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BRCA1 germline mutations are associated with an increased risk of
breast and ovarian cancer. Recent findings of others suggest that
BRCAT mutation carriers also bear an increased risk of esophageal
and gastric cancer. Here, we employ a Brca1/Trp53 mouse model to
show that unresolved replication stress (RS) in BRCA1 heterozygous
cells drives esophageal tumorigenesis in a model of the human
equivalent. This model employs 4-nitroquinoline-1-oxide (4NQO)
as an RS-inducing agent. Upon drinking 4NQO-containing water,
Brca1 heterozygous mice formed squamous cell carcinomas of the
distal esophagus and forestomach at a much higher frequency and
speed (~90 to 120 d) than did wild-type (WT) mice, which remained
largely tumor free. Their esophageal tissue, but not that of WT con-
trol mice, revealed evidence of overt RS as reflected by intracellular
CHK1 phosphorylation and 53BP1 staining. These Brcal mutant tu-
mors also revealed higher genome mutation rates than those of
control animals; the mutational signature SBS4, which is associated
with tobacco-induced tumorigenesis; and a loss of Brcal heterozy-
gosity (LOH). This uniquely accelerated Brca? tumor model is also
relevant to human esophageal squamous cell carcinoma, an often
lethal tumor.
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Germline BRCAI mutations predispose humans to an ele-
vated cancer risk and especially that of the breast and ovary
(1, 2). In recent times the suggestion of an increased risk of
esophageal cancer in BRCAI mutation carriers has also been
reported, e.g., in an individual with a germline BRCAI mutation
(3). Also, a complete clinical response to platinum treatment was
observed in a patient with BRCAI mutant esophageal cancer (4).
Furthermore, the overall esophageal squamous cell carcinoma
(ESCC) risk in BRCAI carriers is significant (relative risk [RR] of
2.9[95% CI 1.1 to 6.0]) (5, 6). This is in keeping with the obser-
vation that a relatively frequent loss of heterozygosity (LOH) is
detected in the BRCAI-containing region of chromosome 17 in
squamous cell carcinoma of the esophagus (7-9).

BRCAI maintains genome integrity by engaging in multiple
cellular processes, including the repair of DNA damage (10, 11),
including double strand breaks (DSBs), stalled replication forks,
and other abnormalities. Stalled forks, when not resolved, can lead
to mutations or can collapse into DSBs (12-15). Both outcomes
are components of what is commonly referred to as replication
stress (RS), which, when chronic, can serve as a cancer driving
force (16-18).

Loss of certain DNA damage repair functions in BRCAI
mutant tumor cells also renders these cells sensitive to platinum-
based derivatives and PARP inhibitors (19, 20). Success of these
agents in suppressing BRCAI mutant tumor growth has made
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them therapeutic agents of choice for treating BRCAI mutant
cancer (21, 22). Loss of BRCAI function either by germline
deletion and/or promoter hypermethylation is now a predictive
classifier of response to these agents (23).

Currently, multiple Brcal mouse models facilitate the study of
BRCAI loss-associated tumorigenesis. Complete loss of BRCA1
is embryonically lethal (24); thus, successful, tumorigenic models
either conditionally delete both alleles of Brcal in a tissue of
interest or express a hypomorphic mutant version of Brcal
(25-27). For example, conditional Brcal loss can be driven by
Cre-mediated deletion of two Brcal floxed alleles in a tissue of
choice. And mice bearing hypomorphic Brcal mutant alleles, like
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delta 11, and those that express an incompletely functioning or a
truncated version of the Brcal protein instead of the full-length
polypeptide also develop Brcal tumors (26, 28, 29).

Often, BRCA1 knockout (KO) mice also incur a loss of p53
function, which results in accelerated tumor formation, and, in the
case of hypomorphic Brcal mutant mice, their survival as well (25,
27, 30). Mice in both models develop tumors, including mammary
and ovarian tumors, which, on average, take ~1y to develop. Brcal
delta 11 (Brcal*'"™") mice, which synthesize a markedly deleted
but still partially functional Brcal allele, also form esophageal tu-
mors that can be accelerated by addition of the oxidative stress—
inducing agent methyl-N-amylnitrosamine (MNAN) to their
drinking water (31).

However, the role of BRCAI haploinsufficiency has not been
extensively evaluated in mouse models. One reason is that Brcal
heterozygous mice did not generate tumors more often or faster
than their wild-type (WT) counterparts (27, 32). This is unlike the
increased predisposition to cancer observed in human BRCAI
mutation carriers (who carry a germline loss-of-function mu-
tation in a single BRCAI allele). They manifest a significantly
greater than normal breast and/or ovarian cancer incidence by
age 70 (1, 2).

BRCA1 haploinsufficiency can be linked to increased genomic
instability, in part, because of its defective participation in stalled
fork repair and replication stress suppression (33) and, possibly,
because of its role in regulating SIRT1 levels and affecting pRb
pathway activation (34). Given the importance of RS develop-
ment in tumorigenesis (16, 18, 35), this effect would be a logical
contributor to BRCAI mutant cancer development. Of note,
BRCAI heterozygous human cells are haploinsufficient for RS
suppression (33), raising the possibility that this defect operates
as a general contributor to the increased tumorigenicity observed
in many germline BRCAI heterozygous families.

To test this hypothesis, we have established a Brcal mutant
esophageal mouse cancer model that is capable of addressing the
role of replication stress accumulation in BRCA1 mutant cancer.
Here one allele of Brcal and one of Tip53 were deleted through the
action of Meox2Cre, which acts very early during embryogenesis
(embryonic day 5 [ES]) (36) and results in the development of Brcal
and p53 heterozygosity in all tissues. Using this mouse model, we
have found that BRCA1 deficiency in replication stress suppression
is enhanced by exposure to 4-nitroquinoline-1-oxide (4NQO) in
BRCAI heterozygous tissue where it serves as an efficient and ab-
normally rapid driver of tumor formation.

