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Abstract

Repair of DNA damage is critical for maintaining the genomic integrity of cells. DNA polymerase
lambda (POLL/Pol \) is suggested to function in base excision repair (BER) and non-homologous
end-joining (NHEJ), and is likely to play a role in damage tolerance at the replication fork. Here,
using next-generation sequencing, it was discovered that the POLL rs3730477 single nucleotide
polymorphism (SNP) encoding R438W Pol A. was significantly enriched in the germlines of breast
cancer patients. Expression of R438W Pol A in human breast epithelial cells induces cellular
transformation and chromosomal aberrations. The role of estrogen was assessed as it is commonly
used in hormone replacement therapies and is a known breast cancer risk factor. Interestingly, the
combination of estrogen treatment and the expression of the R438W Pol A. SNP drastically
accelerated the rate of transformation. Estrogen exposure produces 8-oxoguanine lesions that
persist in cells expressing R438W Pol A. compared to WT Pol Aexpressing cells. Unlike WT Pol
A, which performs error-free bypass of 8-oxoguanine lesions, expression of R438W Pol A leads to
an increase in mutagenesis and replicative stress in cells treated with estrogen. Together, these data
suggest that individuals who carry the rs3730477 POLL germline variant have an increased risk of
estrogen-associated breast cancer.
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Introduction

Faithful DNA repair is required to maintain genomic integrity. If left unrepaired, damaged
DNA can lead to a mutator phenotype and cancer (1). In fact, germline mutations in key
genes involved in DNA repair have been shown to induce genomic instability and cellular
transformation (2—4). DNA is estimated to be endogenously damaged more than 20,000
times per cell per day (5,6). This damage arises from normal cellular processes such as
metabolism, which produces reactive oxygen species (ROS) that are highly reactive with
DNA. One of the most common mutagenic lesions produced by ROS is 8-oxoguanine (8-
0x0G) (5) with more than 1000 lesions produced per cell per day (7). 8-0xoG possesses a
two atom difference compared to guanine (8) and its ability to functionally resemble
thymine allows replicative polymerases to insert adenines leading to G:T transversions (9—
11).

DNA polymerase lambda (Pol A) plays an important role in protecting the cells against 8-
oxoG-induced damage, as it is the main polymerase capable of correctly bypassing the
lesion and preventing mutagenesis (12,13). In addition, Pol A is also involved in base
excision repair (BER), the DNA repair pathway that repairs oxidative DNA lesions (14).
Although Pol B is the primary polymerase in BER, Pol A has a minor, compensatory role in
the pathway (15,16). During BER, the specific DNA glycosylases MutY homology DNA
glycosyslase (MUTYH) or 8-oxoguanine glycosylase (OGG1) recognize 8-oxoG:A or 8-
oxoG:C mispairs, respectively, excise the damaged base, and initiate BER (17-19). In recent
studies, it has been demonstrated that Pol A is recruited, along with MUTYH, to 8-0x0G:A
mispairs to facilitate repair (20). Coupled with its error-free bypass of 8-0x0G, it is clear that
Pol A plays an important role in the repair of oxidative damage in cells.

Pol A is a member of X family of DNA polymerases, which also includes Pol §, Pol y, and
terminal transferase (Tdt). Although there is low sequence homology ranging from 23-44%
(21), the tertiary structures of these polymerase are similar (22). All members of the X
family possess four subdomains: 8 kD, thumb, palm, and fingers. The 8 kD subdomain is
structurally similar between the proteins, but only Pols p and A possess dRP lyase activity.
The 8 kD and thumb subdomains bind the DNA, the palm subdomain contains three
conserved aspartic acid residues required for catalysis, and the fingers subdomain binds
nucleotide. Pol A, along with Pol p and Tdt, possess an additional subdomain, an N-terminal
BRCT subdomain that facilitates interactions with proteins involved in non-homologous end
joining (NHEJ), implicating a role for Pol A in this pathway (21).

The rs3730477 single nucleotide polymorphism (SNP) encodes the R438W Pol A variant
and is present in 12% of the population. Residue 438 is located in the palm subdomain and
is distant from the active site, but in close proximity to Loopl, which has been demonstrated
to be important for fidelity of DNA synthesis, but not catalytic activity (23). Loopl stabilizes
the template strand of DNA during the change from the inactive to active conformation (23)
and its motion is affected by the change from R to W at residue 438.

