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Abstract

Background: The lack of molecular targets for triple negative breast cancer [TNBC) has
limited treatment options and reduced survivorship. Identifying new molecular targets may
help improve patient survival and decrease recurrence and metastasis. As DNA repair defects
are prevalent in breast cancer, we evaluated the expression and repair capacities of DNA

repair proteins in preclinical models.

Methods: DNA repair capacity was analyzed in four TNBC cell lines, MDA-MB-157 (MDA-
157), MDA-MB-231 (MDA-231), MDA-MB-468 (MDA-468), and HCC1806, using fluorescence
multiplex host cell reactivation (FM-HCR) assays. Expression of DNA repair genes was
analyzed with RNA-seq, and protein expression was evaluated with immunoblot. Responses
to the combination of DNA damage response inhibitors and primary chemotherapy drugs
doxorubicin or carboplatin were evaluated in the cell lines.

Results: Defects in base excision and nucleotide excision repair were observed in preclinical
TNBC models. Gene expression analysis showed a limited correlation between these defects.
Loss in protein expression was a better indicator of these DNA repair defects. Over-expression
of PARP1, XRCC1, RPA, DDB1, and ERCC1 was observed in TNBC preclinical models, and
likely contributed to altered sensitivity to chemotherapy and DNA damage response (DDR])
inhibitors. Improved cell killing was achieved when primary therapy was combined with DDR

inhibitors for ATM, ATR, or CHKI1.

Conclusion: Base excision and nucleotide excision repair pathways may offer new molecular
targets for TNBC. The functional status of DNA repair pathways should be considered
when evaluating new therapies and may improve the targeting for primary and combination

therapies with DDR inhibitors.

Keywords: chemotherapy, DNA damage, homologous recombination, nonhomologous end
joining, nucleotide excision repair, small molecule inhibitor
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Introduction

Treatments for breast cancer have advanced con-
siderably over the past several decades with effec-
tive therapies targeting the estrogen receptor
(ER), progesterone receptor (PR), and amplifica-
tion of ERBB2 or HER2. However, triple-negative
breast cancer (TNBC) is challenging to treat
because of the lack of ER, PR, and amplified
HER?2, which limits the treatment options to

surgical resection and cytotoxic radiotherapy or
chemotherapy.!:? Although some TNBCs respond
to these therapies, 50% of patients have a recur-
rence within 3years, and 37% of patients die
within 5 years after surgery and chemotherapy.?-
In addition, adverse events of radiotherapy and
chemotherapy, such as cardiotoxicity and hepato-
toxicity, can limit treatment duration and cause
long-term sequelae in survivors.
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Table 1. TNBC model cell lines used in this study.

Cell line Mutations Subgroup

HCC1806 TCF12-A482V Basal A

MDA-MB-157 FAT4-L4468P; MSH6-R644S Basal B

MDA-MB-231 BRAF-G4646V; CD79A-C106Y; KRAS-G13D; NF2-E231*; PBRM1-1228V; Basal B
PDGFRA-Y172F; TP53-R280K

MDA-MB-468 CACNA1TD-E953D; TP53-R273H, PTEN V85_splice Basal A

TNBC, triple-negative breast cancer.

Further characterization of TNBC tumors and
cell lines is needed to improve therapeutic options
and outcomes. It is necessary to identify TNBC-
specific molecular targets for monotherapy or
combination therapy and increase knowledge
about the mechanisms of recurrence and thera-
peutic resistance. With the primary use of DNA
damaging radiotherapy and chemotherapy in
treating TNBC, the DNA damage response
(DDR) and DNA repair pathways are important
factors in determining cell fate. When these path-
ways fail, mutations may occur that promote
therapeutic resistance. Although efforts to under-
stand DNA repair defects in breast cancer fre-
quently focus on mutational analysis, no robust
associations between mutations and DNA repair
defects are known except for mutations in breast
cancer susceptibility gene (BRCA1/2) or tumor
suppressor protein p53 (TP53).6-8

The major DNA repair pathways, including base
excision repair (BER), nucleotide excision repair
(NER), mismatch repair (MMR), nonhomolo-
gous end joining (NHE]), and homologous
recombination (HR), can have overlapping func-
tions that preserve genomic fidelity, even when
defects exist.” As a result, it may be difficult to
predict which drugs may be effective against a
particular tumor. Gene expression signatures,
coupled with mutational status, may provide
additional information about DNA repair defects.
However, these measures often fall short. What is
needed is functional characterization of DNA
repair capacity, which will more accurately iden-
tify DNA repair defects that could be targeted in
TNBC therapy.

As preclinical cell line models are essential for the
development and testing of new therapeutic
agents, we examined the expression and repair
capacities of DNA repair proteins in four TNBC

cell lines. We used the information about repair
capacities to evaluate the responses of the TNBC
cell lines to DNA-damaging chemicals and
assessed combination therapies with inhibitors to
DDR proteins to increase cell killing.

