypes. HSC70 is a loading control. @ Mutp53 enhances LOH following y-irradiation in cell
culture (n = 3 independent samples Error bars represent + SD). Cultivated mammary tumors cells were irradiated (9 Gy), or not, and grown up to 25 days post-
irradiation. DNA was extracted at the indicated time points. The copy number of p53 wt and mut alleles was quantified by real-time PCR. DNA extracted from
tail tissue samples of the corresponding genotype was used for copy number control. The experiment was repeated three times. Summary of a representative
experiment. f Wtp53 retains transcriptional activity and, in response to Mdm2 inhibitor nutlin, induces its target p21 and Mdm2 in mutp53 heterozygous cells.
Nutlin does not induce Mdm2 in p53H/H;ErbB2 and p53—/—;ErbB2 MECs. n =3 independent experiments. Error bars represent + SD.

time points by qPCR (Fig. 2e). In agreement with in vivo data  in p53—/+4;ErbB2 cells compared to non-irradiated cells (Fig. 2e).
(Table 1), we found 3-fold reduction of wtp53 allele post- Irradiation induced a 2-fold decrease in copy number of the wild-
irradiation in p53H/+;ErbB2 compared to untreated cells (a 5- type allele in p53+4/4;ErbB2 cells compared to control cells
fold reduction compared to control p53+/+;ErbB2 cells), but not  (Fig. 2e).
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Table 1 Median survival, tumor spectrum and LOH in mice with indicated genotypes.
Tumor types Irradiated
—/+;ErbB2 H/+;ErbB2 +/+;ErbB2 —/+;ErbB2 H/+;ErbB2 +/+;ErbB2
(h=19) (n=22) (n=9) (h=16) (h=17) (h=16)
Mammary 86% 95% 100% 75% 59% 88%
Lymphoma 10% 0% 0 19% 24% 6%
Mammary + Lymphoma 0% 0 0 6% 0% 0%
Sarcoma 4% 5% 0 0% 24% 6%
tumor number per mouse 2.7 6.1 4.8 3.6 51 2.6
Median survival (days) 312 285 399 23 2.5 397
% of lung metastases 52% 58% 50% 58% 100% 54%
loss of wtp53 allele N% 18% 0% 38% 95% 0%

To evaluate the consequences of p53LOH in vitro with respect
to the transcriptional activity of wtp53 in heterozygosity, we
examined the expression of canonical p53 target genes Mdm?2 and
p21 in response to Mdm2 inhibitor, nutlin, by gPCR. Nutlin
promotes p53 transcriptional activity without induction of DNA
damage!3. No significant difference in the expression of Mdm2
and p21 was observed between p53+/+;ErbB2 and p53H/+;
ErbB2 cells at basal level, while the expression of both was
increased following nutlin addition (Fig. 2f). In contrast, nutlin
failed to induce p53 targets in p53H/H;ErbB2 and p53—/—;ErbB2
mammary epithelial cells (MECs) (Fig. 2f). Hence, in hetero-
zygosity, wtp53 at least partially preserves its transcriptional
function, while p53LOH may abrogate tumor-suppressor activ-
ities of wtp53.

Irradiation induces the accumulation of mutant p53 protein in
heterozygous cancer cells. Most homozygous mutp53 human
cancers and cell lines accumulate high levels of mutp53 protein;
however, little is known about how mutp53 protein levels are
regulated in heterozygosity. Consistent with our previous study
on R248Q;MMTV-Neu mouse model!!, we found only 10-15%
of p53 positive cells in p53H/+;ErbB2 tumors, while p53 staining
was undetected in p53—/+;ErbB2 and p53+/+;ErbB2 tumors
(Fig. 3a and Supplementary Fig. 2b). Irradiation-mediated
p53LOH in p53H/+;ErbB2 mammary tumors was associated
with significant stabilization of mutp53 protein in vivo (Fig. 3a,
and Supplementary Fig. 2b) and in cell lines generated from
mammary tumors that underwent p53LOH in vivo (Fig. 2d,
lanes 9-11 and Supplementary Fig. 2a). Conversely, irradiation
did not affect wtp53 levels in p53+/+;ErbB2 and p53—/+;ErbB2
tumors (Fig. 3a and Supplementary Fig. 2b). These results are
consistent with Li et al. report that irradiation stabilizes mutp53
protein in MDA231 cells and, thus, promotes proliferation!4. As
mutp53 protein stabilization in tumors was proposed to be
essential for its oncogenic function!®, p53LOH with subsequent
mutp53 stabilization may represent a key event in cancer pro-
gression in vivo.