There are two reported germline SNPS in the POLL gene that may be associated with
cancer, R438W and T221P (24). Swett et al.(24) used a novel bioinformatic approach in
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which they sought to determine correlations between SNPs, provided from existing large
databases, with deleterious phenotypes. Through this analysis, named hypothesis driven
single nucleotide polymorphism search (HyDn-SNP-S), the Pol A R438W variant was
associated with a 3-fold increased incidence of breast cancer. Previous work by others
showed that overexpression of the R438W Pol A variant in Chinese Hamster Ovary (CHO)
cells induces chromosomal aberrations and point mutations including an 8-fold increase in
G:T transversions (25).

Long-term exposure to estrogen is a risk factor for breast cancer (26). Although the main
effect of estrogen exposure is by promoting transcription of genes involved in proliferation
(27), estrogen metabolism produces ROS as a by-product leading to DNA damage, and most
commonly induces 8-0x0G in the DNA, as wells as estrogen-DNA adducts (28,29). Estrogen
is non-carcinogenic on its own, but its ability to produce ROS, coupled with a defect in
repair of ROS-dependent DNA damage may synergize to promote a malignant phenotype.

In a small-scale screen, we identified the rs3730477 SNP encoding R438W Pol A as being
enriched in the germlines of women with breast cancer. Given this and previous work
suggesting that overexpression of this variant in CHO cells induces genomic instability, we
hypothesized that expression of R438W in immortal but non-transformed human breast cells
could drive cellular transformation. Our data show that R438W induces cellular
transformation in human breast cells. The slow DNA polymerase activity of R438W results
in replication fork stalling and collapse, which lead to genomic instability cellular
transformation of human breast cells. Most importantly, our results demonstrate that the
phenotype of R438W Pol Ais linked to estrogen exposure. Specifically, we show that
treatment with estrogen produces persistent oxidative damage in cells expressing R438W,
significantly decreasing the latency of cellular transformation, consistent with a critical role
for Pol A in bypassing 8-0xoG in DNA. Our results suggest that the R438W Pol A variant is
linked to breast cancer risk involving estrogen exposure.

Materials and Methods

Next-generation Sequencing (NGS)

Genomic DNA was isolated from the lymphocytes of 32 patients who had been diagnosed
with breast cancer (BRCAL,2 non-mutant) on HIC protocol #0805003789 as previously
described (30). The Agilent SureSelect Target Enrichment Platform was used to design
primers to capture all the exons and 5" and 3" UTRs of all DNA repair genes in addition to
genes that function in the DNA damage response (i.e. ATM, ATR, 53BP1) (for a full list of
genes, see http://www.cgal.icnet.uk/DNA_Repair_Genes.html). The primer design included
a total of 3500 unique features representing approximately 1 Mb of exonic sequence
representing the 168 genes. Paired end sequencing enabled at least 50x coverage using
multiplexing on the Illumina Genome Analyzer on a fee-for-service basis using the Yale
Center for Genome Analysis. Following mapping of regions with the alignment software
bwa (31), variants (both SNPs and short insertions/deletions) were identified with the
Genome Analysis Toolkit [GATK: http://www.broadinstitute.org/gsa/wiki/index.php/
The_Genome_Analysis_Toolkit] (32). We identified 150 single nucleotide polymorphisms
(SNPs) in these genes and analyzed them using the SIFT (33) and Polyphen (34) prediction
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algorithms. SNPs that were predicted to affect protein function in either or both programs
were selected and Fisher’s exact tests were used to determine if the SNP was significantly
enriched in these breast cancer patients after correcting for ancestry.

Plasmids and Cloning

Human Pol A cDNA was cloned into the pET28a expression plasmid (Novagen) for
expression with an N-terminal 6xHis tag. Wildtype Pol A cDNA sequence was verified by
sequencing. For cell culture experiments, human Pol A cDNA with a C-terminal
hemagglutinin (HA) tag was cloned into the pRV'Y Tet retroviral vector as described (35).
The R438W variant was introduced into the human WT Pol A cDNA sequence using site-
directed mutagenesis (Stratagene) following the manufacturer’s protocols. The primers used
for these reactions are available upon request. Positive clones were sequenced at the W.M.
Keck facility at Yale University School of Medicine.