Materials and methods

Cell culture

The TBNC cell lines MDA-MB-157 (MDA-
157),MDA-MB-231 (MDA-231), MDA-MB-468
(MDA-468), and HCC1806 were purchased
(HTB-24, HTB-26, HTB-132, and CRL-2335,
American Type Culture Collection, Manassas,
VA, USA) within the previous 24months
and passaged <15 times for all experiments
(Table 1). Cells were tested biweekly for myco-
plasma contamination (MycoAlert, Lonza, Basel,
Switzerland). MDA-157, MDA-231, MDA-468,
and MCF10A cells were grown in Dulbecco
Modified Eagle Medium (DMEM High Glucose
with GlutaMAX, Life Technologies, Carlsbad,
CA, USA) and supplemented with 1% sodium
pyruvate (Life Technologies) and 10% fetal
bovine serum (FBS) (Premium Select, Atlantic
Biologicals, Miami, FL, USA). HCC1806 cells
were grown in RPMI 1640 medium (Life
Technologies) supplemented with 10% FBS.
Cells were maintained in a humidified 37°C incu-
bator with 5% carbon dioxide.

Fluorescence multiplex host cell reactivation

Fluorescence multiplex host cell reactivation
(FM-HCR) assays were performed as described
previously.1%11 The cells were seeded 48 h before
transfection into cell culture flasks (T25,
ThermoFisher, Waltham, MA, USA) and col-
lected for transfection at 85% confluence. Cells
were electroporated (Neon Transfection System,
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ThermoFisher) with 2 pulses (20 ms each) at
1200 V. Transfected cells were seeded into
12-well culture plates and collected 24h after
transfection for flow cytometry. Transfection effi-
ciency for each assay was controlled by the inclu-
sion of an undamaged fluorescent reporter
plasmid with the repair reporter constructs, as
described previously.!! Fluorescent reporter
expression was calculated as the percentage of the
fluorescent reporter protein expressed versus the
undamaged control plasmids from a second
transfection.!%1!  We normalized fluorescent
reporter expression for each assay to the most
repair-competent of the four cell lines to facilitate
comparisons between cell lines.

Immunoblot

Immunoblot was performed as described previ-
ously.!2 Cells were grown in 10-cm dishes and
cultured to 70-80% confluence. Cells were rinsed
with phosphate-buffered saline (PBS), scraped,
stored overnight at —80°C, and lysed. Lysates
were separated on a 4-15% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis gel (Bio-
Rad, Hercules, CA, USA) and transferred to a
nitrocellulose membrane. The membrane was
probed with antibodies diluted in 5% nonfat dry
milk in Tris-buffered saline (VWR, Radnor, PA,
USA) and 0.1% Tween 20 (Fisher Scientific,
Waltham, MA, USA) and raised against reagents
for immunoblot (Table 2). Antibodies were incu-
bated at 4°C overnight on a rocker. The blots
were washed and incubated with horseradish per-
oxidase (HRP)-labeled secondary antibodies
(goat anti-rabbit-HRP or goat anti-mouse-HRP)
(Cell Signaling Technology) and diluted 1:5000
for 1h at room temperature on a rocker. HRP
antibody target proteins were detected by incu-
bating with an HRP substrate (WesternBright
Sirius, Advansta, San Jose, CA, USA). All immu-
noblots were performed in two or more biological
replicates.

Cytotoxicity

Cytotoxicity was determined with cell growth
inhibition assays for DNA-damaging drugs and
combination treatment or a cell viability assay
(CellTiter-Glo, Promega, Madison, WI, USA)
for small molecule inhibitors. For cell growth
inhibition assays, MDA-157, MDA-231, and
MDA-468 cells (2X10% cells per well) and
HCC1806 cells (1X10* cells per well) were
seeded in 12-well dishes and incubated for 48h.

Cells were treated with carboplatin (Sigma-
Aldrich, St. Louis, MO, USA) or doxorubicin
(Selleck Chemicals, Houston, TX, USA) diluted
to 10mM in dimethyl sulfoxide (DMSO) and
further diluted to the experimental concentra-
tions in the growth medium. The cells were
exposed to DMSO vehicle, carboplatin, or doxo-
rubicin continuously for 5days and counted with
an automated cell counter (T'C20, Bio-Rad).

For coexposure experiments, MDA-231 cells
were exposed to DMSO vehicle control, doxoru-
bicin, and 10 uM KU-55933 (ATM inhibitor,
ATMi), 1 uM AZD6738 (ATR inhibitor, ATRi),
5uM NU7026 (DNAPK inhibitor, DNAPKIj),
or 10nM prexasertib (1.LY2606368, Selleck
Chemicals). Cells were coexposed continuously
for 5days and counted. Results were normalized
to values for cells exposed to DMSO vehicle or
medium control and graphed to generate values
of half-maximal inhibitory concentration (ICs;)
using software (Prism, GraphPad, San Diego,
CA, USA).

For the small molecule inhibitor viability assays
(CellTiter-Glo), MDA-231 and HCC1806 cells
(2X 103 cells per well) and MDA-157 and
MDA-468 cells (5X 103 cells per well) were
seeded in white, clear bottom 96-well plates and
cultured for 48 h. Cells were treated with ATMi,
ATRi, NU7026, or prexasertib diluted to 10 mM
in DMSO and further diluted to the experimen-
tal concentrations in the growth medium. The
cells were exposed to DMSO vehicle, ATMi,
ATRI, or prexasertib for 4 days. The assay rea-
gent (CellTiter-Glo) was added to plates and
incubated according to instructions from the
manufacturer. Luminescence was read on a
multimodal plate reader (M1000, Tecan,
Mainnedorf, Switzerland). Results were normal-
ized to values for cells exposed to DMSO vehicle
control and graphed to generate IC;, values. All
growth inhibition and viability assays were per-
formed with technical triplicates over three bio-
logical replicates.