Results

4NQO Induces Replication Stress in Mice Bearing Germline Conditional
Brcal and Trp53 Alleles. Unlike the increased predisposition to
cancer observed in human BRCA1 mutation carriers, heterozygous
Brcal mouse models do not manifest an increased cancer incidence
(27). Given that 1) BRCAI heterozygous cells (including Brcal
heterozygous mouse cells) are defective in stalled replication
fork repair and RS suppression (33), and that 2) chronic RS is a
general contributor to tumorigenesis in certain mammalian species
(16, 18, 35), we reasoned that, if RS were a necessary driver of
murine Brcal mutant cancer, then increasing RS above the levels
observed in Brcal heterozygous mouse tissue might induce tu-
morigenesis in this tissue and not in the same tissue of wild-type
control mice. Conceivably, in a typically short mouse life span
(~18 to 24 mo), insufficient, indigenous RS accumulates in Brcal
heterozygous animals to elicit tumorigenesis.

To investigate the role of RS in BRCAI mutant tumorigenesis,
we established a Brcal heterozygous mouse model where RS was
actively heightened, pharmacologically. Specifically, 4NQO, a
known RS-inducing agent (37), was administered to mice by
adding it to their drinking water. 4NQO is a known carcinogen,
which primarily forms DNA adducts at guanine residues (38, 39).
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More specifically, conditional loss-of-function Brcal and Tip53
mice were studied, wherein loxP sites flanked Brcal exons 5 to 13
and Trp53 exons 2 to 10 (Fig. 14) (27). We generated four different
mouse cohorts to address the role of BRCAI heterozygosity in tu-
mor formation: Brea ™ W’;T;p53ﬂ“X/W’;Meox2Cre (hereafter referred
to as BPM), Tip53™:Meox2Cre (PM), Brcal™";Meox2Cre
(BM), and WT controls that also bore a Meox2Cre allele (Fig. 1B).

In these mice, Cre recombinase was expressed under the
control of the endogenous Meox2 promoter, which has been shown
to express as early as ES (36). The early expression of Meox2Cre
insured early deletion of the floxed Brcal and/or Tip53 alleles from
all mouse tissues. We confirmed the deletion of the floxed Brcal
and Trp53 alleles by genotyping tail cuts from these mice (Fig. 1C).
All mice generated in this study were healthy and fertile.

To determine whether cells derived from mouse tissue were
susceptible to 4NQO-induced replication stress, we studied mouse
embryonic fibroblasts (MEFs). Upon replication stress develop-
ment, stalled replication forks become coated with phosphorylated
replication protein A (pRPA32), which is a prerequisite for efficient
stalled replication fork repair (40). We showed earlier that BRCA1
heterozygous cells are defective in loading pRPA32 on chromatin
following hydroxyurea (HU)-induced replication stress (33).

We first tested whether 4NQO is similarly capable of inducing
replication stress. To address this question, we analyzed esophageal
squamous cell carcinoma cell line KYSE410 and studied the loading
of pRPA32 on chromatin as a manifestation of replication stress
induction following 4NQO treatment. As shown in Fig. 1D, 4ANQO
induced pRPA32 (S33) loading in control cells (siLuc-treated cells),
but not in siBRCAI- treated KYSEA410 cells (Fig. 1D) confirming
that, as shown before with other RS-inducing agents like hydroxy-
urea and ultraviolet (UV) (33, 41), pRPA32 loading following
4NQO treatment is BRCA1 dependent.

We next asked whether this is true for mouse cells as well. We
found that MEFs derived from Brcal heterozygous mice
(Breal*'™), but not those derived from Brcal wild-type (Breal*'*)
MEFs, are defective in loading pRPA32 on chromatin following
the induction of 4ANQO-induced replication stress (Fig. 1E). These
results confirmed that 4NQO is indeed a RS-inducing agent and
that mouse Brcal heterozygous mouse cells manifest a defective
replication stress response, just like BRCAI heterozygous human
cells (33).

Increased Replication Stress in Forestomach Tissue of BPM Mice
Exposed to Oral 4NQO. Previous studies have employed two dif-
ferent modes of introducing 4NQO into mice to study carcinogen-
induced tumor formation. 4ANQO was either “painted” on to the
tongues of mice or was added to their drinking water (42). We
employed the latter approach. Having established that 4NQO
induces replication stress in MEFs, we next asked whether 4NQO
exposure elicits replication stress in vivo. Specifically, we analyzed
mouse tissue and whether Brcal heterozygous mouse tissue is
especially susceptible to accumulating such DNA damage.