Cell Lines and Cell Culture

The GP2-293 packaging cell line (Clontech) was maintained in high glucose DMEM
(Invitrogen) supplemented with 10% FBS (Gemini Bio-Products), 1% penicillin-
streptomycin, 1% L-glutamine, and 220 pg/ml hygromycin B (used for selection)
(Invitrogen). The human mammary epithelial cell line, HME1 (ATCC), was maintained in
DMEM/F12 medium (Invitrogen) supplemented with 5% horse serum (Invitrogen), 1%
penicillin-streptomycin, epidermal growth factor (20 ng/ml), hydrocortisone (0.5 pg/ml)
cholera toxin (100 ng/ml), insulin (10 pg/ml) (Sigma-Aldrich) and hygromycin B (50 pg/ml)
(used for selection) (Invitrogen). For estrogen experiments, cells were grown continuously in
medium containing 1 mM estrogen and/or 1 mM tamoxifen (Sigma-Aldrich) in the medium
described above with the exception that charcoal-stripped horse serum was used (Valley
Biomedical, Inc). All cells were grown at 37°C in a 5% CO», humidified incubator.

Transfection, Infection, and Expression Analysis

Human Pol A WT and R438W constructs were packaged into retrovirus using the GP2-293
packaging line as previously described (4). Expression of exogenous HA-tagged Pol A was
verified by Western blot using monoclonal mouse anti-HA antibody (Covance). -actin
(Sigma-Aldrich) was used as a loading control.

Anchorage independent growth assay

Anchorage independent growth was assessed as previously described (35). Briefly, 1 x 10
HMEL cells expressing either WT or R438W Pol A were mixed with media containing 0.7%
noble agar (USB) and poured onto a layer of media containing 1.0% noble agar. The number
of colonies present in each of ten microscope fields per well from a total of 3 wells per
experiment were counted after 4 weeks of growth.

Cell Proliferation

HMET1 cells expressing either WT or R438W Pol A were plated at a density of 2 x 104 cells
in 60 mm dishes. Cells were counted every day for five consecutive days. Data were plotted
as change in cell number per day.
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DNA Fiber Assay

HMEL cells expressing WT or R438W Pol A were grown in the presence or absence of
estrogen to approximately 30-40% confluence. Cells were pulsed with 25 uM 1dU for 30
minutes, washed three times with PBS, and pulsed with 250 pM CldU for 30 minutes. Cells
were harvested and resuspended in PBS at a concentration of 1.7 x 108 cells/ml and 3 pl
(5000 cells) of the cell suspensions were placed on glass slides and mixed with 7 ul of lysis
buffer (200 mM Tris, pH 7.6, 50 mM EDTA, 0.5%SDS) for 2 min. Slides were tilted at 20°
to allow gravity flow. The slides were fixed in a 3:1 solution of methanol-acetic acid for 20
min at —20°C and treated with 2.5 M HCL for 30 min followed by washes with PBS before
blocking in 5% BSA for 30 min at 37°C. To detect incorporated 1dU and CldU, DNA fibers
were incubated with mouse anti-BrdU (Becton Dikinson; 1:25) and rat anti-BrdU
monoclonal antibody (Abcam; 1:400), respectively, for 1 h at room temperature (RT),
followed by 3 washes with PBS, and incubation with sheep anti-mouse Cy3 (Sigma; 1:500)
and goat anti-rat Alex Flour 488 (Invitrogen 1:400) for 1 h at RT. The slides were mounted
with Vectashield mounting medium and covered with coverslips. Images were acquired
using a Zeiss microscope at 63x magnification and processed using Image J software (http://
imagej.nih.gov/ij/). Further details are available in the Supplemental Experimental
Procedures.

Immunofluorescence

HMEZ1 cells expressing WT or R438W Pol A were grown in the presence or absence of
estrogen on glass coverslips coated with poly-L-lysine (Sigma). Cells were fixed in a 3:1
solution of methanol-acetic acid for 20 min at —20°C and permeabilized in 0.5% Triton
buffer (20 mM HEPES, pH 7.4, 50 mM NaCl, 3 mM MgCl,, 300 mM sucrose, 0.5% Triton
x-100) for 10 min at RT. Coverslips were blocked in 3% BSA and goat serum for 30 min at
RT and incubated with the primary antibodies, anti-PCNA (Santa Cruz), anti-yH2AX (cell
signaling), or anti-8-oxoG (Millipore) overnight at 4°C. Coverslips were washed and
incubated with secondary FITC or rhodamine antibodies. Coverslips were mounted on slides
using SlowFade® Gold Antifade Mountant containing DAPI to stain the nuclei (Invitrogen).

Genomic Instability Analysis

Chromosomal aberrations were assessed as previously described (4). Cells were harvested
by mitotic shake-off and lysed in 0.75% KCI at 37°C for 30 minutes before fixing in
Carnoy’s Fixative (75% methanol, 25% acetic acid). Images were taken using Spot Camera
software (Diagnostic Instruments). Metaphase spreads were de-identified and scored by eye
for chromosomal fusions, breaks, and fragments.

