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PARPBP is a prognostic marker and confers
anthracycline resistance to breast cancer

Bo Chen*, Jianguo Lai*, Danian Dai*, Rong Chen, Ning Liao, Guanfeng Gao and Hailin Tang

Abstract

Background: PARPBP (PARP1 binding protein) is an important suppressor of homologous
recombination during DNA repair, but the expression and function of PARPBP in breast cancer

remain unclear.

Methods: PARPBP expression was analyzed in breast cancer patient samples and public
datasets for its correlation with clinical outcome. The function of PARPBP in breast cancer
cell proliferation and anthracycline treatment response were studied both in vitro and in vivo.
Results: PARPBP was upregulated significantly at both mRNA and protein levels in breast
cancer tissues compared with normal breast tissues. PARPBP high expression group had
poorer overall survival (0S) than the PARPBP low expression group. Knockdown of PARPBP
suppressed breast cancer cell proliferation and colony formation while overexpression of
PARPBP did the opposite. We found that transcription factor forkhead box M1 (FOXM1) could
activate PARPBP expression by directly binding to the promoter of PARPBP. In addition, high
expression of PARPBP related with anthracycline resistance in breast cancer. Depletion

of PARPBP increased breast cancer cell apoptosis and DNA damage caused by epirubicin.
Moreover, tumor xenograft experiments further demonstrated that PARPBP was involved in

breast cancer anthracycline resistance.

Conclusion: Taken together, our results highlight that PARPBP is a prognostic marker and
confers anthracycline resistance on breast cancer.
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Introduction

Breast cancer is a devastating disease whose man-
agement is complicated by its high molecular het-
erogeneity.!»> Chemotherapy is a conventional
and essential treatment that has reduced the
death rate for breast cancer patients.> However,
resistance to chemotherapeutic agents is a major
obstacle for the effective treatment of breast can-
cer. Chemotherapy-refractory breast cancer
patients recur within months to years after treat-
ment, leading finally to subsequent death.
Therefore, there is a critical need to elucidate the
mechanisms of resistance to chemotherapy and to
develop new chemosensitizers.

Induction of DNA damage is a predominant anti-
tumor mechanism for many chemotherapy drugs.*

Anthracycline antibiotics cause DNA damage by
embedding between the DNA double-stranded
bases. Platinum-based drugs induce DNA damage
by binding to DNA, thereby creating inter- or intra-
strand cross links. However, some tumor cells can
develop drug resistance through repair mechanisms
that counteract the DNA damage. Research has
shown that enhancing the DNA repair capability of
tumor cells results in intrinsic and therapy-induced
chemoresistance. Anthracyclines are currently the
cornerstone drugs used widely in breast cancer
chemotherapy.’ In contrast, the scope of applica-
tion of platinum drugs is relatively limited, mainly
for triple-negative breast cancer (TINBC) or breast
cancer patients with BRCA1/2 mutations.%’
Therefore, we focus only on anthracycline-based
resistance in this study.
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PARPBP (PARP1 binding protein), also named
PARI or Cl120rf48, is an important homolo-
gous recombination inhibitor of human cells
during DNA repair.8 Previous studies have
shown that PARPBP is expressed abnormally
in a variety of tumors, and interacts directly
with some regulators of DNA repair,
including PARP-1, PCNA, and RAD51.%10
Downregulation of PARPBP could preserve
genomic stability and improve homologous
recombination. A previous study by Pitroda
et al. developed a Recombination Proficiency
Score (RPS), which was calculated based on
the expression levels for four genes including
PARPBP.!! They showed that RPS provided
predictive characterization of individual breast
cancers. Low RPS breast tumors exhibit a
heightened sensitivity to DNA-damaging ther-
apy.2 However, the function of PARPBP in
breast cancer remains unclear.

In this study, we performed i vitro and in vivo
experiments to evaluate the effects of PARPBP in
breast cancer anthracycline resistance. A better
understanding of breast cancer chemoresistance
could aid the development of new therapeutic
approaches and provide targets for breast cancer
patients.