Given that we were introducing 4NQO into mice via their
drinking water, we focused on the state of their esophageal/
forestomach tissue. Two mice from each of the four, afore-
mentioned mouse cohorts drank water containing 200 pg/mL of
4NQO for 2 d. The other animals served as controls. Mice were
killed 24 h postoral 4NQO treatment, and their esophageal/
forestomach tissue was harvested and analyzed for signs of rep-
lication stress. These sections were stained for the protein 53BP1
(SI Appendix, Fig. S14), a marker of replication stress (43, 44),
and a clear increase in 53BP1-positive nuclei was observed in
tissue sections collected from the 4NQO-treated mice. Impor-
tantly, BPM mice revealed a higher incidence of strong 53BP1-
positive nuclei compared with mice in the other cohorts (BM,
PM, and WT) (Fig. 1 F and G). Stained sections were analyzed
using ImageJ and Matlab, and 53BP1-positive pixel values for
each image were determined by measuring levels that were above
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Fig. 1. Use of 4NQO as a RS-inducing agent in mice carrying conditional Brcal and Trp53 alleles. (A) Schematic representation of the location of loxP sites in
the Brcal and Trp53 loci in the mouse genome. (B) List of genotypes (BPM, PM, BM, and WT) used in this study. (C) PCR-based analysis to confirm germline
deletion of the floxed segments of Brcal and Trp53 by Meox2-driven Cre recombinase. Genomic DNA was extracted from mouse tail cuts and amplified using
primers for the floxed and/or the deleted region of the gene. Details of the PCR primers and their locations are provided in Materials and Methods. A
representative gel depicting the presence of WT, deleted (del), floxed (flox), and Meox2-Cre alleles is shown for all four genotypes (WT, PM, BM, and BPM).
(D) Western blot analysis of the human esophageal squamous cell cancer line, KYSE410 nuclear extracts. The extracts were blotted for phosphorylated RPA
(PRPA32, phosphorylated at $33), BRCA1, and Lamin B1 (loading control). pRPA32 accumulation was studied before and after 4ANQO treatment in control
(siLuc) and BRCA1-depleted (siBRCA1) cells. (E) Western blot analysis of phosphorylated, chromatin-associated RPA32 (pRPA32, phosphorylated at S4/S8) in
extracts isolated from 4NQO-treated and -untreated MEFs. MEFs from Brca17°*"t:Meox2Cre (Brca1*") and Brca1""*“*:Meox2Cre (Brca1**) mice were cultured
in the presence and absence of 4NQO for 3 h. In both D and E, cells were harvested, and equivalent amounts of lysate were electrophoresed, blotted, and the
blot probed with an anti-pRPA32 antibody. A nonspecific band (D) and Lamin B1 (E) served as loading controls. (F and G) Effect of 4ANQO treatment (4NQO
delivered via the drinking water) on replication stress in BPM mice. Accumulation of 53BP1 in nuclei was used to assess induction of replication stress. Stomach
sections were collected from mice who drank water with and without 4NQO for 2 d and analyzed for accumulation of 53BP1 by IHC. Forestomach/esophageal
tissue sections from WT, PM, BM, and BPM mice (n = 2 mice for each genotype) were collected upon 4NQO exposure and stained for 53BP1 (IHC). Images were
captured at 40X magnification and analyzed with Image) and MatLab_R2019b software. Mice heterozygous for Brcal and Trp53 (BPM) showed enriched
mean pixel intensity for 53BP1 compared with other genotypes. A two-tailed paired t test was used to determine statistical significance. (H) H&E staining of
esophageal tissue. All four genotypes (WT, BM, PM, and BPM) show normal esophageal histology. (Scale bars in black, 200 mm.)
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background (>150 pixels/um?). These values were averaged for
each sample (Fig. 1G).

Higher nuclear 53BP1 pixel intensities in BPM tissue com-
pared with all the other genotypes, suggests that dual Brcal/p53
heterozygosity resulted in increased replication stress in the
nuclei of BPM tissue compared with BM, PM, and/or WT tissue.
Although there was an increased accumulation of 53BP1-positive
nuclei in BPM mice, the hematoxylin and eosin (H&E) stains
confirmed that such a short exposure to 4NQO (2 d) did not
affect the normal histology of the esophageal tissue in mice from
any of the four genotypes (Fig. 1H).

Brca1;Trp53 Double Heterozygous BPM Mice Are Prone to Esophageal
and Forestomach Cancer when Faced with the Development of
Replication Stress. Having confirmed that there is increased rep-
lication stress in Brcal jp53 double heterozygous mouse esophagus/
forestomach tissue upon 4NQO exposure, we then asked whether
increased replication stress in the esophagus/stomach tissue of
these mice is tumorigenic. Prior results of others have suggested
that RS is potentially tumorigenic (45, 46). To study whether the
codevelopment of Breal heterozygosity and upper gastrointestinal
(GI)-focused replication stress is tumorigenic in the esophagus, we
exposed mice to 4NQO-containing drinking water. The animals

A

g.. 4NQO (200ug/ml) é Recovery with regular

drinking water for 45 days

in drinking water for 75 days

B Genotype

were administered 200 pg/mL 4NQO in drinking water for a pe-
riod of 75 d and then followed for 45 d during which the animals
received only normal, drug-free drinking water (Fig. 24).

A common water stock was prepared and was equally dis-
tributed in drinking bottles. Bottles were replaced every 2 d.
Mice from the various genotypes (BPM, PM, BM, and WT)
(Fig. 2B) were housed in the same cage (four mice per cage) and
all drank from the same water source. This ensured that all mice in
our study were equivalently exposed to 4NQO, which was dis-
solved in a polyethylene glycol (PEG)/H,O solution. Control mice
received PEG-containing water as a form of vehicle-only exposure.
Equivalent exposure to 4NQO was confirmed by the observation
that the incidence of benign tongue papillomatosis, a common
occurrence in mice that drink 4ANQO-containing water, was similar
in mice of different genotypes (SI Appendix, Fig. S1B). All mice
were killed at the end of a 45-d observation period, and their
stomach, esophagus, and tongue tissue were harvested for analysis.

We worked with n = 107 mice divided among four genotypes,
as detailed in Fig. 2B. They were scored for tumor formation at
the time of death. We observed a significantly higher incidence of
esophageal/forestomach tumorigenesis in BPM mice after 4NQO
treatment compared with control mice (WT) (Fig. 2 C and D).
Forestomach sections were further analyzed to determine the

Stomach, esophagus, and
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Fig. 2. Brcal1tp537oxiwt.p a0 X2cre double heterozygous mice (BPM) are prone to esophageal and/or forestomach cancer upon exposure to replication
stress induced by 4NQO. (A) Schematic representation of the animal drug treatment protocol that was employed in this study. (B) The table lists the four
genotypes (BPM, PM, BM, and WT) and the number of mice per cohort that were used in this study. (C) Representative macroscopic images that show
formation of esophageal/forestomach tumors in BPM mice and lack of such tumors in WT mice after undergoing the same 4NQO treatment as detailed in A.
(D) Macroscopic images of the forestomach in WT vs. BPM mice that underwent 4NQO treatment as detailed in A. WT mice show mostly tumor-free for-
estomach and BPM mice show large fused tumors in the forestomach. Detailed microscopic analysis of WT and BPM forestomach is provided in Fig. 3.
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incidence of papilloma and/or tumor development (Fig. 3 4 and
B). After accounting for death arising from unknown causes
during the course of the experiment, we analyzed n = 97 mice
belonging to four different genotype cohorts: BPM (n = 31), BM
(n =15), PM (n = 23), and WT (n = 28) (Fig. 3C) in search of
tumorigenesis in each cohort.