Protein Expression and Purification

pET28a plasmids with human WT or R438W Pol A. cDNA were transformed into Rosetta
2(DE3) cells (Novagen). Luria broth cultures were incubated at 37°C until the ODgqg
reached approximately 0.6. Protein expression was induced by the addition of 1 mM
isopropyl p-D-thiogalactopyranoside (IPTG) (American Bioanalytical) and incubated at
26°C for four hours. Protein induction was verified by using 10% SDS-PAGE stained with
Coommassie. WT and R438W Pol A proteins were purified using fast protein liquid
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chromatography as described previously (36). Pellets were resuspended in buffer B (40 mM
TrisCl, pH 8.0, 0.5 M NaCl, 5 mM imidazole) supplemented with 1 mM
phenylmethanesulfonyl fluoride solution (PMSF) (Sigma-Aldrich) and complete EDTA-free
protease inhibitor cocktail tablet (Roche) and lysed via sonication. The lysate was cleared by
centrifugation and applied to a 5 ml HiTrap Chelating HP column (GE Healthcare) charged
with NiSOy using a linear imidazole gradient (from 5 to 500 mM) in buffer B. Pol A was
eluted in a broad peak at about 225 mM imidazole. The fractions were combined,
concentrated to about 1 ml and diluted to 10 ml in buffer F, pH 7.0 (50 mM Tris-HCI pH 7.4,
1 mM EDTA, 10% glycerol, 50 mM NaCl). The diluted protein applied to a HiTrap SP HP
column (GE Healthcare) using a linear NaCl gradient from 100 mM to 2000 mM. Purified
protein fractions eluted at approximately 1000-1200 mM NaCl in a sharp peak. Pol A
containing fractions were combined and concentrated to less than 1 ml. Glycerol was added
to a final concentration of 15% and aliquots were flash frozen in liquid nitrogen and stored
at —80°C. All proteins were purified to >90% homogeneity based on Coomassie Blue
staining of 10% SDS-PAGE gels. Final protein concentration was determine using the
absorbance at 280 nm and the extinction coefficient for Pol A. (18700 M~1 cm&™1).

Ouabain Mutagenesis Assay

HMEZ1 cells expressing WT or R438W Pol A were grown in the presence of 1 mM estrogen
to exponential growth. Cells were trypsinized and plated in 10 cm dishes at various
concentrations. Cells were allowed to attach overnight and ouabain (Sigma) was added to a
final concentration of 75 nM. After 3 weeks of growth, cells were stained with 0.25% crystal
violet (Sigma). Colonies were counted and mutagenesis was calculated by dividing the total
number of ouabain resistance colonies by the number of surviving colonies on plates grown
in the absence of ouabain.

Preparation of DNA Substrates

Oligonucleotides were synthesized by the W.M. Keck facility and purified by
polyacrylamide gel electrophoresis as described previously (37). Complete substrate
annealing was confirmed using 12% native polyacrylamide gel electrophoresis and
visualized using autoradiography.

Pre-steady State Kinetics

Radiolabeled DNA (300 nM) and Pol A (100 nM) were combined with the correct dGTP
and 10 mM MgCls in buffer L (50 mM TrisHCI, pH 8.4, 5 mM MgCl,, 100 mM NacCl, 0.1
mM EDTA, 5 mM DTT, 10% glycerol, 0.1 mg/ml BSA (38)) in a KinTek Chemical Quench-
Flow apparatus at 37°C. The reactions were quenched by the addition of 0.5 M EDTA. The
reaction products were separated on a 20% denaturing polyacrylamide gels, visualized, and
quantified using a Storm 860 Phosphorimager with ImageQuant software. The concentration
of extended product was plotted as a function of time and the data were fit to a single-
exponential curve:

product=A <1_efk,,bs t)
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where A is the amplitude, Ayps is the observed rate constant (37).

Gel Electrophoretic Mobility Shift Assay

Statistics

Results

The DNA binding constant was determined by gel electrophoretic mobility shift assay as
described previously (4). The dissociation constant for DNA (Kp) was determined by fitting
the fraction bound protein () versus protein concentration with the equation:

m|[protein]

Y= - +b
[protem]+KD(DNA)

where Y is the amount of bound protein, m is a scaling factor, and b is the apparent
minimum Y value.

