1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Oncogene. Author manuscript; available in PMC 2021 December 28.

-, HHS Public Access
«

Published in final edited form as:
Oncogene. 2021 August ; 40(31): 5026-5037. doi:10.1038/s41388-021-01892-5.

Genetic modifiers regulating DNA replication and double strand
break repair are associated with differences in mammary tumors
in mouse models of Li-Fraumeni Syndrome

Prabin Dhangada Majhil-2, Nicholas B. Grinerl, Jacob A. Mayfield3, Shannon Compton?,
Jeffrey J. Kane?, Trevor A. Baptistel, Karen A. Dunphyl, Amy L. Roberts?, Sallie S.
Schneider®6, Evan M. Savage’, Divyen Patel’, Anneke C. Blackburn8, Kim Joana Maurus?,
Lisa Wiesmuller®, D. Joseph Jerryl.6

1Department of Veterinary & Animal Sciences, University of Massachusetts Amherst, MA, USA

2Department of Botany, Ravenshaw University, Cuttack, Odisha, India

3Division of Rheumatology, Inflammation, and Immunity, Brigham and Women'’s Hospital, Boston,
MA, USA

4Department of Microbiology, University of Massachusetts Amherst, MA, USA

SDepartment of Surgery, University of Massachusetts Medical School/Baystate, Springfield, MA
01199, USA

5Pioneer Valley Life Sciences Institute, Springfield, MA, USA
‘Genome Explorations, 1910 Nonconnah Blvd #120, Memphis, TN 38132 USA

8John Curtin School of Medical Research, Australian National University, Canberra, ACT,
Australia

9Department of Obstetrics and Gynecology, Ulm University, Ulm, Germany

Abstract

Breast cancer is the most common tumor among women with inherited variants in the 7P53 tumor
suppressor, but onset varies widely suggesting interactions with genetic or environmental factors.
Rodent models haploinsufficent for 7rp53also develop a wide variety of malignancies associated
with Li-Fraumeni Syndrome, but BALB/c mice are uniquely susceptible to mammary tumors and
is genetically linked to the SuyprmamZ locus on chromosome 7. To define mechanisms that interact
with deficiencies in p53 to alter susceptibility to mammary tumors, we fine-mapped the
Suprmam1 locus in females from an N2 backcross of BALB/cMed and C57BL/6J mice. A major
modifier was localized within a 10 cM interval on chromosome 7. The effect of the locus on DNA
damage responses was examined in the parental strains and mice that are congenic for C57BL/6J
alleles on the BALB/cMed background (SM1- 77p53"/7). The mammary epithelium of C57BL/6J-
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753~ females exhibited little radiation-induced apoptosis compared to BALB/cMed- 77p53~
and SM1- 77p53~ females indicating that the Suprmam156/86 alleles could not rescue repair of
radiation-induced DNA double-strand breaks mostly relying on non-homologous end joining. In
contrast, the Suprmam1B86/56 alleles in SM1- Trp53+/- mice were sufficient to confer the
C57BL/6J- Tro53t~ phenotypes in homology-directed repair and replication fork progression. The
Suprmam1B6/56 alleles in SM1- 77053~ mice appear to act in trans to regulate a panel of DNA
repair and replication genes which lie outside the locus.

Significance: Genetic variation in replication-associated DNA repair can modify consequences
of heterozygous mutations in 77p53and contribute to susceptibility to mammary tumors in mouse
models of Li-Fraumeni syndrome.
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Introduction

The critical role of the p53 protein in suppression of carcinogenesis is reflected by cancer
susceptibility among individuals with inherited mutations in the 7P53 gene and its frequent
mutation in nearly all types of cancer; however, the tissues affected and the age at which
cancers are diagnosed varies dramatically among individuals even when inheriting the same
mutations [1]. The overall penetrance of cancer among carriers of established pathogenic
variants associated with Li-Fraumeni Syndrome (LFS) is 58% by age 50 and 80% by age 70
[2]. The varied phenotypes suggest that environmental exposures and genetic
polymorphisms in other genes play significant roles in modifying the consequences of
mutations in 7P53and the risk of cancer.

Breast cancer is, by far, the most common tumor among women inheriting pathogenic
variants in 7P53[2] indicating the reliance on the p53 pathway in breast epithelial cells.
Multi-gene panel testing of women with breast cancer has demonstrated that germline
pathogenic variants of 7P53are far more frequent than previously recognized and often lack
the strict familial clustering [3]. Breast cancer is recognized as a polygenic disease and
genome-wide association studies (GWAS) have identified >180 variants affecting risk of
breast cancer [4]. These low-penetrance genetic risk variants may interact with either
inherited or acquired mutations in 7P53within the breast epithelium to promote or mitigate
breast carcinogenesis. A total of forty-two single nucleotide polymorphisms have been
associated with alterations in the penetrance of inherited mutations in BRCA1/2[5].
However, genetic polymorphisms that modify the penetrance of pathogenic 7P53 variants
have been difficult to identify in humans. Rodent models bearing heterozygous deletions in
Trp53also develop tumors in multiple tissues but exhibit striking differences in tumor
spectrum among strains. In 77p53'~ rats, the incidence of mammary tumors ranged between
15-19% [6, 7]. Mammary carcinoma was rarely detected in C57BL/6- 7rp53~ mice [8-10].
In contrast, BALB/c- 77p53~ mice developed spontaneous mammary tumors in 42-65% of
females [11, 12]. This variation among inbred strains offers an opportunity to identify
genetic modifiers that affect the incidence of breast tumors associated with Li-Fraumeni
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syndrome. Polymorphisms that differ between BALB/c and C57BL/6 mice have been
associated with differences in tumor susceptibility. A hypomorphic Prkdc allele was shown
to promote radiation-sensitivity in BALB/c [13]. A polymorphism in CaknZa/Ink4a of
BALB/c mice was also shown to have decreased activity of p16'NK4a and was associated
with susceptibility to plasmacytomas induced by pristine [14]. However, neither the Prkdc
nor CdknZaalleles in BALB/c were linked to differences in the incidence of mammary
tumors in 77053~ mice [11].