Materials and methods

Bioinformatics analysis of public datasets
PARPBP mRNA expression data in breast
cancer and various types of cancers and normal
tissues were from Gene Expression Profiling
Interactive Analysis (GEPIA) (http://gepia.cancerpku
.cn/index.html) and Oncomine database (www.
oncomine.org).!3:14 The threshold of differen-
tial expression was set at a 1.5-fold difference in
transcripts per million (TPM) between cancers
and normal tissues with a P value <0.0001.
The Cancer Genome Atlas (TCGA) and
Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) data-
sets were analyzed for co-expression.!316
Figures were generated using Gene Expression
Profiling Interactive Analysis (GEPIA) (http://
gepia.cancerpku.cn/index.html), the cBio Cancer
Genomics Portal (http://cbioportal.org) and the
KM Plotter Online Tool (http://www.kmplot.
com).21317-19 TCGA publication guidelines
were followed for the use of all TCGA data in
this manuscript.

Patients and tissue specimens

In total, 162 breast cancer tissues (cohorts 1, 2)
were obtained from the Sun Yat-Sen University
Cancer Center and prepared as paraffin blocks.
The Ethics Committee of Sun Yat-Sen University
Cancer Center Health Authority approved this
study (GZR2017-163). All patients provided
written informed consent for this research. All
samples were collected in accordance with Health
Insurance Portability and Accountability Act
guidelines and the Declaration of Helsinki.
Cohort 1: a total of 137 breast cancer tissues used
for survival analysis were collected between
March 2005 and September 2011. Using the for-
malin-fixed paraffin-embedded (FFPE) method,
a tissue microarray was built for immunohisto-
chemistry (IHC) analysis. Cohort 2: a total of 25
patients received anthracycline-based neoadju-
vant chemotherapy. The response criteria were
determined by the Response Evaluation Criteria
in Solid Tumors (RECIST, version 1.1) and
postoperative pathology. Tissue specimens were
collected between March 2017 and September
2018 before patients received neoadjuvant chem-
otherapy. Progressive disease or stable disease
was considered as chemo resistant (resistance
group), while partial response or pathological
complete response (pCR) as chemo sensitive
(non-resistance group). Pathological complete
response was defined as no residual invasive
carcinoma in both breast and lymph nodes.

IHC analysis

Immunohistochemistry staining was performed
as described previously.2? Both staining intensity
(0, negative staining; 1, weak staining; 2, moder-
ate staining; 3, strong staining) and extent of
staining as the percentage of positive cells (1,
0-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%)
were scored. The final quantitation of each stain-
ing was obtained by multiplying the above two
scores. PARPBP expression was classified into
two groups: high expression group (final score
was higher than 2.0) and low expression group
(2.0 or less).

Cell lines

Human breast cancer cell lines (MDA-MB-231,
BT549, HCC38, T47D, MDA-MB-468,
BT474, Skbr-3, and MCF-7) and normal mam-
mary epithelial cell lines (MCF-10A) were
obtained from the American Type Culture
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Collection (Manassas, VA, USA). The drug
resistance cell subline of MCF-7 (MCF-7/EPI)
was derived from the parental cells by using the
low concentration epirubicin (EPI) stepwise
incremental method.?! All cell lines used in this
study had been cultured for less than 6 months
and tested mycoplasma free when the experi-
ments were performed.

RNA interference and overexpression

Sequences of siRNAs were listed in Supplemental
Table S2. Overexpression and knockdown con-
structs pcDNA3.1-PARPBP-HA, pcDNA3.1-
FOXMI1, and shFOXMI1 were obtained from
GeneCopoeia (Rockville, MD, USA). The lenti-
virus for knocking down PARPBP (shPARPBP)
was packaged and purchased from GenePharma
(Shanghai, China) using siPARPBP1 corre-
sponding sequences. Cell transfection was per-
formed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA).