Unpaired two-tailed t-tests, one-way, or two-way analysis of variance (ANOVA) were used
as appropriate to determine whether the mean of each cell line was different from the empty
vector cells. Tukey’s or Sidak’s post hoc tests were used to determine significant differences
between the means of each group. All statistics were performed using GraphPad Prism
version 5 (GraphPad Software, San Diego, CA). Data are represented as mean + SEM.

Enrichment of the R438W SNP in breast cancer patients

To determine if there was a significant enrichment of SNPs in DNA repair genes in the
germlines of individuals with breast cancer, we conducted a small-scale screen of 32 breast
cancer patients using next-generation sequencing (NGS) to sequence the exons of all DNA
repair and DNA damage response genes (Supplemental Fig S1). One DNA repair SNP that
emerged from this analysis was the rs3730477 POLL germline SNP that encodes R438W
Pol A.. The rs3730477 was found in 40% of the (13/32) cases from patients of predominantly
European ancestry. Examination of dbSNP 147 indicates that the rs3730477 SNP is present
at frequencies ranging from 22-29% in individuals with European ancestry (39). Therefore,
this SNP in the POLL gene is present in our small cohort of breast cancer patients at
frequencies that are slightly increased over the expected frequency for individuals with
European ancestry. Given this and previous indications of a link to breast and ovarian cancer
and genomic instability (24,25), we decided to characterize this SNP in human breast cells
for its ability to exhibit a cancer-associated phenotype.

Estrogen treatment decreases the latency of transformation in cells expressing R438W Pol

A

Previous biological studies of the R438W Pol A variant were conducted predominantly in
CHO cells and human fibroblasts (25). Although interesting phenotypes indicating that
R438W induces genomic instability emerged from these studies, they were not conducted in
human breast epithelial cells and did not assess the ability of R438W to induce cellular
transformation. Importantly, the previous studies did not address the role of estrogen even
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though it induces ROS, which is processed by Pol A.. Therefore, given the link of the R438W
Pol A variant with breast cancer risk, we tested whether its expression in the normal,
immortalized breast epithelial cell line, HME1, induced cell transformation. HMEZ1 cells
expressing either WT or R438W were serially passaged and tested for growth in soft agar as
a marker of anchorage-independent growth and a transformed phenotype. At passage 16,
cells expressing R438W had a significantly increased number of colonies that grew in an
anchorage-independent manner compared to WT cells (Fig 1; open red circles compared to
filled black circles). Since prolonged exposure to estrogen is a major risk factor for breast
cancer (26) and has been shown to transform human breast epithelial cells (40,41), we
sought to determine if exposure to estrogen, in combination with the expression of the
R438W germline variant, would decrease the latency of cellular transformation compared to
cells not treated with estrogen. Cells were treated continuously with either estrogen, the
estrogen antagonist tamoxifen, or the combination of estrogen and tamoxifen, and tested for
growth in soft agar. Remarkably, treatment with estrogen led to a significant increase in the
ability of R438W-expressing cells to grow in soft agar with significant increases in growth
observed as early as passage 1 (Fig 1; open blue squares compared to filled green squares).
The numbers of colonies able to grow in an anchorage-independent manner continued to
increase in R438W Pol A-expressing cells until passage 16, when the experiment was
discontinued. Moreover, the decreased latency of transformation in cells expressing R438W
Pol A was a direct effect exerted by estrogen as the anchorage-independent growth was
effectively blocked in these cells by co-treatment with the estrogen antagonist, tamoxifen.
The transformation was not due to different levels of expression since western blotting
showed that total Pol A protein expression was similar (Supplemental Fig S2). In addition,
these results were recapitulated in three separate pools of HME1 cells with experiments
performed in the presence (Fig 1) or absence of estrogen (Supplemental Fig S3). These data
strongly suggest that R438W Pol A induces cellular transformation in human breast cells
and that estrogen plays a significant role in decreasing the latency of transformation in these
cells compared to WT-expressing cells.