High and medium penetrance inherited risk alleles for breast cancer predominantly affect
double-strand break (DSB) repair and suggest a critical role of these pathways in
determining susceptibility. DSBs result from oxidative damage, environmental irradiation as
well as DNA replication. DSBs are repaired predominantly by non-homologous end joining
(NHEJ) and homologous recombination (HR) pathways. In NHEJ, the DSB ends are
protected rapidly by Ku70/80. This protein is recognized by DNA-PKcs (encoded by Prkdc)
forming a synaptic complex of both ends of the DSB which is followed by end-ligation.
NHEJ is potentially mutagenic because it relies on microhomologies that can lead to loss of
nucleotides [15]. In contrast, repair at replicating forks predominantly takes place through
HR [16]. In HR, DSBs undergo strand resection which generates 3’-ssDNA overhangs. A
complex of BRCA1-PALB2-BRCAZ2 leads to the loading of RAD51 which facilitates strand
exchange and DNA synthesis from a homologous donor strand [17]. Alternatively, DSBs
with 3’-ssDNA tails can be repaired with error-prone repair pathways such as alternative end
joining (aEJ) and single-strand annealing (SSA) which can lead to loss of nucleotide, and
therefore, are non-conservative [18]. Increased reliance on SSA was associated with
increased risk of breast cancer [19]. Therefore, the balance of the DSB repair pathways
appear to play critical roles in maintaining genomic stability and conferring risk of breast
cancer.

We previously identified two loci, SuprmamZ1 on chromosome 7 and SuprmamZ2on
chromosome 2 through genetic linkage analysis that contribute to development of mammary
tumors in BALB/c- 77p53~ mice [12, 20]. In the present study, the Suprmam1 locus was
fine mapped to a 10cM interval. The C57BL/6J alleles for this interval were introgressed
into the BALB/cMed background to create the BALB/cMed.B6- Suyprmam1(N10)-
Trp53mITY4 congenic mice (designated SM1- 77p53-). DNA damage and repair were
compared in the SM1 and parental strains. BALB/cMed- 77953/~ mice have a 2.5-fold
greater reliance on single strand annealing (SSA) for repair of DNA double strand breaks
compared to C57BL/6J- Trp53~ mice. The C57BL/6J alleles in SM1- 77p53/~ mice were
sufficient to revert levels of repair of DNA double strand breaks to that in the C57BL/6J-
Tro53~ parental strain. In contrast, radiation-induced damage in mammary epithelium of
SM1- 77053~ mice did not differ from BALB/c- 7rp53/~ mice suggesting that repair via
non-homologous end-joining (NHEJ) is not linked to Suprmami. Analysis of mMRNA levels
for DNA repair genes showed significant overlap between the C57BL/6J- 77p53"~ and SM1-
Trp53*!~ cells compared to those from BALB/cMed- 77053~. As these DNA repair genes
are not linked to the SyprmamZ locus, it suggests that the interval regulates a DNA repair
program. BALB/cMed- 7Trp53'~ cells also exhibited slower replication rates compared to
C57BL/6J- Tro53t~ which was complemented by Suprmam18/B6 resulting in rates
equivalent to the C57BL/6J- Trp53!~ cells. The results demonstrate that the Suprmam1
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locus plays an important role in coordinating replication fork dynamics and selection of
repair pathways which may contribute to the difference in susceptibility to mammary tumors
in these mouse models of LFS.

Results

Fine mapping Suprmam1 locus

Seventeen polymorphisms on mouse chromosome 7 were used to define the boundaries of
the Suprmam1 locus associated with spontaneous mammary tumors in [BALB/
cMed.C57BL/6]N2- 7rp53~ backcross female mice. The linkage analysis suggests a
complex locus (Fig. 1a). Strongest linkage was observed between presence of mammary
tumors and a region bounded by rs32285976 (Plekha7) and rs32420445 (DockI). The peak
of this interval is at rs33080487 which lies within the Rabep2 gene (133.58 MB, Table 1).
The interval includes polymorphisms in Jmjd5, 1/4ra, 1121, Rabep2, and D7Mit105. An
adjacent peak is detected at rs3023153 raising the possibility that two separate modifiers
exist within the Suprmaml locus. A multiple QTL model improved the overall LOD to 6.1
(Fig. 1b); however, significant epistasis was not detected among the QTLS.

The tumor spectrum for p53-deficient mice has been reported for C57BL/6, BALB/c, FVB,
DBA/2 and 129Sv strains and only BALB/c exhibit a high frequency of spontaneous
mammary tumors [10-12, 21-24]. The mouse phylogeny viewer (http://msub.csbio.unc.edu/)
was used to compare haplotypes within the Suprmam locus [25]. The majority of the
Suprmaml interval between rs16789781 in NlrpI4and rs32420445 in Dock1 (114-142 Mb)
has substantial similarities among the strains. Although there was suggestive linkage with
rs3023148 (Fig. 1a), the region adjacent to this polymorphism in Rras2 (121 Mb) was
largely conserved across the strains. In contrast, within the major peak of linkage bounded
by Plekhaz and Dockl, three regions were identified in which BALB/cJ alleles are unique
compared to the strains that do not develop spontaneous mammary tumors when
heterozygous for 7rp53 (Fig. 2a). Regions B (132-133.2 Mb) and C (134.5-136Mb) lie near
the peak linkage on chromosome 7 surrounding Rabep2 while Region A (125-127 Mb) lies
at the centromeric boundary adjacent to Abcal4. The region of mouse chromosome 7
surrounding RabepZ is syntenic to human chromosome 16 with the telomeric region of the
interval being syntenic with chromosome 10 (Fig. 2b & c). These comparisons suggested
that the region between Plekha7 (123Mb) and Dockl (142Mb) is likely to harbor the
polymorphisms underlying the differences in mammary tumors.