RNA-seq

Cell pellets containing 109 cells were sent to a
genomics service (Genewiz, South Plainfield, NJ,
USA) for library preparation, RNA sequencing,
and analysis. Heatmaps were created for tran-
scripts per million (TPM) from the analyzed sam-
ples. TPM values were calculated by normalizing
to gene length for comparisons between samples.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 12

Table 2. Immunoblot reagents and dilutions used in
this study.

Statistical analysis

Dilution reagent

Source

Mean IC;, values *+ standard error of the mean
(SEM) were determined from replicate experi-
ments. The fluorescent signal from the repair of

1:20,000 damaged and undamaged substrates was quanti-
) . tated in each triplicate and reported as
et R mean = SEM. Cell line values were evaluated
1:1000 with 1-way analysis of variance (ANOVA), and
means were compared with Dunnett’s post hoc
APE1 Abcam, Cambridge, UK test. Statistical significance was defined by
ATM Cell Signaling, Danvers, MA, *p<0.05, **p<0.01, and ***p<0.001.
USA
CHK1 Cell Signaling Results
CHK2 Cell Signaling Characterization of DNA repair defects in
DDBI1 Cell Signaling TNBC cell lines
We previously used the flow cytometric host cell
DNA-PKes Cell Signaling reactivation assay (FM-HCR) to characterize the
ERCC1 Cell Signaling BER repair capacity of a panel of commonly used
TNBC cell line models, MDA-157, MDA-231,
FEN1 Abcam HCC1806, and MDA-468.13 From this analysis,
. we observed that MDA-468 cells were the most
St ?)ZT[?SC.F;Z LIJBérXechnology, BER competent of the four cell lines.1? MDA-157
o cells were the next most BER competent, with
Ku70 Abcam only a slight defect in the repair of 8-oxo-2’-
) deoxyguanosine (8-o0xo-dG) opposite cytosine
Ligase 4 Abcam recognized by the oxidative glycosylases OGG1,
MSH?2 Cell Signaling NEIL1, or NEIL2. HCC1806 cells showed
defects in BER catalyzed by AAG (also known as
p-ATM 51981 Cell Signaling MPG) glycosylase, MUTYH glycosylase, and the
. . oxidative glycosylases. MDA-231 cells were the
RPATO Cell Signaling least competent in BER with major defects in
XPA Cell Signaling repair initiated by AAG glycosylase, MUTYH
_ ) glycosylase, the oxidative glycosylases, and UNG
XPD Cell Signaling glycosylase.
XPF Cell Signaling
The previous BER analysis primarily evaluated
1:500 lesion recognition by DNA glycosylases. Although
. . glycosylase activity determines the rate at which
Kugo CeltSignaling BER is initiated, apurinic/apyrimidinic endonu-
Ligase 1 Novus Biologicals, Littleton, clease 1 (APE1) also is important in BER initia-
CO, USA tion.!* To complete the analysis of BER defects in
) the TNBC panel, we examined the repair of tet-
LA S LILE EletEEin ety rahydrofuran (THF), which is recognized by
p-CHK1 S345 Cell Signaling APE1 and processed by long patch BER, using
FM-HCR. A THF-opposite-cytosine (THF:C)
p-CHK2 T68 Cell Signaling base pair was incorporated into the coding
PMS?2 Santa Cruz Biotechnology sequence of the fluorescent reporter gene, block-
ing transcription and expression of the reporter.
RAD51 Santa Cruz Biotechnology When APE1 recognizes and nicks the DNA at the
UNG GeneTex, Irvine, CA, USA THEF site, DNA polymerase § (POLB) dRP-lyase

activity may remove the abasic site, but reduced

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

KJ Lee, E Mann et al.

(A)
THF
1.5
z
8
[- 9%
<
© 104
®
o
[
[
°
2 05
2
£
5
Z oo
A N () >
& i & »®
¥ s S ¥
& &
©
MDA-157 MDA-231 HCC1806 MDA-468
PARP1 . — ——
POLB | wwwm e T —
[ ——m ™ N
XRCC1 — — —— -
GAPDH d— — -

P A
(B) @9" @"' ~b(_,ci‘ “9\»
AAG (MPG)
APEX1 600
FEN1
LIG1
LIG3
NEIL1
NEIL2 00
NEIL3 b=
o
0GG1 -
PARP1
POLB 200
PNKP
TDG
UNG
XRCC1
(D)
MDA-157 MDA-231 HCC1806 MDA-468
LIGASE1 - —
BACTIN | - s S— -
FENT | we  — —
—
B-ACTIN - -_—
awer | T w——

B-ACTIN ‘ T W S— "'|

Figure 1. Key factors involved in BER. (A) Abasic site repair measured by FM-HCR in the TNBC cell lines. (B)
Heatmap of mRNA expression (TPM] of key BER proteins in the TNBC cell lines. Row scaled TPM shown in
Supplemental Figure S1. (C, D) Immunoblot confirming expression of BER proteins in the cell lines.'? Loading

controls GAPDH or B-actin are shown for each blot.

BER, base excision repair; FM-HCR, fluorescence multiplex host cell reactivation; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; TNBC, triple negative breast cancer; TPM, transcripts per million.

abasic sites also may be processed by long patch
BER repair.15:16 After the DNA is repaired, tran-
scription proceeds and fluorescent reporter
expression is detected. The percentage recovery
of the fluorescence signal from the damaged ver-
sus an undamaged plasmid provides the efficiency
of repair within the cell.l!