Expression of R438W induces replication fork collapse

Pol A is required at replication forks and its silencing leads to replicative stress (42). We
hypothesized that replication fork stability was compromised in cells expressing R438W. To
test this, we analyzed the DNA fibers to determine if stalled replication forks were present in
cells expressing R438W. This approach labels the DNA by first pulsing with 1dU (red)
followed by pulsing with CIdU (green) (Fig 2A). We labeled the actively replicating DNA of
HMEZX cells expressing either WT or R438W with the nucleotide analogs (Fig 2B) and
found that cells expressing R438W had a significant increase in the percentage of stalled
forks compared to WT (Fig 2C). Importantly, treatment with estrogen most significantly
increased the percentage of stalled replication forks in cells expressing R438W. Next, we
analyzed yH2AX colocalization with PCNA as another marker of replication fork stalling.
We found that R438W-expressing cells had a significant increase in the percentage of cells
with PCNA colocalized with yH2AX foci and this was increased further when the cells were
treated with estrogen (Fig 3). Together, these data suggest that R438W Pol A expression in
cells leads to replicative stress in S phase, indicative of replication fork collapse, which is
worsened in cells treated with estrogen.
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R438W Pol A induces genomic instability in cells

To determine if expression of R438W in HMEL cells induces genomic instability that may
drive cellular transformation, we first characterized chromosomal aberrations in human
breast epithelial cells expressing either WT or R438W at passages 2-5. In the absence of
estrogen, expression of R438W significantly increased the levels of fragments, fusions, and
breaks (Fig 4). Surprisingly, when treated with estrogen, R438W-expressing cells did not
exhibit a significant increase in chromosomal aberrations compared to WT-expressing cells
(Fig 4). To determine the mechanism by which estrogen induces cellular transformation in
R438W-expressing cells, we first tested if treatment with estrogen affected the proliferation
of cells, but found no difference in growth rates between the WT and R438W cells lines in
the presence of estrogen (Supplemental Fig S4). Because estrogen is known to induce
oxidative damage and 8-0xoG lesions and estrogen-DNA adducts, we examined whether
cells expressing R438W had higher levels of 8-0xoG using an antibody that recognizes 8-
oxoG and immunofluorescence in human breast cells continuously exposed to estrogen.
Indeed, there was a significant increase in the percentage of cells expressing R438W with
cellular 8-oxoG (Fig 5A-B) compared to WT-expressing cells. We next characterized the
mutation frequency in estrogen-treated cells by assaying ouabain resistance. In concordance
with the increase in 8-0xoG levels, R438W-expressing cells also exhibited a two-fold
increase (p=0.0180) in mutation frequency to ouabain resistance in the presence of estrogen
(Fig 5C). Together, these data suggest that treatment with estrogen increases 8-0xoG-
mediated mutagenesis in cells expressing R438W.

R438W Pol A has reduced polymerase activity

To test whether R438W had a slower catalytic rate than WT, we performed pre-steady state
kinetic analysis of the enzyme using 1 bp gapped DNA, a preferred substrate in BER. This
type of experiment reveals both the initial reaction rate along with the steady-state rate of the
enzyme, providing important information that is not observed under steady-state, and likely
rate-limiting conditions (25). Under presteady-state burst conditions, R438W exhibited a
50% reduction in polymerization rate compared to WT (Fig 6A) suggesting that the genomic
instability may be due to the lower catalytic efficiency of R438W, perhaps at the replication
fork. Also, Pol A is known to bypass 8-0xoG at the replication fork. Therefore, we wanted to
determine if R438W is able to bypass 8-0x0G. First, we measured the ability of R438W Pol
A to bind to recessed DNA with 8-0xoG as the templating base. Gel shift assays
demonstrated that although R438W protein binds undamaged DNA with similar affinity as
WT Pol A (Kp=70+10 nM or 130£20 nM for WT or R438W, respectively), R438W binds
DNA with 8-0x0G poorly (Kp= 70£10 nM or 1200+200 nM for WT or R438W,
respectively) (Fig 6). Given this extremely low affinity for DNA, we were unable to measure
the rate of bypass of 8-oxoG by R438W. Together, these data suggest that R438W Pol A is a
slow polymerase. In addition, 8-0xoG lesions are unlikely to be recognized and bypassed by
R438W, resulting in mutagenesis in cells expressing R438W, and this likely leads to cellular
transformation.
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Discussion

In the current study, we provide evidence that the rs3730477 SNP encoding R438W Pol A
induces cellular transformation in human breast epithelial cells, and that the latency of
cellular transformation is decreased in the presence of estrogen. R438W has a slower
catalytic rate than WT on 1 bp gapped DNA substrate and poorly binds to DNA harboring 8-
0xoG damage that persists and/or accumulates in cells expressing R438W Pol A treated with
estrogen. Our results suggest that the impaired DNA repair capacity of R438W Pol A leads
to genomic instability and mutagenesis in cells, likely resulting in cellular transformation.
These findings suggest that individuals harboring R438W may be at an increased risk for
breast cancer and that treatment with estrogen could enhance the risk.