Marker-assisted selection was used to generate mice that were congenic for C57BL/6J
alleles in the interval bounded by Plekhaz and Dockl. The BALB/cMed.B6-
Suprmam1(N10)- Trp53L T congenic mice (designated SM1- 77053~ strain) are
homozygous for C57BL/6J alleles in the Suyprmam1 interval in a genetic background that is
otherwise BALB/cMed (Fig. 3a). To further define the interval, genotyping was performed
using the Mouse Diversity Array (MDA) on DNA from BALB/cMed, C57BL/6J and SM1
mice. The SNPs were mapped to the mouse reference genome mm9. MDA integrates over
623,000 SNP to a resolution of 4.3kb. We observed the first breakpoint at
Chr7:121816106-121851009 and second breakpoint at Chr7:141994734-142031773,
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suggesting the minimal interval of C57BL/6J alleles introgressed in the SM1 strain stretches
from 121851009 to 141994734 Mb (Fig. 3b).

Genes within the interval in SM1 mice involved in DNA damage and repair

The interval (chr7: 121851009 -141994734) codes for 212 annotated protein coding genes in
the reference genome NCBIM37. We narrowed the number of candidate genes to 23 if the
gene 1) had role in DNA damage, DNA repair, DNA replication or homologous
recombination, 2) harbored a coding non-synonymous SNP or 3) orthologous to any genes
associated with breast neoplasm (Table 2)[26]. The haplotype blocks B and C (132-133.2
and 134.5-136Mb) identified in Fig 2a were used to refine the evaluation of this list. Of the 3
genes within the SM1 interval associated with breast cancer in women (Fgfr2[27], Ate1[28],
Sty17129)), all lie outside the haplotype blocks unique to BALB/c. While PalbZis a
candidate, it too lies outside the haplotype blocks and was unable to rescue the differences in
DNA repair in previous work [30]. Within the B and C block Nismcel and Mcmbp are DNA
repair and replication genes, respectively. In addition, //21rhas a hon-synonymous coding
polymorphism and altering codon structure was found in /tgaland Tgfb1/i. Expression of
Suprmaml genes between C57BL/6- Trp53~ and BALB/c- Trp53'~ mammary gland was
previously analyzed by microarray by Blackburn et al., 2007 [20]. Only three genes ( 7rm12,
Thumpdl and DMbtI) were found to be differentially expressed in that initial study. None of
the genes from the list of 23 genes were differentially expressed between C57BL/6- 753"~
and BALB/c- 77p53~. Therefore, the analysis of DNA sequences did not identify clear
candidates with polymorphisms affecting functions related to DNA repair.

SM1 interval is not associated with radiation sensitivity

The BALB/c and C57BL/6 strains differ in their sensitivity to radiation-induced genomic
instability which can modify susceptibility to tumors. BALB/c radiation sensitivity was
mapped to 5 Rapop loci, none of which was in chromosome 7 [31-34]. Gene expression in
mammary tissue from BALB/c and C57BL/6 mice treated with either low (7.5 cGy) or high
doses(1.8 Gy) of irradiation for short (4h) or long treatment periods (weekly 4 weeks) [35]
were compared to identify potential eQTLs among genes within the Suprmaml interval (Fig.
4a). Thirteen genes were differentially expressed between BALB/c and C57BL/6 in at least
one of the conditions (Supplementary Table 1). Among these genes, strain-specific patterns
of expression were observed with levels of Thumpdl being higher in BALB/c while Prss8,
Dmbt1, Gdel and Tmem159were lower compared to C57BL/6 (Fig. 4a). A long-range
structural element may contribute to these differences, but the genes are dispersed over a
large region from 125-138 Mb and vary in the levels of response to radiation. Radiation-
induced expression of p53-dependent genes (Cdknla, Baxand MdmZ2) was similar for both
strains indicating that DNA damage response signaling is intact, but levels of induction were
higher in BALB/c compared to C57BL/6.

Radiation-induced apoptosis was used as a functional test to evaluate differences in DNA
damage in the mammary epithelium. This endpoint concomitantly assesses the proficiency
of repair through the non-homologous end-joining pathway which repairs the majority of
DSBs within 2h post-irradiation. Apoptosis occurs in cells with persistent DNA damage, and
therefore, apoptosis was evaluated using the TUNEL assay 6h post-irradiation (Fig. 4b).
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C57BL/6J- Trp53'~ mammary epithelium was highly resistant to irradiation (0.34%
TUNEL-positive cells), whereas TUNEL-positive mammary epithelial cells were increased
20-fold in BALB/cMed- 7Trp53'~ (6.78 %) (p = 0.009, Fig. 4c, Supplementary Fig 1a). In
SM1- Trp53~ mice, 4.6% TUNEL-positive mammary epithelial cells were observed but the
difference in apoptosis was not statistically significant (= 0.8) compared to BALB/cMed-
Trp53~ mice. This appears to be a consequence of the greater acute and persistent DNA
damage in mammary tissue of BALB/cMed- 77053~ mice but is not genetically linked to
the Suprmam interval in SM1- 77053~ mice and does not modify the apoptotic responses.

The SM1 interval modifies homology-directed repair

BALB/cMed- 77p53~ mice were previously shown to have a greater reliance on an error-
prone pathway for repair of DSBs compared to C57BL/6J- 753~ mice, by EGFP-
reactivation assays using mammary epithelial cells (MEC) as well as MEFs [30]. In this
assay, DSB repair was quantified by the reconstitution of functional EGFP (Fig. 5a) using a
plasmid constructed to be repaired primarily by single-strand annealing (SSA). We observed
2.5-fold elevated SSA (% EGFP-positive among transfected live cells) in BALB/cMed-
753t~ compared to C57BL/6J- Trp53t~ MEFs. In contrast, SSA in SM1- 77p53" was
similar to that in C57BL/6J- Trp53*~ (Fig. 5b, Supplementary Fig 1b). Therefore, the alleles
from the C57BL/6J background in the SM1 mice are sufficient to revert the levels of DSB
repair via SSA to the low levels found in C57BL/6J- 77053~ mice.