Given that both male and female mice were present in this
study, we first tested whether males or females were affected
differently. No tumor development gender bias was observed.
Moreover, no mice in the PEG control arm (n = 16) formed
tumors. By contrast, when different genotypes were compared
for 4NQO-associated tumorigenesis, only Brcal;Trp53 double
heterozygous (BPM) mice revealed a significantly increased in-
cidence of tumorigenesis compared with WT mice (odds ratio
[OR]: 8.7, 95% CI: 1.8 to 42.4, P = 0.008) (Fig. 3 D and E).

Although BPM mice revealed the highest frequency of tu-
morigenesis compared with other genotypes, they revealed low
levels of oral papilloma development. In contrast to this obser-
vation, BM mice exhibited an increased incidence of oral pap-
illomatosis relative to the other genotypes (Fig. 3 C and E). One
possible explanation for the relatively low-level papilloma for-
mation in BPM mice compared with the relatively high incidence
in BM mice is that the loss of p53 in BPM mice allowed their
precancerous cells to progress further along the path to tumor-
igenesis than did BM cells (which have lost Brcal but expressed
WT p53).

Esophageal Squamous Cell Carcinoma Reveals Krt14 and Phosphorylated
Chk1 Expression. The increased expression of keratins such as cyto-
keratin 14 (K14) is a known manifestation of esophageal carcino-
genesis, especially in human squamous cell esophageal carcinoma
(47, 48). Thus, we analyzed K14 expression in BPM esophageal
tumors and confirmed that they were strongly K14 positive
(Fig. 44). PM tumors were similarly positive for K14 staining.

We also tested whether phosphorylated CHK1, a reporter of
DNA damage and of replication stress, was expressed in these
tumors. Previous studies had shown that, in response to repli-
cation stress, ATR phosphorylates CHK1 kinase at S317 and
S345 (49).

To determine whether tumors of any one genotype experi-
enced higher levels of a given replication stress marker than
others, we analyzed pChk1(S345) in esophageal tumors in mice of
different genotypes (Fig. 4B). The overall percentage of cells with
nuclear pChk1(S345) staining was significantly higher in BPM
tumors compared with WT or BM or PM tumors (Fig. 4 B and C).
This implies that higher levels of replication stress and, likely,
DNA damage were present in Brcal/Tip53 double heterozygous
(BPM) tumor cells than in tumor cells that appeared in any of the
other cohorts. BPM tumors also stained positively for 53BP1,
signaling signs of DNA damage in these tumors (Fig. 4D).

We also checked p63 status in BPM tumors, given that one of
the traditional markers of esophageal squamous cell carcinoma
is p63 (50). BPM tumor sections manifested strong p63 staining
(Fig. 4D), while normal esophageal sections from BPM mice did
not (SI Appendix, Fig. S1C).

Whole-Exome Sequencing Reveals an Increased C > A Mutation
Frequency in 4NQO-Induced Tumors in BPM Mice. To determine
the mutational load and the abundance of relevant genomic al-
terations in tumors from BPM compared with PM mice, we
carried out whole-exome sequencing (WES).

Given that mutational load closely correlates with tumor ag-
gressiveness (51), we asked whether there were any differences in
the nature and/or the extent of mutational signatures in tumors
from one genotype compared with another. A sample list is
shown in Fig. 54. Genomic DNA used for WES was extracted
from microdissected tumor sections of BPM mice (samples S1
and S2), PM mice (samples S4 and S5), of papilloma tissue from
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a BPM mouse (sample S7), and tissue from a normal forest-
omach/esophageal region of BPM mice (samples S3 and S6)
(Fig. 54).

We analyzed the WES data in an effort to assess the roles of
certain mutational signatures that exist in the relevant tumor
material. Homologous recombination deficiency (HRD) signatures
are enriched in cancers harboring biallelic inactivation of BRCA1
or BRCA2 (52). An HRD-related mutational signature, referred to
as COSMIC signature 3, is characterized by a specific single nu-
cleotide variation pattern and a distinct pattern of insertions and
deletions. There was no accumulation of signature 3 in any of the
tumor samples, including Brcal mutant tumors (BPM). Previous
studies with Brcal mutant mouse tumors also have failed to detect
the strong accumulation of an HRD signature unlike what was
detected in human BRCAI mutant tumors (53-55).

However, the WES analysis did reveal that C > A mutations
were four- to fivefold more abundant in the 4NQO-induced tu-
mors in BPM mice compared with PM mice (Fig. 5B). These
mutations were observed only in tumor tissue as opposed to
tissue of the same genotype that had been exposed to 4NQO but
remained tumor free (e.g., in samples S3 and S7).

These findings are consistent with the clonal nature of the
tumor cells and suggest that cells harboring C > A mutations
were particularly prone to becoming tumorigenic of all of the cell
types that were analyzed. Moreover, a four- to fivefold increase
in C > A mutations in BPM tumors, compared with PM tumors
strongly suggested that inefficient repair of 4NQO-induced
damage in Brcal heterozygous cells in BPM mice contributed
to tumor formation. 4NQO and its metabolites have a strong
preference to form adducts with guanine (38). Either 4ANQO-
guanine adducts, or its metabolite-driven 8-oxo-guanine (8-0xoG)
and 8-hydroxydeoxyguanosine (SOHdG) DNA adducts (56, 57)
could contribute to increased C > A mutations after 4NQO
treatment. 8-0xoG and 8SOHdG DNA adducts have been shown
previously to accumulate in cells treated with 4NQO, and both
are commonly associated with C > A transversions because of
mispairing with adenine during DNA replication (58).