Quantitative reverse transcription polymerase
chain reaction

Total RNA was isolated using TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. The Nano
Drop ND-1000 Spectrophotometer (Nano
Drop, Waltham, MA, USA) was used to evaluate
RNA quality. Complementary DNA was synthe-
sized using the PrimeScript RT reagent kit
(Takara Bio Inc., Dalian, China). Quantitative
reverse transcription polymerase chain reaction
(gqQRT-PCR) was performed using SYBR Premix
Ex Taq (Takara Bio Inc., Dalian, China). Each
reaction was performed in triplicate. Primer
sequences are given in Supplemental Table S1.
Values were normalized to internal controls, and
fold changes were calculated through relative
quantification (2744CY),

Cell counting kit-8 assay

Cell viability was assessed by cell counting kit-8
assay (CCKS8; Dojindo Laboratories, Kumamoto,
Japan). Cells (1 X 103) were seeded into 96-well
plates. After 2h of CCKS8 solution (10 pl) incuba-
tion at 37°C, the absorbance at 450nM was
measured using a microtiter plate reader (Bio-
Tek EPOCH2, BioTek Instruments, Inc.,
Winooski, VT, USA).22

Colony formation assay

At 48h after transfection, cells were cultured with
or without EPI at the indicated concentrations for
3h. The cells were then harvested, seeded 500 cells
per well into six-well plates and cultured for an
additional 2weeks. For scoring the colony-forming
units, plates were stained with crystal violet (crystal
violet 0.5%, ethanol 2%) and photographed.

Western blot analysis

Western blot analysis was performed as previ-
ously described.??> The following primary anti-
bodies were used in western blot analysis:
anti-PARPBP (1:500, Abcam, Cambridge, MA,
USA), anti-FOXM1 (1:1000, Cell Signaling
Technology, MA, USA) and -actin (1:5000,
Cell Signaling Technology, MA, USA). The
membranes were further incubated with second-
ary antibody (1:5000 dilution) and ECL reagents
(New England Biolabs, Ipswich, MA, USA) were
used to detect the protein.

Apoptosis assay

Cell apoptosis was detected using the Andy
Fluor 488 Annexin V and PI Apoptosis Kit
(GeneCopoeia). After treatment with or without
EPI at the indicated concentrations for 48 h, cells
were harvested and resuspended in 400ml of
binding buffer. Next, 5ul of Annexin V-FITC
and 2 ul of propidium iodide (PI) were added to
the suspensions, and the cells were incubated in
the dark at 4°C for 15 min before being analyzed
through a fluorescence cytometer; 10,000 events
were considered for the analysis.

Promoter reporters and dual-luciferase assay
The PARPBP promoter region (—1500, +76)
was amplified and the resulting fragment cloned
into the luciferase reporter plasmids pGL3-basic
vector (Promega, Madison, WI, USA), designated
as pGL3-PARPBP. Mutant construct pGL3-
PARPBP-MU was generated by site-directed
mutagenesis. Luciferase assay was performed as
described previously.2? Each experimental analysis
was repeated three times.

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP)
assay was performed using the Zymo-Spin ChIP
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kit (Zymo Research, Irvine, CA, USA) according
to the manufacturer’s instructions. Chromatin
was sheared mechanically by sonication after cells
were collected, and cross-linked by formaldehyde.
Protein—-DNA complexes were precipitated by
control immunoglobulin G, anti-histone H3, and
anti-FOXM1 antibodies respectively, followed by
eluting the complex from the antibodies. The
amount of DNA was assessed further by quantita-
tive real-time PCR, using the primers specific for
PARPBP promoter and SYBR Select Master Mix
(Applied Biosystems, Grand Island, NY, USA).

Tumor xenograft experiments

Animal experimentation was conducted in accord-
ance with the guidelines of the local institutional
animal care and use committee. All animal studies
were approved by the Ethics Committee (GDREC
2019402A). PARPBP-overexpressed (PARPBP/
231) and control cells (Ctrl/231) were collected
and suspended in 200 ul of PBS at a concentration
of 5 X 10° cells per ml, then injected into the mam-
mary fat pads of 6-week-old female BALB/c nude
mice (five in each group). At 10days after injec-
tion, the mice were injected intraperitoneally with
5mg/kg EPI or normal saline (NS) (once per
2days) for another 2weeks. Dynamic tumor
growth status was monitored weekly using an IVIS
imaging system (PerkinElmer, Waltham, MA,
USA).23 The tumor size was measured every
4 days. Tumor volumes were determined accord-
ing to the following formula: A X B%/2, where A is
the largest diameter, and B is the diameter perpen-
dicular to A.?* The xenograft tumors were har-
vested after 4weeks and the tumors were weighed.
Mice were sacrificed under anesthesia (10% chlo-
ral hydrate, peritoneal injection), and all efforts
were made to minimize discomfort and pain.
Tumor tissues were also processed and sectioned
for histological evaluation.