Evaluation of the efficiency of THF repair by
APE1 between the TNBC cell lines showed effi-
cient processing of THF lesions in all TNBC cell
lines, unlike the glycosylase substrates (Figure 1).13
The highest level of expression for the THF
reporter was observed in HCCI1806 cells.
MDA157 and HCC1806 also showed the highest
levels of THF activity and lowest amounts of
APEI1 at the protein and mRNA levels in the cell
lines (Figure 1).

Except for MDA-468, the TNBC cell lines
showed defects in BER that correlated with dys-
regulation of BER gene and protein expression
(Figure 1 and Supplemental Figure S1). MDA-
468 showed high expression levels of BER fac-
tors, including APE1l, FENI1, PARP1, POLS,
and XRCCI1, consistent with the high BER
capacity and resistance to alkylating DNA dam-
age observed previously.!?> Low oxidative DNA
damage repair capacity was reported previously
for several TNBC cell lines, including the four
cell lines in this study, consistent with the low
expression of OGG1 and NEIL family proteins in
these cell lines.!?

We next evaluated repair by the NER pathway.
NER substrates were generated by exposing a
fluorescent reporter plasmid to ultraviolet (UV)
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Figure 2. Key factors involved in NER. (A] NER substrate repair measured by FM-HCR in the TNBC cell lines.
(B) Heatmap of mRNA expression (TPM) of key NER proteins in the TNBC cell lines. Row scaled TPM shown

in Supplemental Figure S2. (C, D) Immunoblot confirming highly expressed BER proteins in the cell lines.

***p <0.001 compared with MDA-157 cells. Loading control is shown for each blot.

FM-HCR, fluorescence multiplex host cell reactivation; NER, nucleotide excision repair; TNBC, triple negative breast cancer;

TPM, transcripts per million.

radiation to induce helix distorting bulky photo-
products. Repair by NER machinery removes
transcription blocking lesions and restores fluo-
rescent reporter expression, and NER proteins
XPA-XPG are involved in damage recognition,
unwinding, and excision.!® Evaluation of repair
by the NER pathway showed that MDA-231,
HCC1806, and MDA-468 had significantly lower
NER capacity than MDA-157 cells (Figure 2).
The mRNA expression of XPA-XPG and other
accessory proteins did not show any specific
expression signature that could explain this find-
ing (Figure 2 and Supplemental Figure S2).
However, protein expression was variable among
the cell lines tested, which differed from mRNA
expression observed in critical NER proteins
(Figure 2C and D and Supplemental Figure S2).
HCC1806 cells had markedly lower levels of
ERCCI1, RPA, XPA, and XPF than the other cell
lines (Figure 2C and D and Supplemental Figure
S2) that would affect multiple steps in NER lesion

processing and repair.!® MDA-468 also showed
deficits in XPF protein levels. MDA-231 cells did
not show expression changes in these proteins but
had a defect in NER (Figure 2A). MDA-231 cells
had low gene expression of XPC, XPG, and
DDB2, which was not observed in the other
TNBC cells, and which may contribute to the
NER defect (Figure 2B). Evaluation of these
NER protein levels was not feasible because the
antibodies were not sufficiently specific. Elevated
expression of other NER factors DDB1, ERCCI,
RPA, and XPA was observed in MDA-231 versus
the other cell lines. MDA-157 and MDA-468
cells also showed elevated DDBI1 expression.

We evaluated MMR with a G:G mismatch-con-
taining plasmid that expresses a nonfluorescent
mutant protein until the wild type cytosine in the
transcribed strand is restored by MMR.!1All
TNBC cell lines showed MMR activity, highest in
HCC1806 cells (Figure 3A). The mRNA levels of

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

KJ Lee, E Mann et al.

(A) B)
MMR G:G
15
z * EXO1
&
s MLH1
(&}
£ 10 MLH3
o
2 MSH2 S
o
& 05 MSH3 a
3 =
g MSH6
Z o0 PMS1
A N © ®
v,'\" ‘,;f" d‘@ vﬁ’ PMS2
& & ¢ ®
P73
(©) MDA-157 MDA-231 HCC1806 MDA-468
PMs2 | B e —
B-ACTIN | W S SR S—
MLH1 | e s— -
BACTIN | " s e—
—
TR P —____
PACTIN | s e S S—

Figure 3. Key factors involved in MMR. (A] MMR activity measured by FM-HCR in the TNBC cell lines. (B)
Heatmap of mMRNA expression (TPM) of key MMR proteins in the TNBC cell lines. Row scaled TPM shown in
Supplemental Figure S3. (C) Immunoblot confirming highly expressed MMR proteins in the cell lines. Loading
control is shown for each blot. *p <0.05 compared with HCC1806 cells.

FM-HCR, fluorescence multiplex host cell reactivation; MMR, mismatch repair; TNBC, triple negative breast cancer; TPM,

transcripts per million.

the MMR proteins were similar between cell lines
(Figure 3B and Supplemental Figure S3), with
higher levels of gene and protein expression levels
for MLH1, MSH2, and MSHG6 relative to the
other MMR proteins (Figure 3B and C).