Furthermore, although there was a significant increase in C >
A mutations in tumor cells, the contribution from other base
substitutions was relatively low. This pattern is consistent with
the presence of a single nucleotide variation-based mutational
signature, SBS4 (59), that dominated the other mutational out-
comes in the tumor. Of note, this signature accumulates in
cancers that are strongly associated with tobacco exposure or
appears in cell lines that have been exposed to benzo-o-pyrene, a
tobacco smoke carcinogen (59). Both of these agents, like
4NQO, primarily form guanine adducts.

We also determined the frequency of indels (deletions and
insertions) in these samples. Though we detected a strong cor-
relation between 4NQO exposure and an increase in indel fre-
quency, we did not detect a tissue genotype-based effect on indel
frequency. This suggests that such events (insertions and dele-
tions) do not necessarily depend on tissue genotype and are more
dependent on exposure of the tissue to a relevant carcinogen.

Finally, in keeping with an increased C > A mutation signature
in BPM- compared with PM-based tumor cells, we also found
that the percentage of genome alterations (i.e., amplifications
and deletions) was, on average, greater than twofold higher in
BPM tumors than PM tumors (Fig. 5C).

Brcat and Trp53 LOH in Esophageal Tumors Formed following 4NQO
Exposure. BRCAI mutant cancers frequently reveal a loss of
BRCAI heterozygosity (LOH), largely arising from loss of the wild-
type allele of BRCAI and retention of the mutant allele (60-64).
Recently, however, some reports have indicated that BRCA1 LOH
might not be as common an event as previously suggested in Brcal
tumors (65). Studies where microdissected tumor cells were
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Fig. 3. Brcal"tp53f1oX'tpeoX2cre double heterozygous mice (BPM) are prone to esophageal and/or forestomach carcinoma upon replication stress. (A
and B) Microscopic analysis of lesions in the forestomach of mice following 4NQO treatment. Representative histological images (H&E stains) to document the
existence of esophageal papilloma (A) and squamous cell carcinoma (B) observed in mice following 4NQO exposure. (A) Papilloma tissue growing upward into
the lumen of the esophagus and (B) depicts small nests of squamous tumor cells invading the stroma. It also contains a tumor cyst filled with keratin. (C)
Summary of genotype by outcome (normal, papilloma, and/or tumor). The lesions were classified as papilloma or squamous cell carcinoma based on similarity
to representative images shown in A and B. (D) Association between genotype and tumor development. The table summarizes the results of a multinomial
logistic regression model of tumor development. Compared with WT animals, mice with a Brca1™:Trp53"o"t:Meox2Cre genotype (BPM) experienced a
statistically significant likelihood of tumor development (OR: 8.7, 95% CI: 1.8 to 42.4, P = 0.008). (E) Association between genotype and papilloma devel-
opment. Papilloma incidence in WT mice was compared with that in BM, PM, and BPM mice.
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Fig. 4. Cytokeratin 14 and phosphorylated CHK1 expression in esophageal squamous cell carcinoma (SCC) of mice. (A) Representative IHC sections to assess
keratin 14 (Krt14) expression in forestomach tissue from nontumor and tumor tissue harvested from BPM mice. (B) Representative pictures of PM, BM, and
BPM tumors stained with pCHK1 antibody. Upper panels show the H&E of the sections that were stained for pCHK1. Approximate region on the H&E slide
that corresponds to the pCHK1-stained section is shown in the boxed region. (Scale bars in black, 200 mm and scale bars in white, 100 mm.) pCHK1 im-
munofluorescence analysis reveals increased pCHK1 expression in BPM esophageal/forestomach tumor tissue compared with PM or BM mice. (C) Percentage
of pCHK1-positive cells was determined for tumor sections collected from mice of different genotypes. BPM tumor sections contained significantly more
pChk1-positive cells per section than BM, PM, and WT cells (D).

analyzed for BRCAI! LOH showed that BRCAI LOH is a het- Cre. The fold change in gene dosage (Brcal and p53) was cal-

erogeneous tumor-based outcome (66—68). culated by normalizing results to those obtained with WT tail cut
To address the extent of LOH of Brcal and Tip53, we  genomic DNA.
extracted genomic DNA from 4NQO-induced tumors and car- As shown in Fig. 5D, qPCR-based analysis showed that BPM

ried out qPCR. To enrich for tumor-associated DNA, tumor mice experienced a reduction in Brcal gene dosage in the tumors
sections were microdissected in order to isolate tumor-enriched  compared with tail cuts, implying the loss of one or both Brcal
segments. Genomic DNA from tail cuts (TCs) of the corre- alleles in the tumors. No such additional loss of Brcal or Trp53
sponding mice was also extracted. DNA from the tumor (TU) was observed in the BM or the WT tumors compared with their
and the corresponding TC was collected fromn = 6 BPM, n =6  tail cut genomic DNA. This could imply that the genomic insta-
PM, and n = 2 BM and WT mice. Actin primers were used to  bility in Brcal heterozygous (BM) tumors is less than that ob-
amplify the genomic actin locus DNA as an internal control. served in Brcal/Tip53 double het (BPM) mice, where there was