Statistical analysis

Statistical analyses were performed using SPSS
22.0 software (SPSS, Chicago, IL, USA).
Student’s ¢ test was used to make a statistical
comparison between groups. The Chi-squared
test and Fisher’s exact test were used to investi-
gate the significance of the correlation between
PARPBP expression and clinicopathological fea-
tures in breast cancer patients. Survival curves
were calculated by the Kaplan—Meier method
and compared with the log-rank test. A p value
<0.05 was considered significant.

Results

PARPBP expression is upregulated in breast
cancer and correlates with prognosis of breast
cancer patients

We first explored PARPBP mRNA level in com-
mon types of human cancer and normal tissues
from public databases. Analysis of data from the
GEPIA database showed that PARPBP mRNA
expression was upregulated significantly in breast
invasive carcinoma (BRCA) and 17 other common
types of cancer tissues compared with adjacent nor-
mal tissues (Figure 1A). Oncomine database analy-
sis also revealed that PARPBP mRNA expression
of breast cancer increased in 10 data sets compared
with normal tissues (Figure 1B). Then, we vali-
dated expression of PARPBP at the protein level by
IHC of breast cancer tissue microarrays (all sub-
types, n=137). While PARPBP staining in adja-
cent normal breast tissues was usually undetected,
a high proportion of breast cancer tissues displayed
strong (47/137), moderate (37/137), or low
(41/137) PARPBP staining, and only 12 patients
had undetectable staining (Figure 1C). These
results suggested that PARPBP was upregulated
significantly at both mRNA and protein levels in
breast cancer tissues compared with normal breast
tissues.

Based on the final quantitation of each breast
cancer tissue IHC staining (multiplying the stain-
ing intensity score and the extent of staining
score), 137 patients were classified into two
groups: PARPBP high expression group (score
>2.0; n=84) and PARPBP low expression group
(score <2.0; n=53). As shown in Table 1, the
expression of PARPBP was correlated positively
with the tumor status, lymph node status, and
TNM stage of breast cancer patients (p<<0.001).
Furthermore, we found that the PARPBP high
expression group had poorer overall survival (OS)
compared with the PARPBP low expression
group (Figure 1D). Similar OS results were also
observed for breast cancer patients in the TCGA
(Figure 1E) and KM Plotter tool datasets (Figure
1F) based on relative mRNA expression of
PARPBP.

PARPBP promotes breast cancer cell

proliferation

To assess the effects of PARPBP in breast cancer
cell proliferation, we first selected suitable cell
lines by examining PARPBP mRNA levels in nor-
mal mammary epithelial cell line MCF-10A and
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Table 1. Relationship between PARPBP expression and clinicopathologic factors of breast cancer patients.

Variables n=137 PARPBP p value
High No. (%) Low No. (%)

Age (years) 1

<50 75 46 33.58% 29 21.17%

=50 62 38 27.76% 24 17.52%

Menopause 0.857

Yes 52 31 22.63% 21 15.33%

No 85 53 38.69% 32 23.36%

Tumor status (T) <0.001*

T 35 1 8.03% 24 17.52%

T2+ T3+ Tk 102 73 53.28% 29 21.17%

Lymph node status (N) <0.001*

NO 53 18 13.14% 35 25.55%

N1 37 22 16.06% 15 10.95%

N2 22 20 14.60% 2 1.46%

N3 25 24 17.52% 1 0.73%

Histological grade 0.295

G1+G2 106 62 45.26% L4 32.12%

G3 31 22 16.06% 9 6.57%

TNM stage <0.001*

I-11 87 38 27.74% 49 35.77%

-1v 50 46 33.58% 4 2.92%

Subtype 0.353

HR+/HER2+ 18 9 6.57% 9 6.57%

HR-+/HER2- 72 42 30.66% 30 21.90%

HR-/HER2+ 24 18 13.14% 6 4.38%

TNBC 23 15 10.95% 8 5.84%

*Significant at p<0.001.