We measured the double-strand break repair
(DSBR) capacity of the TNBC cell lines using HR
and NHE] substrates. HR was measured using a
two-plasmid system that contains a truncated
green fluoresence protein (GFP) reporter plasmid
that requires a homologous donor sequence from
the second donor plasmid; this direct ligation does
not produce GFP. Successful HR events result in
the restoration of the 5"WT GFP sequence in the
truncated plasmid to generate a functional GFP
protein.?® To measure NHE], a BFP plasmid is
cut within the promoter region using the Scal
restriction enzyme to linearize the plasmid.
Accurate DSBR restores the promoter region and
drives transcription of the reporter.!1>2!

FM-HCR showed that the HR capacity varied
between TNBC cell lines. HCC1806 and MDA-
468 cells had higher levels, and MDA-157 and
MDA-231 had lower levels of HR (Figure 4 and
Supplemental Figure S4). HR defects commonly
result from mutations in BRCA1/2. The four
TNBC cell lines are wild type for BRCA1/2.22-24
However, MDA-157 and MDA-231 cells have
allelic loss in BRCAI and low levels of protein
expression.!322 HCC1806 and MDA-468 cells
also showed allelic loss of BRCA1 and low levels
of BRCA1 mRNA (Figure 4) but high protein.!3:22
The NHE] repair capacity was similar, with no
significant differences in repair between the four
TNBC cell lines.

In sum, MDA-157 was the most proficient of the
four cell lines in DNA repair, with only subtle
defects in BER and HR. MDA-231 cells were
the least competent of the four cell lines, with
lower repair capacity observed in most pathways.
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Figure 4. Key factors involved in DSBR. (A] HR activity measured by FM-HCR in the TNBC cell lines. (B)

NHEJ activity measured by FM-HCR in the TNBC cell lines. (C] Heatmap of mMRNA expression (TPM) of key
HR and NHEJ proteins in the TNBC cell lines. Row scale heat map is shown in Supplemental Figure S4. (D)
Immunoblot confirming highly expressed HR and NHEJ proteins in the cell lines. Loading control is shown for
each blot. *p < 0.05 compared with HCC1806 cells.

DSBR, double-strand break repair; FM-HCR, fluorescence multiplex host cell reactivation; HR, homologous recombination;
MMR, mismatch repair; NHEJ, nonhomologous end joining; TNBC, triple negative breast cancer; TPM, transcripts per
million.

MDA-468 had the highest BER capacity, compe- excision of uracil, primarily performed by UNG,
tent NHE]J and HR, and lower NER. HCC1806 and repair of the abasic site analog THF.
cells had lower NER capacity and mixed defects HCCI1806 cells also were competent in both
in BER. HCC1806 cells were competent in DSBR pathways.
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Figure 5. TNBC cell line sensitivity to DNA damaging agents measured by growth inhibition. (A) Cells exposed
to UV-C radiation (wavelength, 254 nm]. (B) Cells continuously exposed to carboplatin. (C) Cells continuously
exposed doxorubicin. (D) ICs, values for DNA damaging agents. KBrO, and MMS were previously reported.8
MMS, methyl methanesulfonate; TNBC, triple negative breast cancer.

Drug sensitivity in TNBC cell lines

With the observed DNA repair defects in BER
and NER, we examined the cytotoxicity of UV
radiation and three DNA damaging chemother-
apy drugs used to treat TNBC that induce DNA
lesions processed by these pathways (Figure 5).
Despite being deficient for NER, which is the
pathway responsible for repairing UV-induced
DNA damage, MDA-231 cells were the most
resistant to UV radiation (254nm). MDA-157
cells also had resistance, consistent with their
robust NER capacity. HCC1806 and MDA-468
cells had similar sensitivity to UV damage, con-
sistent with their low NER capacity (Figure 2).
Similarly, MDA-157 and MDA-231 cells had less
sensitivity to carboplatin than MDA-468 and
HCC1806 cells (Figure 5). All four TNBC cell
lines show similar sensitivity to doxorubicin, with
only small variations in ICs,.

Increasing cytotoxicity of DNA damaging agents

with small molecular inhibitors to DDR proteins

The spectrum of DNA repair defects in the
TNBC cell lines and varied responses to DNA
damaging agents suggested that regulatory pro-
teins for DDR may be good molecular targets for
TNBC. As the major DNA repair pathways in the
TNBC cell lines are regulated by ATM, ATR,

DNA-PK, and CHK1, we examined the sensitiv-
ity of the TNBC cell lines to inhibitors of these
proteins (Figure 6).25 We verified there was phos-
phorylation activity for these DDR proteins to
ensure that no defect in protein expression or
activation was present (Supplemental Figure S5).

Cytotoxicity was low when TNBC cells were
exposed to ATMi. ATM predominantly senses
double-strand breaks, and deficiency in ATM
induces HR defects in cells.?® Both MDA-157
and MDA-231 cells showed defects in HR
(Figure 4), but only MDA-468 cells showed sen-
sitivity to ATMi (IC;,, 69 = 8uM).

ATR recognizes single-strand breaks, and also is
activated by ATM in the presence of double
strand breaks.?> Inhibition with ATRi induced
cytotoxicity at low micromolar concentrations
in all four TNBC cell lines, but the sensitivity
between the cell lines varied (Figure 6B and E).
MDA-157 and MDA-468 cells were more
resistant to ATR inhibition, consistent with
repair competencies in BER and NER. The
greatest sensitivity to ATR inhibition was
observed in HCC1806 (ICs, 1.1 pM) and
MDA-231 cells (ICs,, 3.4uM), and these cell
lines contained more defects in BER and NER
pathways (Figures 1 and 2).13
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Figure 6. TNBC cell line sensitivity to DDR small molecule inhibitors. (A) Cells continuously exposed to
ATM inhibitor KU-55933 (ATMi). (B] Cells continuously exposed to ATR inhibitor AZD6738 (ATRIi). (C) Cells
continuously exposed to CHK1/2 inhibitor prexasertib (LY2606368). (D) Cells continuously exposed to DNA-PK

inhibitor NU7062. (E] IC5, values for DDR inhibitors.