Primers were designed such that they amplified regions within ~ additional loss (LOH) for both Brcal and Trp53. This could also
loxP site encompassed segments of Brcal and Trp53. These pri-  account for reduced tumor rate in BM mice compared with BPM.
mers were used to amplify a specific ~100-bp region within the Furthermore, we did detect a reduced Brcal gene dosage in
respective genes in both TCs and TU genomic DNA extracts PM tumors compared with the corresponding PM tail cuts which,
from all samples. We chose this region of Brcal and Tip53 be-  we believe, could be an indication of increased genomic instability
cause it allowed one to compare the gene dosage for Brcal and  in these tumors (Fig. 5SD). Similarly, there was also p53 gene
Trp53 upon Cre-mediated deletion in the germline (i.e., tail cuts)  dosage loss in BPM compared with BM or WT tumors (Fig. 5E).
with that in the tumors. The TCs served as positive controls to We also analyzed the WES sequencing data using GATK
confirm loss of one allele of Brcal and/or Trp53 upon action of  HaplotypeCaller (69) in genomic vef mode from the Broad
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Fig. 5. DNA mutational signature and Brcal and Trp53 LOH analysis in the esophageal tumors formed upon exposure to 4NQO. (A) List of mouse tissue
samples that were used for WES. Genomic DNA was extracted from microdissected tumor sections (samples S1, S2, S4, and S5), papilloma sections (sample S7),
and from the normal forestomach/esophageal region (samples S3 and S6). (B) Number of somatic mutations in the WES samples listed in A, after filtering on
the quality, depth, and S-score parameters returned by isomut, and the removal of the clustered germline contaminants. Clusters were identified as a group
of variants with a mean distance between the neighboring mutations less than 10% of the average distance between neighboring mutations across the entire
exome. (C) Percentage genome altered (amplifications and deletions) was analyzed for samples S1 and S2 (BPM tumors), S4 and S5 (PM tumors), and S3 (BPM
mouse, 4NQO exposure, no tumor) and S6 (BPM mouse no 4NQO exposure/no tumor). Each sample was compared with the same normal sample (sample S6).
Copy number analysis was performed as described in Materials and Methods. (D and E) Forestomach/esophageal tumor tissue sections were microdissected
and genomic DNA was extracted from them. Genomic DNA from TCs of the corresponding mice was also extracted. Tumor and the corresponding tail cut DNA
were collected from n = 6 (BPM), n = 6 (PM), and n = 2 BM and WT mice. Actin primers were used to amplify an actin locus as an internal control. Primers for
Brcal and Trp53 were used to amplify the respective genes in both TCs and TU genomic DNA extracted from all relevant samples. The fold change in gene
dosage (Brca? and Trp53) was calculated by normalizing to WT tail cut genomic DNA. The Brcal gene dosage is plotted in D and the Trp53 gene dosage is
plotted in E. P value <0.05 was considered statistically significant (*P < 0.05; **P < 0.005; ***P < 0.0005; ****P < 0.0001). (F) Variant allele frequency (VAF)
analysis for single nucleotide polymorphisms (SNPs) in exon 10 (analogous to human exon 11) of the mouse Brcal gene. S1 and S2 samples (BPM tumors)
reveal a complete loss of the variant at position chr11:101524509 and a near complete loss of the variant at position chr11:101525014.
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Institute and confirmed results generated through our qPCR
analysis. There were two heterozygous single nucleotide poly-
morphisms (SNPs) (1528288696 C/G and rs28288694 A/G) in
these specimens that were located in Brcal, both of them in exon
10 (which is contained within the floxed region of Brcal) (Fig. S5F).
Compared with their PM counterparts (S4 and S5), the BPM tu-
mor samples (S1 and S2) show a strong reduction in coverage at
both of these SNPs and the variant allele frequencies (VAFs) were
near zero (Fig. 5F), indicating the presence of LOH in the region.
In fact, in samples S1 and S2 the SNP rs28288694 completely
disappeared, which strongly suggests the existence of LOH in this
region. No such disappearance of SNPs or loss of allele frequency
was observed in a neighboring gene, ETV4, where allele frequency
for five SNPs was analyzed (Fig. 5F). This implies that the dis-
appearance of the Brcal region-specific SNP (1s28288694) in S1
and S2 cannot simply be attributed to a lack of sequencing depth.
This is because the probability that the SNPs were present, with a
contribution equal to that of the reference allele, but the se-
quencing did not capture them, was 7.6 x 107° and 9.5 x 1077,
respectively, assuming the diploidy of the two samples (Fig. 5F).
These findings confirm that 1) in BPM tumors (S1 and S2 sam-
ples), only Brcal heterozygous cells contributed to tumor forma-
tion and 2) that the loss of SNPs was specific to the Brcal region.

Discussion

Germline heterozygous loss of BRCAI is associated with an in-
creased lifetime cancer risk and, especially, breast and ovarian
cancer (1, 70). Increasing evidence suggests that BRCA1 loss is also
associated with additional cancer types, including but not limited to
pancreatic, prostate, colon, gastric, and esophageal cancer. Despite
the well-established association between BRCAI heterozygosity
and cancer predisposition in humans, there are currently no such
Brcal heterozygous mouse models that faithfully recapitulate this
high risk of tumor formation upon BRCAI heterozygosity. Brcal
heterozygous mice are not tumor prone, and complete loss of
Brcal in mouse models by conditionally deleting it in the tissue of
interest rarely triggers tumorigenesis, unless 77p53 is also deleted.
This makes it difficult to use Brcal mouse models to study the role
of BRCAI heterozygosity in tumor formation.

Here we report a heterozygous Brcal mouse model that manifests
a dramatic acceleration of disease and provides a potentially valu-
able tool to study the mechanism of BRCAI mutant tumorigenesis.
We find that BRCAI heterozygosity in combination with the acute
onset of chemically derived replication stress is a major BRCAI
tumor—driving process. We employed 4NQO, a well-established
replication stress inducer, and found that exposure to this agent
can elicit esophageal tumor formation in Brcal heterozygous mice.

More specifically, oral delivery of 4NQO to doubly heterozy-
gous Brcal/Trp53 (BPM) mice led to squamous cell carcinoma of
the distal esophagus and forestomach, while no such 4NQO-
promoted tumorigenesis developed in WT and PM mice. Thus,
dual Brcal and Trp53 heterozygosity combined with 4NQO rep-
lication stress represented an adequate tumorigenic force in the
aforementioned animals (33). One interpretation of these results
is that 4NQO provides an added source of replication stress that
allows a subtumorigenic effect of this DNA damage-associated,
BRCA1/p53 heterozygosity-driven process to 1) reach a tumor-
inducing level and 2) to do so with remarkable speed.