A panel of 24 genes that contribute to differences in repair by SSA were identified in an
SiRNA screen in C57BL/6 and BALB/cMed using the EGFP-reactivation assay [30]. To
determine if expression of these genes may be associated with the Suprmam1 interval, we
determine mRNA levels of the 24 genes in mouse MEFs from BALB/cMed- 77053/,
C57BL/6J- Trp53"~ and SM1- Trp53~ mice. We found that 6 genes (Revl, Rev3l, Ercch,
Rdm1, Pole3and Trex2) were differentially expressed between the parental strains and that
their expression in SM1- 77053~ mice was similar to that in the C57BL/6J- Trp53* cells
(Fig. 5¢). Hierarchical clustering was used to evaluate the relationships of expression among
the 24 genes in these strains and showed that expression was most similar in SM1- 77p53/~
and C57BL/6J - Trp53!=. Correlation analysis (Fig. 5d) shows that the overall pattern of the
DNA repair genes in SM1- 77053+~ was more similar to that of C57BL/6- T7p53~ with
spearman’s rank correlation coefficient (rs) 0.77 (p < 7.376294 X 107) than BALB/c-
Trp53t=(rs = 0.27 p =0.19). As these genes lie on other chromosomes and are not physically
linked to the Suprmam1 interval, the results suggest that the Suprmam185/B6 alleles
coordinate a DNA repair program that limits the levels of repair of DSBs through the error-
prone SSA mechanism.

The SM1 interval regulates replication-fork processivity

The SM1 interval contains genes involved in DNA replication (Table 2) and DNA
polymerases involved in translesion synthesis and the Fanconi Anemia (FA) pathway were
enriched among the panel of 24 genes that differentially regulate DSB repair in BALB/
cMed- 7rp53+~ and C57BL/6J- Trp53~ cells [30]. Fanconi Anemia (FA) pathway, which is
involved in intra-strand crosslink repair, was found to be defective in BALB/cMed- 7Trp53"~.
Therefore, DNA fiber assays were used to evaluate replication fork activities and the effect
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of DNA intra-strand crosslinking by Mitomycin C (MMC) (Fig. 6a, b & Supplementary Fig
1c). The median length of replication tracts in BALB/cMed- 77053~ MEFs was
significantly shorter than that of C57BL/6J- 77053/~ MEFs (6.07 and 8.25 pm respectively,
difference = 2.18 um, p= 7.5 x 10722). In contrast, the replication tract length in SM1-
Trp53~ MEFs (8.29 pM) did not differ from that in C57BL/6J- 77053~ MEFs (difference
= 0.4 um, p = 0.9) but was significantly longer than BALB/cMed- 77053/~ MEFs (difference
2.22 um, p = 2.2 x 10~17). Therefore, C57BL/6J alleles in the SM1 interval were sufficient
to rescue replication fork kinetics (Fig 6c).

Crosslinking of DNA using MMC reduced replication tract lengths in all strains compared to
the untreated cultures. The median tract length with MMC treatments for BALB/cMed-
Tro53=, C57BL/6J- Trp53t and SM1- Tro53 were 6.62, 4.38 and 5.68 UM respectively
(Fig 6d). Although it was anticipated that the BALB/cMed- 77p53"'~ MEFs may be more
sensitive to MMC, all strains were affected similarly (difference in median fork length = 1.3
um) suggesting that both C67BL/6J and BALB/cMed are equally susceptible to DNA
crosslinking. However, the relative effects of genetic backgrounds on DNA replication
processivity remained evident with median replication fork lengths shorter in BALB/cMed-
753t~ compared to C57BL/6J- Trp53+~ or SM1- Trp53+~ (2.24 ym, p = 6.60 x 10711; 1.3
um, p = 2.46 x 1079), but no difference in median replication fork length between C57BL/6J
and SM1 (0.06 pm; p = 0.8). Therefore, the SM1 interval regulates processivity of DNA
replication but does not alter bypass DNA crosslinks specifically.

Discussion

Mutation of the 7P53 gene is the most common genetic alteration found in human cancers.
Somatic mutations in 7253 were consistently observed in the pan-cancer cohort of 3,281
tumors across 12 tissues including breast cancers [36]. Analysis of TCGA data shows
significant co-occurence of mutations in genes regulating the cell cycle (e.g. MYC, TERT,
PTEN, CSMD1I) with TP53 mutations in breast cancers [37]. Similar results have been
obtained in multiple cancers from TGCA datasets, as well as in p53-null mouse models in
which most thymic lymphoma exhibit mutation in these genes [38]. This suggests that there
are pathways that can compensate for loss of p53 function and complementary mutations are
required to allow initiation and progression of tumors.

Heterozygous mutation of 7053 in BALB/cMed mice confers a striking sensitivity to
mammary tumors compared to C57BL/6 mice providing an opportunity to identify the
genetic basis for variable penetrance. These pathways can provide insights into those that
modify the impact of 7253 mutations in human breast cancers. Linkage analysis defined a
minimal interval on chromosome 7 centered around polymorphisms in the Rabep2 gene, a
secondary peak associated with a polymorphism in the Rras2 gene (Fig. 1a) and a
SuprmamZ2 on chromosome 2 that contribute to the susceptibility to mammary tumors in
BALB/cMed and resistance in C57BL/6J mice [20]. These loci appear to act in an additive
manner to determine risk of mammary tumors. Breast cancer is a complex trait in humans
with >180 risk alleles detected in GWAS and susceptibility to mammary tumors in mice
appears to be a similarly complex trait with multiple polymorphisms modifying the
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consequences of haploinsufficiency for 77p53in the mammary epithelium but not in other
tissues.

As heritable susceptibility to breast cancer is associated with mutations in genes involved in
DSB repair and has been linked with a shift to error-prone homology-directed repair [30] ,
we determined the effect of the SuprmamZ alleles on removal of radiation-induced damage
and homology-directed repair. Differences in sensitivity to ionizing radiation between
C57BL/6 and BALB/c have been reported previously [39]. Although radiation-induced
apoptosis was significantly greater in the mammary epithelium of BALB/cMed- 77p53!~
mice than in C57BL/6J- Trp53'~, the Suprmam1B8/B8 allele did not rescue apoptosis in
SM1- 7Trp53+~ mice (Fig. 4b). The greater radiation-induced apoptosis appears to be due to
the hypomorphic expression of the BALB/c allele of Prkdc affecting repair of DSBs by the
NHEJ pathway [40] and is not linked to mammary tumor susceptibility [11].