DDR, DNA damage response; TNBC, triple negative breast cancer.

ATR and CHKI1 stabilize and protect the replica-
tion fork under replication stress induced by
oncogenes or DNA damage. We examined the
use of CHKI inhibitor prexasertib in the TNBC
cell lines. CHKI1 inhibition was effective at
nanomolar concentrations for MDA-157, MDA-
231, and HCC1806 cells. The greatest sensitivity
to prexasertib was observed in HCC1806 (ICj,,
17nM) and MDA-231 cells (IC5,, 18nM), but
MDA-468 cells were resistant.

MDA-157 and MDA-231 cells were sensitive to
DNAPKi and had lower levels of DNA-PKcs
than the other TNBC cell lines (Figure 4D and
Supplemental Figure S4), consistent with the

greater reliance of MDA-157 and MDA-231 cells
on NHE] because of their HR defects.

DDR inhibitors also can be used as potent sensi-
tizers to DNA damaging agents, and their effec-
tiveness is often markedly increased by the
presence of DNA repair defects within the cell, as
shown by the synthetic lethality of PARP in
HR-defective cell lines.%?729 As MDA-231 cells
showed the least efficient DNA repair capacity in
several pathways and the most resistance in
response to DNA damaging agents, we examined
the combination of DDR inhibitors with doxoru-
bicin in MDA-231 cells (Figure 7). Fixed doses
of the DDR inhibitors were selected based on

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

KJ Lee, E Mann et al.

(A) (B)
150 150
:E -e- Dox only ? -~ Dox only
&0 - ATM 10 M § 100 - ATR1uM
£ £ ) MDA-231 Survival| Dox + inhibitor
_% 50 %’ 50 (% Control) 1Cs, (NM)
a a No inhibitor 100 13+0.78
o 5 10 15 20 0 10 15 20 ATMi (10 pM) 96+85 0.56 +0.10
Doxorubicin (nM) Doxorubicin (nM)
(C) (D) ATRi (1 M) 8513 4608
180 150 Prexa (10 nM) 56+ 13 50£17
-~ Dox only -~ Dox only
100 - PrexalonM 100 - NU7026 5 uM NU7026 (uM) 11146 20£0.19

50

Survival (% Control)
Survival (%Control)

o 4

5 10 15 20
Doxorubicin (nM)

o 4

10 15 20
Doxorubicin (nM)

Figure 7. Continuous coexposure of DDR inhibitors with doxorubicin in MDA-231 cells.
(A) 10puM ATMi. (B) 1pM ATRI. (C) 10nM prexasertib. (D) 5uM NU7026. (E) Survival of MDA-231 exposed to DDR inhibitors at their fixed doses, and ICqg

values for coexposure.
DDR, DNA damage response.

cytotoxicity, and the results of previous studies
examining coexposures.’%31 All four inhibitors
increased cell killing by doxorubicin when used in
combination. Prexasertib, DNAPKi, and ATRi
increased cell killing by doxorubicin. However,
ATMi showed the highest increase in cell killing
by doxorubicin (23-fold increase), consistent with
the impaired repair of doxorubicin-induced dou-
ble-strand breaks.

We tested the ability to increase cell killing by
combining DDR inhibitors with carboplatin
(Figure 8). All inhibitors except DNAPKi
increased the sensitivity of MDA-231 cells to car-
boplatin, but the increase in cell killing was mod-
est. ATRi showed the most marked change in
sensitivity, with a six-fold increase in cell killing.
As NHE] is not important in the repair of plati-
num adducts, the lack of sensitization by DNAPKi
was expected.

Discussion

Gene expression profiles do not fully capture
DNA repair defects in cancer cells. Discordance
between gene and protein expression patterns
results from post-translational modifications, epi-
genetic modifications, genetic mutations, and
many other factors. The variety and complexity of
these changes in tumor cells makes assessing
DNA repair efficiency challenging without func-
tional measures. The functional characterization
of DNA repair pathways using the FM-HCR

showed that preclinical models of TNBC have a
spectrum of DNA repair defects that may offer

new therapeutic targets for the treatment of
TNBC.

In BER, defects in the glycosylase-driven repair of
DNA lesions were observed previously and cor-
respond to the low gene expression of the differ-
ent DNA glycosylases, POL 3 and DNA ligases in
the TNBC cells lines (Figure 1).1317 These BER
defects also increase the sensitivity of the cell lines
to methyl methanesulfonate (MMS) and potas-
sium bromate (KBrO;), which induce alkylation
and oxidative DNA damage addressed by DNA
glycosylases (Figure 5). Competent repair of the
THEF abasic site mimic was achieved by all of the
cell lines and is supported by the high expression
of APE1, PARP1, and XRCCI1 across the cell
line panel (Figure 1).!13:17 In general, mRNA lev-
els of BER proteins lacked correlation with pro-
tein levels, and the functional assessment of BER
did not track with any single DNA repair protein
or transcript.