HER2, human epidermal growth factor receptor 2; HR, hormone receptor; PARPBP, PARP1 binding protein; TNBC, triple
negative breast cancer; TNM, tumor, node, metastasis.

nine human breast cancer cell lines. As shown in
Figure 2A, PARPBP expression is relatively high
in MCF-7, MCF-7/EP1, T47D, MDA-MB-468,

BT474, and Skbr-3 cell lines,

but low

in

MDA-MB-231, BT549, Hce 38, and MCF-10A.
Two specific small interference RNAs against
PARPBP mRNA and a negative control were
transfected transiently into MCF-7 or MCF-7/
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Figure 2. PARPBP promotes breast cancer cell proliferation. (A) PARPBP mRNA levels determined by qRT-PCR in MCF-10A and
nine human breast cancer cell lines. (B) The growth of MCF-7 and MCF-7/EPI cells infected with si-PARPBP1/2 or si-NC was
assayed by CCK8. *p < 0.05; **p <0.01. (C) Colony formation assays performed on MCF-7 and MCF-7/EPI cells transfected with
shPARPB or shNC. (D) The growth of MDA-MB-231 and BT549 cells transfected with PARPBP overexpressing or control vector
was assayed by CCK8. *p < 0.05. Colony formation assays performed on MDA-MB-231 and BT549 cells transfected with PARPBP

overexpressing or control vector.

CCK8, cell counting kit-8 assay; PARBP, PARP1 binding protein; gRT-PCR, quantitative reverse transcription polymerase chain reaction.

EPI. The efficiency of PARPBP knockdown was
analyzed by qRT-PCR. In cell viability assays,
both MCF-7 and MCF-7/EPI cells transfected
with si-PARPBP1/2 slowed cell growth and prolif-
eration compared with cells transfected with the
negative control (Figure 2B). In addition,

lentivirus particles containing shNC or shPARPB
were infected into MCF-7 and MCF-7/EPI cells,
and PARPBP knockdown also decreased the abil-
ity of colony formation of breast cancer cells
(Figure 2C). Conversely, the proliferation and
colonyformation ability of PARPBP-overexpressed
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Figure 3. High expression of PARPBP correlates with anthracycline resistance in breast cancer. (A)
Representative images of immunohistochemical staining of PARPBP in chemo-resistant and non-resistant
tumors are shown. Scale bars, 50 um. (B) Expression of PARPBP in chemoresistant tumors were significantly
higher than that in non-resistant breast tumors. (C) PARPBP/231 and Vector/231 cells were treated with
various concentrations of EPI for 48 h. (D) PARPBP/BT549 and Vector/BT549 cells were treated with various

concentrations of EPI for 48h. *p <0.05, **p<0.01.
EPI, epirubicin; PARBP, PARP1 binding protein.

MDA-MB-231 and BT549 cells increased signifi-
cantly relative to controls (Figure 2D, E). These
observations suggested that PARPBP has a posi-
tive effect on breast cancer cell growth in vitro.

High expression of PARPBP correlates with
anthracycline-based resistance

To assess the possible role of PARPBP in anthra-
cycline-based resistance, we performed IHC stain-
ing for PARPBP in 25 cases of human breast
cancer who later received anthracyclines-based

neoadjuvant chemotherapy. The results showed
that many more patients had high expression of
PARPBP in the chemoresistant group (13/15) than
in the nonresistant group (2/10) (Figure 3A, B).
In vitro, while EPI treatment at concentration from
1 to 16 uM caused dramatic decrease in cell viabil-
ity in MDA-MB-231 and BT549 cells, overex-
pression of PARPBP in these cells recovered cell
growth rate markedly (Figure 3C, D). These
results indicated that PARPBP might attenuate the
sensitivity of breast cancer cell to anthracycline-
based chemotherapy drugs.
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Depletion of PARPBP increases breast cancer