The proposal of a link between achieving sufficient replication
stress and Brcal mutation—-driven ESCC is supported by the high
level expression of 53BP1 that was detected after persistent and
direct exposure of esophageal/forestomach tissue to 4NQO. We
also found that BPM-, but not PM-based tumors contained a
high percentage of phosphorylated Chkl (S345)-positive, RS-
affected tumor cells, which is also in keeping with a role for
chronic replication stress in BRCAI mutant tumorigenesis and,
possibly, in other cancers, as well (16, 18).
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We also investigated the nature of mutational signatures in
tumors formed in BPM and PM mice. Whole-exome sequencing
data obtained from tumor and nontumor tissue genomic DNA
showed that an SBS4 mutational signature was enriched in
4NQO- induced BPM tumors but not in PM tumors. This mu-
tational signature is known to correlate with tobacco smoking
and has also been associated with esophageal cancer (10). It is
presumed to be an output of unresolved and unrepaired DNA
adducts formed by tobacco exposure as well as in 4NQO-
associated BPM tumors. Conceivably, if 4NQO leads to similar
or related DNA adducts, when unrepaired, they could also give
rise to a C > A mutational signature.

The fact that we observed a C > A mutational signature almost
exclusively in BPM tumors and not in PM tumors strongly sug-
gests that defective repair of 4NQO-induced lesions in Brcal/
Trp53 double heterozygous cells contributed to tumor formation.
However, why we did not detect a HRD-associated signature 3 in
the BPM tumors is as yet unclear. This observation is similar to
what has been reported previously for tumor lines derived from
mice where both Brcal alleles were conditionally deleted in the
mammary gland. There too, only minor enrichment of signature
3 in the Brcal-deleted tumors was found (53-55).

A possible explanation for a lack of signature 3 in Brcal mouse
tumors is that the tumors grew fast enough through largely un-
hindered cell divisions, thereby preventing certain subclones
from arising and surviving, and thereby contributing to the
overall mutational signature of the tumor.

LOH analysis of the BPM tumor DNA did reveal a significant
reduction in the Brcal and Tip53 gene dosage compared with DNA
from the tail cuts of the corresponding mice. Though significant,
Brcal LOH was not complete, implying the existence of intra-
tumoral heterogeneity. This is in keeping with previous reports that
have shown evidence that up to 25% of tumor nuclei retain positive
BRCAL staining in BRCAI mutant human tumors (65, 68).

The BPM mouse model also serves as an excellent addition to
existing esophageal squamous cell carcinoma mouse models.
Distal esophageal and forestomach squamous cell cancers in mice
share strong similarity with human ESCC. Previous attempts to
model ESCC in mice have employed many different approaches,
including genetically engineered mice [e.g., to inactivate pl6 or
p53 and/or to overexpress cyclin D1 (71)] or the use of carcino-
gens. It has been difficult to study ESCC in genetically engineered
mice, partly because of its traditionally long latency, which ranges
from 12 to 18 mo and normally appears to be necessary for tumor
development. However, BPM tumors were detected between ~90
and 120 d, representing a dramatic acceleration in tumorigenesis.
Of note, this mouse model was generated in mice bearing a mixed
genetic background (both C57BL/6 and FVB-N) (27) and the
effect of genetic backgrounds on tumorigenesis could affect tumor
latency in certain backgrounds.

The use of carcinogens, including 4NQO, has been helpful in
replicating aspects of human ESCC in mice. For example, in the
genetically engineered mice (Brcal/Trp53 double heterozygous
mice) used in this study, ESCC was induced in a very short time
(on average ~90 to 120 d). By contrast, in 4NQO-free BPM mice,
no esophageal tumors were detected within 18 mo, at which time
observation was stopped. Moreover, the ~90- to 120-d onset of
tumor formation was directly dependent on both Brcal hetero-
zygosity and the induction of replication stress. Such a telescoped
tumor model may offer an opportunity to gain a more rapid un-
derstanding of molecular events that lead to ESCC.

In conclusion, we have established a markedly accelerated
mouse tumor model to study the effect of replication stress in
BRCAI heterozygous tissue and how it contributes to BRCAI
mutant tumorigenesis. Brcal heterozygous cells are innately sus-
ceptible to accumulating exogenously delivered tumor-promoting
replication stress (33), and we hypothesize that unrepaired repli-
cation stress effects result in an accumulation of genomic
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alterations that trigger the rapid onset of tumorigenesis in 4NQO-
treated Brcal ™'~;Trp53™'~ mice. Replication stress in cases of
esophageal cancer in BRCAI mutation carriers can be generated
by exogenous agents like tobacco and alcohol, both of which have
been linked to esophageal cancer (72, 73). Although the role of
endogenous replication stress in tumorigenesis is well established
(74, 75), the nature of the endogenous replication stress-inducing
agents that lead to BRCAI mutant cancer is unclear, as is whether
such agents contribute to the tissue specificity observed in human
BRCAI cancer (i.e., to the increased risk for breast and ovarian
cancer). There is some indication that estrogen metabolites could
be one such endogenous agent that causes increased replication
stress in BRCAI heterozygous cells (76). Clear identification of
endogenous agents that contribute to increased replication stress
in BRCAI mutant cancer will be important in understanding the
early steps that define BRCAI mutant tumorigenesis.

Finally, although PM and BM mice also developed tumors,
they did so at a much lower frequency than BPM mice. More-
over, only the BPM tumors revealed 1) an accumulation of
4NQO-induced C > A alterations and 2) evidence of increased
Brcal LOH. Both of these observations strongly suggest that the
accelerated tumorigenesis observed in BPM mice is a direct
consequence of 4NQO-induced replication stress coupled with
Brcal heterozygosity that, in turn, led to Brcal LOH, an estab-
lished Brcal mutant cancer driver. Importantly, neither 4NQO-
induced DNA damage nor Brcal heterozygosity, on its own, was
enough to drive tumorigenesis in this experimental setting.

That said, one might also consider the possibility that intraductal
mammary 4NQO delivery could lead to Brcal heterozygosity—
driven mammary tumors. Such an accelerated tumor model system
could prove to be invaluable in the detection of the earliest events in
BRCAI heterozygous mutation-driven breast cancer.