DSBs are also repaired by homology-directed repair pathways. Canonical homologous
recombination is a conservative repair mechanism that requires BRCA1, BRCA2, PALB2
and mutations in these are associated with familial breast cancer. Alternate pathways can
compensate for deficiencies in these genes but mediate error-prone repair. BALB/cMed-
Tr53'~ mice were shown to preferentially use the homology-directed SSA pathway [30].
The C57BL/6J alleles in SM1- 77p53"~ congenic mice were sufficient to rescue the low
levels of SSA observed in the parental C57BL/6J- Trp53/~ mice (Fig 5b) indicating the role
of this interval in suppressing error-prone repair of DSBs. Homology-directed repair is
active in cells undergoing DNA replication suggesting that replication stress may contribute
to the repair phenotype. DNA fiber assays were used to assess replication fork dynamics. In
BALB/cMed- 77p53~cells, rates of replication fork progression were decreased compared
to the C57BL/6J- 753"~ (Fig. 6¢). This phenotype was also rescued in the SM1- 77p53~
cells. Genetic complementation of both the DSB repair via SSA and replication fork
dynamics by the C57BL/6J alleles in the SM1 strain suggests that these 2 phenotypes may
be the result of a single genetic difference linked to the SM1 interval.

The genes within the SuprmamZ locus provide candidates for regulating the differences in
replication and repair between these strains of mice. Palb2 lies within the interval and was
shown to interact with deletion of 7rp53to accelerate mammary tumors in mice [41].
However, Palb2is distant from the region with strongest linkage (Fig. 1) and is positioned
within haplotype blocks that are shared among BALB/c as well as strains that do not develop
mammary tumors when heterozygous for 7rp53 (Fig. 2). Functional complementation by
overexpression of the cDNA from C57BL/6J also failed to alter the repair via SSA in BALB/
cMed- 77053~ MEFs [30]. The DMBT1 gene has also been implicated in breast cancer risk
[20, 42], but it also lies distant from markers with the highest LOD scores. In humans, loss
of heterozygosity in DMBT1 is associated with loss of the adjacent PTEN gene on
chromosome 16 [43]. However, the mouse Pten gene is located on mouse chromosome 19,
and therefore, unlinked to the Suprmam interval. Mammary tumors were analyzed for
markers within the SuprmamJ interval, but there was no apparent loss of heterozygosity
detected. While the interval contains genes involved in DNA replication and repair, none had
polymorphisms that disrupt their function (Table 2). The interval harbors 4 genes that are
differentially responsive to ionizing radiation and lie within haplotype blocks that differ in

Oncogene. Author manuscript; available in PMC 2021 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Majhi et al.

Page 9

BALB/c vs other strains (Fig. 4a) but appear to be secondary to differerences in NHEJ that
are not linked to the SM1 interval based on the failure to rescue the low levels of apoptosis
observed in the parental C57BL/6J- Trp53~ mice (Fig. 4c). In contrast, a panel of genes
involved in DNA repair and shown to contribute to the differences in DSB repair mediated
by SSA in BALB/cMed 7rp53~ compared to C57BL/6J- 753"~ was modified by the SM1
interval (Fig 5¢, 5d). The SM1- 77p53~ expression pattern was strongly correlated with that
in C57BL/6- Trp53+~ and differed from that in BALB/cMed- 77p53*~. Thus, the
Suprmami1B6/56 glleles appear to drive expression of a DNA repair program that includes
Revl, Rev3l, Rdm1, Ercch, Pole3and Trex2genes, i.e. including two translesion synthesis
and one replicative polymerase subunit.

The overall observations identify replication stress and reliance on error-prone DNA repair
by SSA is linked to the Syprmam1 interval in the tumor-susceptible BALB/c strain. Reliance
on SSA has also been associated with increased risk of breast and ovarian cancer in women
[19, 44]. But the tissue specificity of disruptions in homology-directed repair remain a
significant question as increased error-prone DNA repair in BALB/cMed- 77053~ mice
would increase the potential for pathogenic mutations in all tissues. The estrogen receptor a
(ERa) has been shown to induce DSBs in breast cancer cell lines and in the mammary
epithelium of BALB/c mice even in the absence of proliferation [45]. Therefore, the luminal
cells of the mammary epithelium would be subjected to continuous DNA damage which,
together with the replication stress and error-prone repair through SSA, would increase the
probability of acquiring oncogenic mutations [46].

The Suprmaml interval identifies a novel DNA repair program and pathway that can
potentially contribute to breast cancer susceptibility in humans. The DNA repair program
may be coordinated by a transcription factor or a microRNA gene within this interval.
Alternatively, the Suprmam1 interval may harbor a structural element that modifies
chromatin organization [47] and regulates expression of a transcription factor or microRNA
that lies outside the Suprmaml interval. The DSB repair and DNA fiber assays can be used
in MEFs bearing recombinations within the interval to isolate the minimal region controlling
these phenotypes. These functional assays can also be applied to cells from LFS patients to
assess the effect of these mechanisms on penetrance and cancer spectrum.

Materials and Methods

Animals

All animal procedures were in accordance with the national guidelines for the care and use
of animals and approved by the University of Massachusetts Amherst’s Institutional Animal
Care and Use Committee. The BALB/c mice used throughout were obtained from Daniel
Medina (Baylor College of Medicine, Houston, TX) and have been maintained as a closed
colony, and thus, are referred to as BALB/cMed. The 77p53™17V null allele was backcrossed
onto the BALB/c genetic background for 11 generations [21]. The 7rp53™17Y knockout
allele was used in these studies and heterozygous mice are referred to subsequently as
Tro53t-.
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Linkage mapping
The panel of N2 backcross mice used for linkage mapping was described previously [20].
Briefly, [C57BL/6J x BALB/cMed]-F1- 7Trp53* females were backcrossed with BALB/
cMed- 77p53 '~ males to generate a panel of 188 female [(C57BL/6Jx BALB/cMed) x
BALB/cMed]-N2- 77053/~ mice. These mice were monitored for development of mammary
tumors and were scored using a binary phenotype for the presence or absence of tumors, as
well as a quantitative measurement of the number of days until tumor detection. DNA
samples from these mice were genotyped for polymorphisms in 17 markers. Sample size,
inclusion/exclusion criteria for mammary tumor phenotype and genotyping method for ten
markers on chromosome 7 were described previously [20]. Genotypying methods for 7
additional SNPs are described in Supplementary Table 2. Four markers within SuyprmamZ2on
chr2 and coding polymorphisms that differ between the 2 parental strains in CaknaZa (chrd)
and Prkdc (chrl6) [11, 20] were included to assess possible epistatic interactions.
Gentoyping conditions are described Supplementary material and methods.