Western blot of mouse tumors 16h post-irradiation
revealed that in irradiated p53H/+;ErbB2 tumors mutp53
protein was stabilized to a higher level than non-irradiated
p53H/4+;ErbB2 tumors, while p53 in p53—/+;ErbB2 tumors
remained undetectable (Fig. 3b). Likewise, wtp53 in p53+/+;
ErbB2 cell line was only transiently upregulated 2h post-
irradiation, but mutp53 showed much higher level in p53H/+;
ErbB2 cell line up to 24h after irradiation (Fig. 3c and
Supplementary Fig. 2c).

It was previously shown that mutp53 mRNA is upregulated in
response to genotoxic anthracyclines in human cell lines!®.
Analysis of p53 mRNA level showed no increase in p53 mRNA
in p53H/-+ErbB2 cells after irradiation (Fig. 3d), suggesting

post-transcriptional regulation of mutp53 protein levels in
heterozygosity post-irradiation. Hence, we hypothesized that, in
heterozygous cells, irradiation stabilizes mutp53 over the thresh-
old that is sufficient to promote its oncogenic activities leading to
p53LOH and tumor progression.

P53LOH is associated with the switch from HRR to NHE]J and
genomic instability. Genomic instability, such as chromosomal
rearrangement caused mainly by failure in normal chromosome
segregation during mitosis, has been regarded as one of the major
causes of LOH in cancer!7-!8, Mutations in a number of genes,
e.g., p53 and PI3K, hinder normal mitosis leading to chromoso-
mal aberrations!”. Alternatively, the accumulation of various
oncogenic mutations during cancer progression can be a result of
inefficient DNA repair. Therefore, we assessed two major DNA
repair mechanisms in ErbB2 mammary tumors with various p53
genotypes.

Witp53 is activated in response to genotoxic treatments,
eliciting cell-cycle arrest, DNA repair, and/or apoptosis!®20.
Depending on cell context and the extent of DNA-damage, p53
may promote DNA repair by one or both of the two major repair
pathways: (1) homologous recombinational repair (HRR)21:22,
and (2) nonhomologous end-joining (NHEJ])22-24, HRR is
relatively slow and less error-prone, while NHEJ is faster and
more error-prone,

HRR (Rad51 as a marker) was activated in p53+/+;ErbB2,
p53—/+;ErbB2, p53H/+;ErbB2 and p53—/—;ErbB2 but was
suppressed in p53H/—;ErbB2 and p53H/H;ErbB2 mammary
tumors (Fig. 4a and Supplementary Fig. 3a). Conversely, wtp53
inhibited NHE] (Ku70 as a marker), while higher Ku70 staining
was only in tumors lacking wtp53 (Fig. 4b and Supplementary
Fig. 3b). Hence, we hypothesized that, in the context of p53 status,
the presence of wtp53 allele may shift DNA repair mechanism
towards to HRR, whereas loss of wtp53 allele (LOH) leads to
switch to NHE] repair with mutp53 actively suppressing HRR,
and causing the acquisition of multiple mutations, mitotic
abnormalities, and chromosomal aberrations.