Pol A is involved in several distinct DNA repair pathways. It functions as a backup to Pol
in BER (16,43), in NHEJ (44), and has a specialized role in translesion synthesis (12,13). In
BER, after a lesion-specific glycosylase excises the damaged base, APEI remodels the DNA
ends, allowing for the single nucleotide gap to be filled by a polymerase. /n vitro kinetics on
1 bp gapped DNA substrate showed that R438W has a 50% reduction in catalytic activity.
This finding was in contrast to what was previously reported (25). However, those kinetic
experiments were performed at one ten minute time point and under steady-state conditions,
whereas our experiments were performed on a much shorter time scale (0-60 s) and under
presteady-state conditions. Under these conditions and at shorter time points, we were able
to reveal more subtle changes in the catalytic rates between the WT and variant Pol A
proteins.

The slow DNA polymerase activity of R438W likely leads to an accumulation of unrepaired
breaks in cells expressing this variant polymerase which can then proceed to replication. If
not repaired, this can lead to replication fork collapse and genomic instability. Indeed, we
observe an increase in stalled forks and chromosomal aberrations in cells expressing R438W
compared to WT cells. Therefore, we suggest that the inefficient gap-filling of Pol A during
BER results in replicative stress and genomic instability. Although Pol A is not the major
polymerase activity in BER, Pol A is preferred to Pol B in repairing 8-0xoG:A mispairs
(20,45). MUTYH glycosylase recognizes the damage and recruits Pol A, as well as other
repair factors including PCNA, FEN1 and DNA ligases to repair the DNA (20). Since
endogenous oxidative lesions occur frequently, the decreased repair capacity of R438W is
likely to lead to genomic instability. Alternatively, the increase in chromosomal aberrations
may be due to the role of impaired NHEJ as others have suggested (25). However, the
precise mechanism by which this would occur is not clear since residue 438 is located in the
palm subdomain containing the active site, and is not proximal to the BRCT subdomain
required for NHEJ.

Prolonged lifetime exposure to estrogen is a major risk factor for hormone-regulated cancers
such as breast cancer (for review see (26)). Estrogen exposure comes from a variety of
sources including hormone replacement therapies in post-menopausal women. There are
both estrogen receptor (ER) dependent and independent mechanisms by which estrogen is
proposed to drive cancer. The canonical ER-dependent mechanism involves driving the
expression of genes involved in cellular proliferation through the binding ER a and B, (27).

Mol Cancer Res. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nemec et al.

Page 11

Rapidly replicating cells can elude DNA repair and cell cycle checkpoints leading to an
increase in mutations. However, cells expressing WT and R438W Pol A grew at comparable
rate in the presence of estrogen.

Alternatively, in an ER-independent mechanism, estrogen exposure induces ROS and
estrogen-DNA adducts during its metabolism (28,29,46). After treatment with estrogen, we
observed elevated levels of 8-0xoG DNA in cells expressing R438W compared to WT cells
indicating that there is less or delayed repair. Cells expressing R438W also have a significant
increase in mutagenesis compared to WT cells when grown in estrogen. These mutations are
likely enriched for G:T transversions since R438W Pol A was previously shown to have an
8-fold increase in this type of mutation (25). Also, this specific mutation would result from
error-prone bypass of 8-0xoG DNA. However, we cannot exclude that some of the effects
we observe are not due in part to depurinating estrogen-DNA adducts that would be repaired
by BER.

In addition to replicative polymerases, translesion polymerases can bypass 8-0xoG lesions
during the S or G2 phases of the cell cycle. Pol x, Pol B, and Pol p bypass 8-0xoG in an
error-prone manner (12,47,48). Pol A and pol ) are the main translesion polymerases that
bypass 8-0x0G lesions and preferentially insert the correct nucleotide. Pol A has a much
higher efficiency in bypass than Pol nj and PCNA and RPA increase the fidelity of both Pol
A and m 1200- and 68-fold, respectively (12). However, in vitro gel shift studies revealed
that R438W binds 8-oxoG-containing DNA substrates with 17-fold lower affinity than WT
protein. This was specifically due to the 8-oxoG moiety, and not the DNA template since
there was less than 2-fold difference in DNA affinities between the WT and R438W Pol A
proteins with undamaged DNA substrate. The increase in stalled forks in R438W-expressing
cells is likely due to the low affinity of R438W for the 8-oxoG-modified DNA resulting in
defective error-free bypass by this enzyme variant. Since we do not observe estrogen-
dependent DNA breaks in the metaphase spreads, it suggests that the stalled forks are
restarted after an error-prone polymerase, such as Pol m, binds to the DNA and bypasses 8-
0x0G. However, this occurs in an error-prone manner resulting in an increase in
mutagenesis, which we observe in R438W Pol Aexpressing cells treated with estrogen.
Alternatively, R438W Pol A could preferentially insert the incorrect A. This is unlikely due
to its overall poor affinity for the 8-oxoG-containing DNA. The question remains as to why
WT Pol A, which is present in the cells expressing R438W Pol A, is unable to compensate.
The cell may be overwhelmed with damage that WT Pol A cannot repair, or R438W may be
sequestering other required auxiliary proteins, preventing WT Pol A from being able to
properly function.