The data were analyzed using R/qtl [48] for both binary and quantitative tumor phenotypes;
however, the quantitative assessment of days to tumor formation yielded no significant
linkages. The positions of markers were defined using recombination maps for females
based on NCBI Build 37/mm39 (http://cgd.jax.org/mousemapconverter/); marker DNA
sequence was used to identify alternate markers with the identical polymorphism in cases
where the scored marker was not present in the mousemapconverter set. Linkage was
determined using simple regression, interval mapping, and a multiple QTL models that
included the locus on chromosome 2 [20, 49]. These linkage methods adjust the positions of
markers for the recombination observed within the backcross population.

Generation of the SM1 congenic mouse strain

Wild type BALB/cMed and C57BL/6J mice were intercrossed to generate F1 progeny. These
mice were backcrossed to BALB/cMed to generate 239 N2 progeny. The N2 mice were
screened for polymorphisms in Plekhaz, Tmc5, Abcald, Jmjd5s, IL21r, Rabep2, Dockl
genes to identify mice heterozygous for C57BL/6J and BALB/cMed alleles within the
Suprmam1 locus on chromosome 7. N2 founders 179 and 216 were heterozygous for
markers between Plekha7and Dockl. These lines were backcrossed with BALB/cMed to
produce N3 and N4 mice heterozygous for all markers. N4 female mice were crossed with
BALB/cMed- 77p537~ males to generate N5- 77053~ mice. Backcrossing with wild type
BALB/cMed- 770537~ mice continued with selection for heterozygosity of all 7 markers
through N10 for both line 179 and 216. Mice within each line (179 and 216) were crossed to
create the BALB/cMed.B6- SuprmamI(N10)- Tro53' 114 strain, referred to as SM1-
Trp53t~, that is homozygous for C57BL/6J alleles across the interval bounded by Plekha7
and Dockl. Mice from Line 216 were used in the experiments presented. Line 179 was
cryopreserved but not used for further analyses.

Genotyping using the mouse diversity array

Genomic DNA was isolated from liver or intestinal tissues from each strain. Genotyping was
performed by Genome Explorations (Memphis, TN) using Mouse Diversity Array (cat
#520650, Affymetrix, Santa Clara, CA) and the SNP 6.0 Assay reagent kit (cat #460004,
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Affymetrix) according to the manufacturer’s instructions. Genotypes were determined using
the MouseDivGeno R package [50].

Cell culture

Mouse embryonic fibroblasts (MEFs) were collected from C57BL/6- 7rp53+~, BALB/cMed-
Tr053*/~ and SM1- Trp53~ mice as described previously [51]. Detailed procedure for the
MEF collection and culture is described in Supplementary material and methods.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Mice of age 8 weeks were ovariectomized and allowed to recover for one week for the
endogenous hormones to reach baseline level. The mice were then treated with estrogen plus
progesterone to enhance p53-mediated apoptotic responses [52]. Medical grade silastic
tubing was cut to a length of 1.2 cm and filled with 50 pg 17-p-estradiol (cat #E2758-1G,
Sigma-Aldrich, St. Louis, MO) and 20 mg of progesterone (cat #P0130-25G, Sigma-
Aldrich). Both ends were sealed with clear silicone. Capsules were implanted
subcutaneously on the dorsal side of the mouse, 1/2 inch distal to the neck. On the fourth
day after implantation, mice were subjected to 5 Gy ionizing irradiation from a 137Cs source.
Six hours later, the mice were sacrificed, the fourth mammary glands were harvested, fixed
in 10% neutral-buffered formalin (NBF) and embedded in paraffin. Sections of paraffin
embedded mammary glands were subjected to TUNEL assay using ApopTag Plus
Peroxidase In Situ Apoptosis Kit (cat #57101, Sigma-Aldrich). A total of 1200 epithelial
cells were counted per slide with >6 mice analyzed for each treatment x genotype
combination.

EGFP-reactivation Assay

DNA repair by EGFP-reactivation assays were performed as described previously [53]. The
AEGFP/3’EGFP construct used in these studies measures repair primarily through single-
strand annealing (SSA) mechanism and only a small proportion through conservative
homologous recombination. The assay procedure is described in detail in Supplementary
Material and Methods.

DNA fiber assay
MEFs were pulse labeled with 25 uM 5-chloro-2’-deoxyuridine (cat #C6891, Sigma-
Aldrich,) and 250 uM 5-iodo 2’-deoxyuridine (cat #17125-5G, Sigma-Aldrich) successively
for the indicated times, with or without additional replication stress using 8 uM Mitomycin-
C (MMC, cat #M0503, Sigma Aldrich). DNA fiber spreading, immunostraning and
quantification is described in Supplementary Material and Methods.

Evaluation of candidate genes

Evaluation of genes within SM1 interval for their possible role in mammary tumor is done
using either 1) role in DNA repair, 2) presence of non-synonymous coding variants or 3)
orthologous to GWAS variants associated with breast neoplasm. The detailed procedure is
described in Supplementary Materials and Methods.
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Statistical analysis

Student’s t-test were performed to analyze the gene expression of DNA repair genes.
Correlation testing of the 24 DNA repair gene expression between strains were performed
with spearman’s rank-ordered correlation analysis. Results from TUNEL, EGFP reactivation
assays and DNA fiber assays were analyzed with Kruskal-Wallis analysis of variance
(ANOVA). Once statistical significance was established for a data set by Kruskal-Wallis test,
non-parametric Mann-Whitney test for unpaired samples was applied on the result of EGFP
reactivation assay using GraphPad Prism (GraphPad, San Diego, CA, USA). For post-hoc
comparisons of TUNEL positive cells and replication tract length between strains, dunn’s
test were applied in R using FSA package. * p < 0.05; ** p < 0.01; *** p< 0.001; **** p<
0.0001.