Chromosomal aberrations can be measured by the frequency of
‘anaphase bridges’ (AB) in the anaphase of the cell-cycle. AB are
extended chromosome bridging between two spindle poles
(Fig. 4c) and are a histologic hallmark of dicentric chromo-
somes?%. High AB was shown to be associated with the increased
frequency of Apc LOH in a colon cancer mouse model!8. We
found a marginal difference in AB scoring between p53+/+;
ErbB2, p53—/+;ErbB2 and p53H/+;ErbB2 mammary tumors,
whereas the absence of wtp53 allele markedly increased AB in
ErbB2 mammary tumors (Fig. 4c). Additionally, p53H/—;ErbB2
tumors had higher AB compared to p53—/—;ErbB2 tumors and
AB was further increased in p53H/H;ErbB2 tumors (Fig. 4e).
Also, we analyzed another ErbB2 mouse model with conditional-
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Fig. 3 Irradiation induces the accumulation of mutant p53 protein in heterozygous cancer cells. a The increase in p53LOH in p53H/+;ErbB2 mammary
tumors are associated with the stabilization of mutp53 after irradiation of pre-malignant lesions, while irradiation does not affect wtp53 levels in p53+/+;
ErbB2 and p53—/-;ErbB2 tumors. Representative images of p53 IHC of mammary tumors with indicated genotypes that were non-irradiated and
irradiated. Four tumors per genotype were analyzed. The scale bar represents 50 pm. b Irradiation stabilizes mutp53 protein in mutp53 heterozygous
tumors, but not in p53—/-+;ErbB2 tumors. Western blot 16 h after irradiation in vivo. Actin is a loading control. € wtp53 in p53+/+;ErbB2 cells was only
transiently upregulated at 2 h post-irradiation (9 Gy), mutp53 shows much higher and continuous stabilization in p53H/+;ErbB2 cells. HSC70 is a loading
control. d Irradiation in vitro does not induce p53 mRNA in p53H/+;ErbB2 cells, 24 h post-irradiation. n = 3 independent experiments. *p < 0.05; **p < 0.071;

***p < 0.001. Error bars represent + SD.

deletion of R248Q mutp53 allele (flQ/—;ErbB2) upon tamoxifen
administration!®. Genetic ablation of R248Qp53 in vivo sig-
nificantly reduced the mutp53 expression in established ErbB2
tumors compared to vehicle-treated tumors (Fig. 4d) and was
concomitant with a two-fold AB decrease (Fig. 4e). Thus, our
results indicate elevated AB independently of the type of p53
mutation compared to p53—/— tumors (Fig. 4e).

Several studies have implicated centrosome abnormalities and
mitotic multipolar spindle formation, as the origin of chromo-
some instability in a variety of human tumors?’-30. P53 is
required for proper centrosome duplication and was shown to

localize to the centrosomes3!-34. To identify centrosome aberra-
tions (>2 or absence of centrosomes), we analyzed mitotic cells in
mammary tumors for centrosome and spindle formation. Indeed,
we observed acentrosomal multipolar polar spindles in p53H/—;
ErbB2 tumors (Fig. 4f) only.

Collectively our data suggest that in heterozygosity wtp53
enables the maintenance of the genomic integrity in cancer cells.
It is plausible that DNA damage via stabilization of mutp53
protein shifts the balance between mutant and wtp53 alleles and
unveils the oncogenic power of mutp53, leading to increased
genomic aberrations and p53LOH. Consequently, loss of wtp53
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allele leads to further genome perturbations fueling tumor
progression.