Target BER deficiency in TNBC and other breast
cancers has been promoted through the use of
PARRP inhibitors and combination therapies with
PARP inhibitors.3233 PARP inhibitors directly
impact BER because they reduce PARP1 signal-
ing and the coordination of BER proteins at sin-
gle-strand breaks. The high gene and protein
expression of PARP1 and XRCCl in the cell line
panel is consistent with TCGA datasets and
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findings from the I-SPY trials, where PARP
inhibitor monotherapy has only shown modest
efficacy.!?3* The functional analysis of BER sub-
strates indicates that BER deficiency in TNBC is
significantly linked to oxidative or alkylating gly-
cosylases through low protein production.!317
Therefore, combining PARP inhibitors with ther-
apies that generate reactive oxygen species and
strain the defective glycosylase activities would
offer more targeted therapies for TNBC.

Similar to BER, discordance between expression
and function was also observed in the NER analy-
sis (Figure 2). HCC1806 and MDA-468 cells
showed protein and gene expression loss of criti-
cal proteins in the recognition and excision of
bulky base lesions ERCCI1, XPA, and XPF
(Figure 2C and D). Loss of XPA, which is an
essential scaffold protein in NER, causes severe
sensitivity to UV radiation and a high risk of car-
cinogenesis.!® The ERCCI1-XPF complex is
responsible for DNA incision. Expression levels
of XPF have been used to functionally character-
ize NER in breast cancer cell lines and patient
samples.?> NER deficiency was associated with
epigenetic silencing of XPF (ERCC4) and
decreased expression of this NER nuclease, which
is consistent with the results shown for HCC1806
and MDA-468 cells (Figure 2C and D). However,
the NER defect in MDA-231 cells did not show
these expression changes (Figure 2). There is no
clear driver of the NER defect in this cell line
because the observed gene expression levels were
low for XPC, XPG, and DDB2 and elevated for
DDBI1, ERCCI1, RPA, and XPA.

The functional analysis indicates that NER, like
BER, is a potential therapeutic target in TNBC
that has not been thoroughly investigated.
ERCCI1 and XPF have been suggested as bio-
markers for therapeutic responses to crosslinking
agents like cisplatin or irinotecan, but specific
inhibitors for NER proteins are still being devel-
oped.?>37 One recent report used RNAi and
spironolactone to inhibit XPB to induce sensitiv-
ity to alkylating agents and overcome alkylating
agent resistance in multiple myeloma.38 Triptolide
also inhibits the ATPase activity of XPB and has
been shown to sensitize breast cancer cell lines to
doxorubicin and cisplatin.?*#! Spironolactone
and triptolide have other mechanisms of action
and off-target effects that may make them unsuit-
able for TNBC treatment long term.4>44
However, these studies demonstrate that exploit-
ing NER defects in TNBC could offer new tar-
gets and combination therapies for TNBC.

Although defects in BER and NER were observed,
MMR and NHE] repair pathways were func-
tional. MMR proteins were slightly overexpressed
in all four cell lines and readily repaired the G:G
mismatched substrate (Figure 3). This result is
consistent with the low level of microsatellite
instability observed in breast cancers, including
TNBC.#>46 NHE] function and mRNA and pro-
tein expression of NHE] proteins also were con-
sistent between the cell lines, with only MDA-231
cells showing a slightly lower capacity for the
NHE] substrate (Figure 4). We observed high
levels of mRNA expression for the Ku heterodi-
mer, but the protein level of Ku was not
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overexpressed. NHE]J can compensate, in part,
for defects in BER and HR, therefore, when chal-
lenges to BER or HR occur, the use of the error-
susceptible BER pathway by the TNBC cell lines
to survive may drive mutagenesis and chromo-
somal aberrations.47-48

Defects in HR are commonly associated with
TNBC. Approximately 80% of breast cancers
with germline mutations in BRCAI1/2 are
TNBC.* Germline and sporadic mutations in
BRCA1/2 only account for ~15% of all TNBCs
cases.”’%52 However, HR defects or BRCAness
occurs in ~50% of TNBC tumors.>3->> While the
selected TNBC cell lines are wild-type for
BRCAI, we still observed functional defects in
HR in the TNBC cell lines. MDA-157 and MDA-
231 cells had low HR, consistent with their allelic
loss in BRCA1.?2? HCC1806 and MDA-468 cells
showed higher levels of HR and HR-related gene
expression (Figure 4), consistent with the high
protein expression of BRCA1 observed previ-
ously.!? As no other deficits in HR gene or protein
expression were observed in the four cell lines, the
BRCAI protein level likely drives the observed
HR defects in MDA-157 and MDA-231 cells.

Exploiting HR defects in breast cancer has been
extensively investigated through the use of PARP
inhibitors.>%->° While most effective when used in
combination with BRCAI1/2 mutations, PARP
inhibitors have shown efficacy in the treatment of
TNBC without BRCA1/2 mutations and in com-
bination with carboplatin.5® Resistance to PARP
inhibitors is a growing concern with increased
efflux of the drug, mutations in PARPI1, and res-
toration of HR proficiency or replication fork sta-
bility all observed in resistant tumors.°°