cell apoptosis and DNA damage
Anthracycline-based chemotherapy drugs such as
EPI function by inducing cell apoptosis and DNA
damage. Therefore, we examined the effect of
PARPBP in cell apoptosis and DNA damage
induced by EPI. We found that EPI treatment at
2uM had minimal effect on colony formation of
MCF-7 and MCF-7/EPI cells, but resulted in
drastic decrease of colony formation when
PARPBP was knocked down (Figure 4A, B). After
EPI treatment, the apoptosis proportion was sig-
nificantly increased in cells transfected with
PARPBP shRNA compared with cells transfected
with negative control or cells without transfections
(Figure 4C, D). These results indicated that
depletion of PARPBP could increase breast can-
cer cell apoptosis caused by EPI. Meanwhile,
PARPBP depletion increased significantly the
EPI-induced level of yH2AX but decreased
BRCALI protein levels, indicators of DNA dam-
age, and DNA repair capability (Figure 4E, F).

PARPBP promotes breast cancer
anthracycline-based resistance in vivo

To investigate the functional role of PARPBP in
regulating the drug resistance of breast cancer
in vivo, PARPBP-overexpressing and control cells
were injected into the mammary fat pads of
female BALB/c nude mice followed by EPI treat-
ment (Figure 5A). The volume and weight of
tumors in PARPBP-overexpressed group
(PARPBP/231) were significantly higher than
those in the control group, but similar to those
without EPI treatment (Figure 5B-F). That
means EPI effectively inhibited tumor growth in
mice with control tumors but not in mice with
PARPBP-overexpressing tumors, suggesting that
PARPBP is important for chemoresistance in
breast cancer.

FOXMT binds to the PARPBP promoter directly

and regulates its activity

We used TCGA and METABRIC datasets to
identify the putative co-expression genes of
PARPBP in human breast cancer. FOXM1 and
BURB are the intersection of the top 20 co-
expressed genes in the two datasets (Figure 6A—C).
Next, we focused on FOXMI1, which is a tran-
scriptional activator and a critical mediator of
epirubicin and paclitaxel resistance in breast
cancer. We transfected FOXM1 shRNA into
MCF-7 and MCF-7/EPI cells (Figure 6D). The

results indicated that both the mRNA and protein
levels of PARPBP were decreased significantly
with  FOXM1 knockdown (Figure 6D, E).
Similarly, MCF-7 and MCF-7/EPI cells treated
with FoxM1 inhibitor thiostrepton (THR) at con-
centrations of 4 and 8 uM depressed PARPBP lev-
els (Figure 6F). Conversely, the mRNA level of
PARPBP in MDA-MB-231 and BT549 cells
transfected with FoxM1 increased with increasing
dosage of FoxM1 expression construct transfected
(Figure 6G). All these results suggested strongly
that expression of PARPBP was activated by
FoxM1.

To explore whether FOXMI1 regulates PARPBP
promoter activity, we scanned the PARPBP gene
promoter region with the canonical binding DNA
motifs of FOXM1 (5-TAAaCa-3") and found such
a motif between —988 and —972 upstream of the
transcription start site (Figure 6H). Then, we gener-
ated a luciferase reporter construct with wild-type or
FOXM1 binding motif-mutated PARPBP promoter
(Figure 6H), and tested the effect of FOXMI
expression on PARPBP promoter activity in
MDA-MB-231 and BT549 cells. The expression of
FOXMLI1 increased dramatically luciferase activity
driven by the wild-type but not the mutant PARPBP
promoter (Figure 6I). In addition, we performed
ChIP assay and verified the binding of FOXMI1 to
the endogenous PARPBP promoter region (Figure
6]). Collectively, our findings supported the view
that FoxMI1 could transcriptionally activate
PARPBP by interacting with predicted binding sites.

Discussion

Breast cancer persists as a leading cause of cancer
death in women worldwide.?5 Although systemic
chemotherapy is effective in early and advanced
breast cancer, the high rates of recurrence and
resistance are still the major challenges in breast
cancer treatment. In the present study, we
revealed roles for PARPBP in breast cancer prog-
nosis and anthracycline resistance.