Code availability

All computer code is available upon request

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Linkage analysis of mammary tumor incidence in BALB/cMed mice.
a) Linkage analysis of markers in the Suprmam1 interval associated with mammary tumors.

The line indicates linkage using interval mapping relative to positions of markers in cM
based on recombination maps in female mice. b) Markers used in the linkage analysis using
regression model and imputed marker position of multiple gtl model along with LOD scores.
The multiple QTL model was used to assess the combined linkage estimates for the
Suprmam1 locus on chromosome 7 and SuprmamZlocus on chromosome 2 together.

Oncogene. Author manuscript; available in PMC 2021 December 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Majhi et al.

Page 17

e&g,\
&P ,0
a FEEsEs r-&c’o’ e '
oA 4 i8N C |
BALB/cJ L I Lo S =
12981SvimJ ] [ l i
FVB/NJ i | i |
C57BL/6J | (W HISHE B = T | O BTN =
DBA/2J U ; I I !
122.5M 125M 127.5M 130M 132.5M 135M o 137.5M 140M
S N o"‘lé » &
Q‘}? ;;V Q‘~ é‘, V" ”» \(0\ ;Vb\ ‘ﬁ (;.\\
& G T & dw
N4 N\ 4 Q Q
o ~ -9
~@
~ Q‘ n -
, 9
P>
A + o sef
\\ B :0§
| } »® 9
— !
§ § .
“ ;O;
! Y
o
&
g N
N 0
x@

Figure 2: Haplotype blocks differing between BALB/cMed and strains that do not develop
mammary tumors.
a) BALB/cJ haplotype blocks compared with 129S1SvimJ, FVB/NJ, C57BL/6J and

DBA/2J. BALB/c is assigned a single color (") and subsequent strains are assigned the same
color where their haplotypes match the first strain i.e. 129S1SvimJ alleles that differed from

BALB/c (I), FVB/NJ alleles different from BALB/cJ and FVB/NJ (), C57BL/6 that
different from 3 previous tracks (D) and DBA2/J alleles that is different from all 4 track

above (' ). Region A (125-127 Mb) defines a block that is within the shoulder region of
linkage bounded by polymorphisms in Plekha7and Abcal4in Fig. la. Regions B
(132-133.2 Mb) and C (134.5-136 Mb) lie within the peak linkage and flank RabepZ. b)
Map of human chromosomes syntenic with mouse chromosome 7. The Synteny Browser
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was used to define relationships between mouse and human chromosomes [54]. The outer
ring represents mouse chromsomes, the inner ring represents human chromsomes and the
connections show syntenic regions to mouse chromosome 7. Regions of synteny to
Suprmaml interval shown with red circle in the human chromosome 10 and 16. The color
key represents human chromsomes with the non-syntenic chromosomes shaded. c) Expaned
view of SuprmamZ syntenic regions. The peak linkage surrounding the polymorphism in
RabepZ2 is syntenic with human chromosome 16. The more telomeric region of the
Suprmaml interval is syntenic with human chromosome 10. Grey bars indicate locations of
genes.

Oncogene. Author manuscript; available in PMC 2021 December 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Majhi et al. Page 19

a m C57BL/6-Trp53*/* x BALB/c-Trp53+/*

W

F1-Trp53** x BALB/c-Trp53*/*

Backcross N2 through N4 selecting for
SM1interval

N4-Trp53** x BALB/c-Trp537

Backcross N5 through N10 selecting for
SM1interval

LR =k =]

BALB/cMed.B6-Suprmam1(N10)-
Trp53”"‘ Tyif+
(SM1-Trp53+/)

o
121851009
141994734

CO@P BALB/cMed SNP

2 C57BL/6 SNP
S 108 —

20 40 60 80 100 120 140

Figure 3: Generation and validation of BALB/cMed.B6-SuprMam1(N10)- Trp53tMLTi/+ (sm1-
Trp53*/7) strain

a) Generation of the SM1 strain with marker assisted back-crossing. b) Mapping of SM1
congenic mouse chr7 with Affymetrix mouse diversity genotyping array. The blue circles
represent BALB/cMed alleles and red circles represent C57BL/6J alleles. The SNPs shared
between the strains have been removed for clarity. The region of chr7 having C57BL/6J
alleles are highlighted in the box.
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Figure 4: Variation to radiation sensitivity between strains.
a) Differential expression of genes within the SuprmamZ1 interval in BALB/cJ and C57BL/6J

mammary tissues. Expression of genes within Suprmam21 were compared for differences due
to doses of (0, 4x-1.8Gy, 4x-0.75Gy) and times post-irradiation (4h, 4wks). Expression of
genes within the Suyprmam1 interval (upper panel) show strain-specific patterns (log2 FC
>1.5in 3 or more conditions). Selected radiation-responsive genes that are p53-dependent
are included for comparison (lower panel). b) Experimental procedure for TUNEL assay in
mouse mammary gland. ¢) Quantification of TUNEL positive cells. C57BL/6- 753"~ (n =
8) mammary glands show very few TUNEL positive cells, BALB/cMed- 77p53"'~ (n = 7)
and SM1- 77053~ (n = 4) mammary glands exhibited high TUNEL positivity. ** p < 0.01.
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Figure 5: Single-strand annealing and gene expression differences between C57BL/6-Trp53+/',