P53LOH is associated with the activation of the mTOR path-
way. The mTOR pathway is a key downstream component of
ErbB2 signaling3”. Indeed, specific inhibitors of ErbB2 (lapatinib
and trastuzumab) effectively suppressed mTOR, as indicated by
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downregulation of pS6, a downstream target of mTOR, (Fig. 5a
and Supplementary Figs. 4a and 5a). The mTOR pathway plays
an essential role in regulating many oncogenic processes — such as
genomic instability in different cancer types'®3637, including
breast cancer3®38. The stimulation of the mTOR pathway fol-
lowed by translational deregulation and accelerated G1-S transi-
tion was implicated in inducing genomic instability and Apc LOH
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Fig. 4 P53LOH is associated with the switch from homologous recombinational repair (HRR) to nonhomologous end joining (NHEJ) and genomic
instability. a Rad51(marker for HRR) IHC in ErbB2 mammary tumors of mice with indicated p53 genotypes. b Ku70 (a marker for NHEJ) in ErbB2 mammary
tumors of mice with indicated p53 genotypes. Four mammary tumors per genotype were stained. ¢ H&E staining of normal anaphase showing the
segregating masses of chromosomes and bridging (arrow) between the segregating masses of chromosomes during anaphase. d p53 IHC staining in the
tumor from fIR248Q/—;ErbB2 mouse injected with oil or following the depletion of p53 in the tumor from fIR248Q/-;ErbB2 mouse after tamoxifen
injection. The scale bars in A-D represent 50 pm. Images in A-D are representative stainings from 10 mice per group. e Quantification of anaphase bridges
(AB) in ErbB2 mammary tumors of mice with indicated p53 genotypes. n = 3 tumors per genotype. *p < 0.05; **p < 0.07; ***p < 0.001. f Staining for mitotic
spindles in a mitotic cell (metaphase) in p53H/-;ErbB2 mouse mammary tumor (a, e). Nuclear staining (DAPI), (b, f) centrosomes (y-Tubulin), (c, g)
mitotic spindles (a-Tubulin), (d, h) merge. a-d a mitotic cell with normal (2) spindle poles and 2 centrosomes. e-h a mitotic cell with no centrosomes
(acentrosomal) and abnormal (>2) spindle poles. Arrows point to the position of the centrosomes in the mitotic cell. Asterisks indicate the three directions
of the pull of the acentrosomal spindle poles. Data are representative of 10 images from 4 mice per genotype. The scale bar represents 145 pm.

in a colon cancer mouse model!8. Hence, we asked whether the
increased genomic instability and elevated p53LOH observed in
the presence of mutp53 (Fig. 2, Table 1) is attributed to increased
mTOR signaling.

Several studies showed that wtp53 inhibits the mTOR pathway
via inducing Sestrin 1 and 2 expressions, that interact and activate
AMPK leading to mTOR inhibition3%40. Our data show elevated
mTOR signaling in mutp53;ErbB2 vs. wtp53;ErbB2 human
cancer cells as indicated by high levels of downstream effectors
of mTOR—p70S6 and pS6, whereas the level of mTOR and
p-mTOR protein were comparable (Fig. 5b and Supplementary
Figs. 4b and 5b). Furthermore, upregulation of wtp53 by nutlin
suppressed mTOR signaling in wtp53;ErbB2 cells, but not in
mutp53;ErbB2 cells (Fig. 5¢ and Supplementary Figs. 4c and 5c¢).
Consistent with transcriptional activity of wtp53 (Fig. 2f), Sestrin
2 and p21 mRNA expression was upregulated 24h post-
irradiation in all mouse cell lines genotypes (Fig. 5d-e), and this
upregulation was associated with downregulation of mTOR
activity (Fig. 5f and Supplementary Fig. 5d). Importantly,
irradiation did not alter pAKT, the upstream effector of mTOR,
(Fig. 5f and Supplementary Fig. 5d), indicating that wtp53-
mediated induction of Sestrins is the main regulator of mTOR
activity post-irradiation.

To investigate the effect of p53LOH on mTOR activity,
we tested cells 7 days post-irradiation (Fig. 2f). Compared to
p53+/+;ErbB2, the loss of wtp53 allele in p53H/+;ErbB2 cells
was associated with mTOR upregulation and p21 suppression
(Fig. 5g and Supplementary Fig. 5e), while there were sustained
mTOR inhibition and p21 upregulation in p53—/+;ErbB2 cells
(Fig. 5g). Similarly, irradiation in vivo exacerbated p53LOH
concomitant with significant upregulation of mTOR signaling in
p53H/+;ErbB2 tumors (Fig. 5h and Supplementary Fig. 6a, b;
Table 1).

Next, we asked whether mutp53 impacts the mTOR pathway
through a gain-of-function (GOF) mechanism. We previously
showed that mutp53 amplifies ErbB2 signaling via stimulation of
HSF1 and its transcriptional target 