Materials and Methods

Cell Line and Culturing Condition. The human esophageal squamous cell
carcinoma KYSE410 cell line was provided by Adam J. Bass' group at Co-
lumbia University, New York, NY. Cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (GIBCO) and 1% penicillin/
streptomycin (Thermo Fisher).

Mouse Models. Brca1™@ (JoxP sites flanking exons 5 to 13 of Brca7), and
Trp5371°"t (JoxP sites flanking exons 1 to 10 of Trp53) mice were kindly
provided by Jos Jonker’s group, Netherlands Cancer Institute, Amsterdam,
The Netherlands. These mice were crossed with Meox2Cre deletor mice
purchased from Jackson Labs (Stock No. 003755) to generate the four dif-
ferent genotypes (BPM, BM, PM, and WT). All experimental protocols were
approved by the Dana-Farber Institutional Animal Care and Use Committee.

Experimental Conditions for 4NQO-Induced Tumorigenesis. 4ANQO (Sigma-Aldrich, Cat.
No. N8141) was dissolved in propylene glycol (Sigma-Aldrich, Cat. No. 398039-
500ML) at 6 mg/mL and diluted in drinking water to a final concentration of
200 pg/mL. Mice were given access to the drinking water at all times during the
treatment. Six- to eight-wk-old mice from different genotypes were cohoused such
that same sex mice from different genotypes were in the same cage. The water
was refilled with fresh 4ANQO solution biweekly. Control groups received the same
volume of propylene glycol (vehicle control) in their drinking water. After 75 d,
4ANQO-containing water was replaced with regular drinking water, and all mice
were monitored for 45 additional days and then killed for tissue/tumor collection.

Tissue Collection and Sectioning. Whole stomach and distal esophagus from
experimental mice, both tumor and normal, were harvested and fixed in 10%
formalin. Macroscopic images of stomach and esophagus were recorded and
photographed for each experimental mouse. The harvested tissue was em-
bedded in paraffin wax, cut into 5-um sections, and stained with H&E.

1. A. Antoniou et al., Average risks of breast and ovarian cancer associated with BRCA1
or BRCA2 mutations detected in case series unselected for family history: A combined
analysis of 22 studies. Am. J. Hum. Genet. 72, 1117-1130 (2003).

2. K. B. Kuchenbaecker et al.; BRCA1 and BRCA2 Cohort Consortium, Risks of breast,
ovarian, and contralateral breast cancer for BRCA1 and BRCA2 mutation carriers.
JAMA 317, 2402-2416 (2017).
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Pathology processing and analyses were carried out at the Rodent Histo-
pathology Core at Harvard Medical School.

Statistical Analyses. The relationships between phenotype and outcome were
assessed using Fisher’s exact test. More details are provided in S/ Appendix.

Genomic DNA Extraction for LOH Analysis and WES. Formalin-fixed paraffin-
embedded tissue sections were deparaffinized with xylene, washed with
ethanol, and rehydrated in deionized water. The tumor areas to be micro-
dissected were identified on the unstained section by comparing the tissue
with an adjacent section stained with H&E. Microdissection was performed
under the microscope, using a sterile syringe needle and/or a scalpel blade.
The isolated tissue was placed in a 0.5-mL PCR tube containing DNA ex-
traction buffer. Genomic DNA from the microdissection sections was
extracted using the QIAmp DNA FFPE tissue kit (Qiagen, 56404) according to
the manufacturer’s instructions. Tail cut DNA was repurified with a DNeasy
kit (Qiagen) and concentrated with a Microcon DNA Fast Flow Centrifugal
Filter Unit with Ultracel membrane (Millipore, Cat. No. MRCFOR100).

Immunofluorescence and Immunohistochemistry. Paraffin-embedded sections
were deparaffinized in xylene and rehydrated by serial immersion in ethanol
and ddH20. Antigen retrieval was achieved by heating sections in a pressure
cooker (Cuisinart CPC-600) for 12 min in pH 6 citrate buffer (Millipore-Sigma, Cat.
No. €9999). Tissue sections were washed with phosphate buffered saline (PBS)
twice for 10 min, and then blocked for 1 h in blocking buffer (PBS containing 1%
bovine serum albumin [BSA], 0.3% Triton X-100, and 10% normal goat serum).
Sections were incubated with primary antibody in antibody solution buffer (PBS
containing 1% BSA, 0.3% Triton X-100, and 1% normal goat serum) overnight at
4 °C. For immunohistochemistry (IHC), a Novolink Polymer detection system
(Leica) was used and counterstained with Gill's Hematoxylin No. 3. For immu-
nofluorescence (IF), tissue sections were subsequently incubated with Alexa Fluor
647 secondary antibody for 30 min at room temperature. Sections were
mounted with VECTASHIELD antifade mounting medium containing DAPI
(Vectorlabs H-1000). Primary antibodies used were: phospho-CHK1 Ser345 (Cell
Signaling Technology, Cat. No. 2341T), 53BP1 (Bethyl Laboratories, Cat. No.
A300-272A), and P63 (Santa Cruz, Cat. No. sc-25268).

Microscopy and Image Analysis. Images were acquired with an Axio Imager.M2
(Carl Zeiss) equipped with an Axiocam 506 color camera, controlled by Zen
software. Images were exported at 16-bit images for subsequent analysis.
Image analysis was performed with FlJl and Matlab_9.7 R2019b. Pixel intensity
analysis was determined by assessing the average pixel abundance per mi-
crometer squared and averaged across images.

PCR Primers for Genotyping and LOH Analysis. Details of PCR primers and the
related methods are described in detail in S/ Appendix.

Whole Exome Sequencing Data Analysis. Alignment and postprocessing of the
whole exomes, copy number analysis, somatic point mutation calling, somatic
signature calling, indel analysis, coverage analysis, and variant allele fre-
quencies in the direct vicinity of BRCA1 are described in detail in S/ Appendix.

Data Availability. All study data are included in the article and/or S/ Appendix.
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