SM1-Trps3*/~ and BALB/c-Trp53*/~ MEFs

a) The SSA reporter construct. The construct AEGFP-3'-EGFP carries an acceptor EGFP
gene variant, in which 46 bp encompassing the chromophore codons are replaced by an I-
Secl recognition site (AEGFP) and a 5'-truncated EGFP donor gene (3"-EGFP). b) SSA
repair efficiency in MEFs. C57BL/6J- Trp53*~ executed significantly less repair compared
to BALB/cMed- 77p*/~ whereas SM1- 7rp53~ showed comparative repair efficiency. *** p
< 0.001 . ¢) Heatmap showing similarity of DNA repair gene expression profiles of MEFs
from three strains . p < 0.05 compares T across all strains, T BALB/cMed- 77p53"~ and
C57BL/6J- Trp53*/~ ~, * C57BL/6J- Trp53"~ and SM1- Trp53~ and * BALB/cMed-
Trp53= with both SM1- 77053t~ or C57BL/6- Trp53!~. d) Similarity of DNA repair gene
expression pattern between SM1- 77p53~ and C57BL/6- Trp53+/~. Spearman’s rank-ordered
correlation analysis of gRT-PCR expression data on 24 genes from three strains show that
DNA repair gene expression of SM1- 77053~ is strongly correlated with C57BL/6- Tro53~

but not with BALB/c- Trp53+~.
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Figure 6: Difference in replication fork processivity between CS?BL/G-Trp53+/‘ , SMl-Trp53+/'

and BALB/c-Trp53*/~ MEFs

a) Replication forks of DNA synthesized by MEFs from C57BL/6J- 7rp53~, BALB/cMed-
753t~ and SM1- Trp53~ during 20min pulse label with Cldu (Green) and Idu and MMC
(Red). b) Representative image of the replication-fork used for measuring fork-length c)
Replication-fork length is longer in C57BL/6J- Trp53~ MEFs compared to BALB/cMed-
Trp53'~ and comparable to SM1- 77p53~. d) Replication-fork length in the presence of
MMLC is also longer in C57BL/6J- Trp53~ MEFs compared to BALB/cMed- 77053~ and
the fork-length is rescued in the SM1-Trp53*/~ MEFs. *** p< 0.001. Scale bar = 10uM
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The physical positions of markers are indicated by the midpoint between the sequence start and end to

Table 1:

Page 23

Positions of the SNP/markers used in the linkage analysis of mammary tumor phenotypes

in female [(C57BL/6 x BALB/c) x BALB/c]-N2-Trp53*~ mice in reference genome

NCBIM37 (mm10).

accommodate length polymorphisms.

Markers/SNP
1s3023136
rs3023148
D7MIT96
1s16789781
D7MIT281
rs3023153
rs3023157
rs32285976
rs3023159
rs32610298
D7MIT68
rs32988178
1s3023166
1121
rs33080487
D7MIT105
rs32420445

Gene/Markers  Chr
Aldhla3, Asb7

Dlgh2
D7MIT96
Nlrp1l4

D7MIT281

Rras2
Sox6
Plekha7

Abcald
D7MIT68
Jmjd5
14ra,1121r
1121
Rabep2

D7MIT105

Dockl

7
7
7
7
7
7
7
7
Gpri39, Gp2 7
7
7
7
7
7
7
7
7

Mid (in MB)

73.58

98.30

107.65
114.33
119.36
121.22
122.48
123.32
126.43
127.36
132.49
132.60
132.72
132.77
133.58
135.71
141.98
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Table 2:

Candidate genes within Suprmam1 interval.

Page 24

Genes were identified based on 1) GO term 2) having coding non-synonymous SNP variation 3) having
orthologous causal variant to breast neoplasm.

Synteny Human

Mouse Gene NCBIm37 Position Block Gene GRCh37 Positions Selection Method

1 Nuprl 7:133766763-133770524(-1) - NUPR1 16:28550495-28550495(~1)

2 Mapk3 7:133903115-133909333(1) - MAPK3 16:30134827-30134827(-1)

3 D7Ertd443e 7:141457945-141577344(-1) - C100rf90  10:128359079-128359079(~1)

4 Pl 7:120302951-129313389(1) - PLK1 16:23701688-23701688(1) ggmzegrén: DNA

5  Taok2 7:134009192-134028217(-1) - TAOK?2 16:30003582-30003582(1)

6  Nsmcel 7:132611154-132635110(-1) B NSMCE1  16:27280115-27280115(-1)

7 Nsmceda 7:137676037-137716632(-1) - NSMCE4A  10:123734732-123734732(~1)

8  Kif22 7:134171246-134185934(-1) - KIF22 16:29816706-29816706(1)

9  Sixib 7:133832982-133839298(-1) - SLX1B 16:29469540-29469540(1) _
GO Term: DNA Repair

10  Bccip 7:140901016-140912828(1) - BCCIP 10:127542264-127542264(1)

11 Smgl 7:125274832-125387151(-1) A SMG1 16:18816175-18937776(-1)

12 Mcmbp 7:135839955-135884009(-1) C MCMBP 10:121652068-121652068(-1) 50 Term: DNA

13 Kctd13 7:134072393-134089145(1) - KCTD13 16:29938356-29938356(-1) Replication

14  Palb2 7:129250776-129276460(-1) - PALB2 16:23652631-23652631(-1) GO Term: Homologous

15  Ppp4c 7:133929421-133935985(-1) - PPP4C 16:30096698-30096698(1) Recombination

16 Fgfr2 7:137305965-140315033(-1) - FGFR2 10:123237848-123357972(~1) ) . .
Variant associated with

17 Atel 7:137535040-137663475(-1) - ATE1L 10:123499939-123688316(~1)  PhenGenl phenotype:
breast neoplasm

18 Syt17 7:125525370-125587066(-1) A SYT17 16:19179293-19279652(1)

19  6330503K22Rik  7:125856066-125880538(1) A CCP110 16:19535133-19564730(1)

. . MDA (Coding

20 1I21r 7:132746943-132777084(1) B IL21IR 16:27413483-27462115(1) nonsynonymous)

21  Dnahc3 7:127066231-127238691(-1) - DNAH3 16:20943804-21170762(-1)

22 Tgfblil 7:135390326-135398287(1)  C TGFB1I1  16:31482906-31489281(1) SNP Viewer (Stop

23 ltgal 7:134439774-134478651(1) - ITGAL 16:30483979-30534289(1) gained/lost)
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