With replication fork stability playing a critical
role in HR defects and PARP inhibitor sensitivity,
inhibitors of DNA damage response and cell cycle
checkpoint proteins ATM, ATR, and CHK1 have
naturally emerged as targeted therapies for HR
and other DNA repair-deficient cell lines.58:60-62
These inhibitors may also restore sensitivity to
PARP inhibitors by destabilizing the replication
fork and causing premature entry into mitosis.®°
The strong dysregulation of DNA repair proteins
in the four cell lines supports the targeting of
DNA repair defects in TNBC with these inhibi-
tors. However, as shown in Figure 5, monother-
apy alone was sufficient to overcome the
compensatory repair mechanisms from dysregu-
lated repair in these cell lines. The cells were

insensitive to ATM inhibition, which compro-
mises HR and DNAPK inhibition, which com-
promise NHE] (Figure 5 and Supplemental
Figure 5). ATR inhibition was slightly more suc-
cessful than ATM and DNAPK inhibition, with
some sensitivity observed. CHKI1 inhibition by
prexasertib had the best efficacy as a monother-
apy in the TNBC cells except for MDA-468 cells,
which showed resistance. Resistance to prexas-
ertib was observed previously for HCT116 and
PANC-1 cells, but the mechanisms underlying
resistance are not understood.®?

Cross-talk between repair pathways may impair
targeted cell death by DNA damaging agents and
decrease the efficacy of DDR inhibitors. We
observed mRNA and protein expression level dif-
ferences in proteins that have cross talk between
DNA repair pathways. PARP1, XRCCI1, and
DDBI1 were highly expressed in these cell lines
and have multiple roles in different DNA repair
pathways. PARPI1 is involved in BER, single-
strand break repair (SSBR), HR, and alternative
NHE] (a-NHE]) or microhomology-mediated
end joining (MME]).%* XRCCI1 also is involved
in BER, SSBR, NER, and a-NHE].%>-0¢ UV-DBB
(DDB1/DDB?2) is linked to BER because it stim-
ulates OGG1 and APEI activities.®” MDA-157
and MDA-468 cells have the highest competency
at BER, which may be stimulated by increased
protein levels of DDB2.13 DDBI1 also interacts
with the E3-ubiquitin ligase Cul4A and functions
in cell cycle regulation and replication.®8:69

The overexpression of these proteins may explain
the observed divergence in sensitivity to DNA
damaging agents and the insensitivity to DDR
inhibitors (Figure 5). Despite having a clear
defect in NER, MDA-231 cells were more resist-
ant to UV-C- and cisplatin-induced DNA dam-
age than HCC1806 and MDA-468 cells (Figure
2). These lesions are repaired primarily by NER
and interstrand crosslink (ICL) repair, but BER,
NHE], and HR also may address these lesions.7%:7!
We did not evaluate the repair capacity for ICL,
but mRNA expression analysis of Fanconi ane-
mia proteins involved in ICL did not show an
mRNA gene expression loss or an overexpression
pattern that would explain the resistance of
MDA-231 cells (Supplemental Figure S5).
However, the high expression of ERCCI1, RPA,
and XRCC1 may markedly contribute to the
resistance of MDA-231 cells, despite the observed
deficiency in BER and NER (Figures 1 and 2).
Overexpression of ERCC1 is associated with
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increased resistance to topoisomerase poisons
and cisplatin.37-72 Overexpression of RPA also is
observed in several cancers, and correlates with
decreased cisplatin sensitivity and stimulation of
NER.”® Overexpression of RPA may also stabilize
the replication fork, promoting resistance to the
DDR inhibitors. Additionally, the presence of the
R280K p53 mutation in MDA-231 cells, which
disrupts DNA binding and leads to alterations in
p53-mediated transcriptional activation, favoring
proliferation and reduced cell cycle arrest, would
favor survival and contribute to the resistance of
MDA-231 cells to DNA damaging agents and
DDR inhibitors.”#

Combining DDR inhibitors with DNA damaging
therapy was more effective at inducing cell death
and overcoming potential cross talk between
DNA repair pathways. MDA-231 cells showed
significantly increased doxorubicin sensitivity
when combined with ATM inhibition (Figure 7).
Combinations of carboplatin with ATM, ATR,
and CHKI1 inhibitors also showed increased cell
killing in MDA-231. The present results suggest
that combination therapies need to be targeted to
DNA repair defects, account for overexpression
of cell cycle regulators, and may depend on the
mutational status of p53.

Although the functional characterization of DNA
repair pathways in clinical tumors is technically
challenging and unfeasible at present, the func-
tional characterization of preclinical tumor mod-
els is achievable and provides insight into DDR
proteins and DNA repair defects that can be con-
sidered as potential targets for therapeutic inter-
vention. Molecular targets such as RPA, DDBI,
or XRCC1 should be reevaluated as biomarkers
for resistance and potentially targeted to increase
the sensitivity to DNA damaging agents and
DDR inhibitors.%8:%:75-77 Furthermore, the char-
acterization of DNA repair defects in preclinical
models and patients may provide ways to improve
the effectiveness of immune checkpoint blockade.
The interactions between genomic instability and
immune response have been reported previously
but are poorly understood.’®7° The present study
highlights the potential importance of DNA
repair in preclinical models toward improving
stratification and combination therapy selection
for breast cancer patients.

Conclusion
In summary, we evaluated DNA repair defects
that may influence therapeutic responses in four

TNBC cell lines. Based on the response of the
TNBC cell lines to DNA damaging chemicals
and experiments with small molecule inhibitors
to DDR proteins as monotherapies and combina-
tion therapies, we suggest that knowledge about
DNA repair defects potentially can be used to
overcome resistance to therapy. Further evalua-
tion of DNA repair defects is justified toward
using them as therapeutic targets in TNBC.
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