The faithful repair of DNA is important to maintaining genomic integrity and therefore it is
critical to understand the mechanism of how functional germline SNPs in DNA repair genes
can influence cancer susceptibility. Using NGS, we identified R438W Pol A as a potential
driver of breast cancer. We have further detailed how the R438W SNP can induce genomic
instability and cellular transformation, and that increased oxidative stress by prolonged
exposure to estrogen exacerbates the cancer-associated phenotypes induced by R438W.
Therefore, our findings provide novel insight into how individuals carrying this variant may
have increased cancer susceptibility, especially resulting from estrogen exposure.
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Statement of Implication

The Pol A R438W mutation can serve as a biomarker to predict cancer risk and
implicates that treatment with estrogen in individuals with this mutation may further
increase their risk of breast cancer.
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Fig. 1. Continuous exposureto estrogen decreases the latency of cellular transformation in cells

expressing R438W Pol A

HMEZ1 cells expressing WT or R438W were left untreated or were continuously treated with

1 uM estrogen, 1 uM tamoxifen, or both estrogen and tamoxifen. Cells were serially

passaged and plated for growth in 0.7% soft agar at various passages. Data are presented as
mean + SEM (n=3). * or **** denote p<0.05 or 0.0001, respectively, comparing R438W to

WT for each treatment group.
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A. A schematic representation of the DNA combing assay. B. Representative images of
DNA fibers from HMEL cells expressing either WT or R438W. C. The percentage of stalled
forks in HMEZ1 cells expressing either WT or R438W in the presence or absence of estrogen.
Data are presented as mean £ SEM (n=3). *, **, *** denote p<0.05, 0.01, or 0.001,

respectively.
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Fig. 3. yH2AX colocalizes with PCNA in cells expressing R438W
A. Representative images of WT and R438W-expressing cells immunostained with anti-

PCNA (green) and anti-yH2AX (red). B. The percentage of cells with colocalization of
PCNA and yH2AX. Data are presented as mean + SEM (n=3). *, **, *** denote p<0.05,
0.01, or 0.001, respectively.
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Fig. 4. Expression of R438W induces chromosomal aberrationsin the absence of estrogen
Metaphase spreads were prepared from HMEL cells expressing either (A) WT or (B)

R438W. *, ~, or & denote fusion, break, or fragment, respectively. C. Quantification of the
number of aberrations per metaphase spread. A total of at least 50 metaphase spreads were
scored for each cell line. Data are presented as mean + SEM. *, ** **** denote p<0.05,
0.01, or 0.0001, respectively.
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Fig. 5. Continuous treatment with estrogen induces 8-oxoG damage in R438W-expressing cells
A. Representative images of WT and R438W-expressing cells immunostained with anti-8-

0x0G. B. The percentage of cells with cellular 8-oxoG DNA. C. Quantification of mutation
frequency using the ouabain resistance mutation assay. Data are presented as mean £ SEM
(n=3).
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Fig. 6. R438W Pol A hasa defect in DNA synthesisand binding
A. Pre-steady state burst experiments were performed by incubating 1 bp gap DNA and the

correct dGTP with purified WT or R438W Pol A protein. The time course of the reactions
ranged from 0-60 s. Products were resolved on 20% denaturing gels and imaged using a
phosphorimager and quantified. Data were plotted as product formed versus time and fit to a
single exponential equation to obtain the A,ps (WT=0.22+0.02 s~1; R438W=0.10+0.01 s71).
B. Various concentrations of purified WT or R438W protein were incubated with 0.1 nM
undamaged recessed DNA (filled symbols) or recessed DNA with an 8-0xoG lesion on the
template strand (open symbols) for 15 min at room temperature. Data were plotted as
fraction product bound versus Pol A concentration to obtain the Kpipna) (undamaged DNA:
WT, 70+10 nM; R438W, 130+20 nM; damaged DNA: WT, 70+10 nM; R438W, 1200+200
nM).
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