Previous studies have reported that PARPBP
overexpression was associated with hyperprolif-
eration and severe clinical outcomes in lung, gas-
tric, pancreatic, cervical cancers, hepatocellular
carcinoma, and myeloid leukemia.26-2% Here, we
found that PARPBP was upregulated signifi-
cantly in breast cancer tissues at both mRNA and
protein levels compared with normal breast tis-
sues. The expression of PARPBP was correlated
positively with tumor status, lymph node status,
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Figure 4. Depletion of PARPBP increases breast cancer cell apoptosis and DNA damage caused by epirubicin.
(A, B) Colony-forming ability of the control, LV-shNC- and LV-shPARPBP-transfected MCF-7 (A) and MCF-7/
EPI cells (B) in the absence or presence of EPI (2uM) for 48 h. (C, D) The apoptotic rates of MCF-7 (C) and MCF-
7/EPI cells (D) transfected with LV-shNC and LV-shPARPBP in the absence or presence of EPI (2uM] for 48h
were visualized by flow cytometry. (E, F] Western blot analysis of yH2AX and BRCA1 expression in MCF-7 (E)
and MCF-7/EPI cells (F) with or without transfection of LV-shNC or LV-shPARPBP after EPI treatment (2 uM)

removal.
EPI, epirubicin; PARBP, PARP1 binding protein.
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Figure 5. PARPBP promotes breast cancer anthracycline-based resistance in vivo. (A) PARPBP/231 and
Ctrl/231 cells were injected into the mammary fat pads of nude mice (n=5). Tumor development was allowed
for 10days, and then the mice were injected intraperitoneally with 5mg/kg EPI or normal saline for another
2weeks. (B, C) Tumors from PARPBP/231 and Ctrl/231 mice treated with NS (B) or EPI (C) are shown.

(D) The growth curves of the tumors are plotted. (E) The weights of the xenograft tumors are summarized.
***p < 0.001 versus respective control in Student’s t test. (F) Expression of PARPBP in breast cancer xenografts
was examined by western blotting.

EPI, epirubicin; NS, normal saline; PARBP, PARP1 binding protein.

and tumor, node, metastasis (TNM) stage of prognosis in breast cancer patients, which sug-
breast cancer patients. In addition, high gested that PARPBP may be a promising prog-
expression of PARPBP was associated with poor nostic biomarker.
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Figure 6. FOXM1 directly binds to the PARPBP promoter and regulates its activity. (A] Venn diagram shows that FOXM1 and BURB are
the intersection of the top 20 PARPBP co-expressed genes in the TCGA and METABRIC datasets. (B, C) Correlation between FOXM1
and PARPBP in TCGA (B) and METABRIC (C). (D, E) Downregulation of FOXM1 by transfecting shFOXM1 reduced PARPBP expression
by gRT-PCR (D) and western blotting (E). (F) MCF-7 and MCF-7/EPI cells treated with FoxM1 inhibitor THR at concentrations of 0,

2, 4, and 8uM. (G) Overexpression of FOXM1 by transfecting FOXM1 expression plasmid in MDA-MB-231 and BT549 cells increased
the mRNA level of PARPBP. (H) Schematic of the PARPBP promoter reporter and its putative FOXM1-binding site. (I) Luciferase
reporter assay in MDA-MB-231 and BT549 cells (with FOXM1 expression plasmid or empty vector) transfected with luciferase
reporter constructs containing WT or MU PARPBP promoter. Data represent means = SD of at least three independent experiments.
*p < 0.05; **p<0.01; ***p<0.001. (J) ChIP assay showing the binding of FOXM1 to PARPBP promotor. Chromatins were isolated
from MDA-MB-231 and BT549 cells, and specific primers for PARPBP promotor was used to DNA quantification. The enrichment
percentage =2% X 2ICT linput sample) - CT (IP samplel] Normal IgG and histone H3 were used as negative and positive controls, respectively.
ChIP, chromatin immunoprecipitation; GEPIA, Gene Expression Profiling Interactive Analysis; IgG, immunoglobulin G; METABRIC, Molecular
Taxonomy of Breast Cancer International Consortium; MU, mutant; OS, overall survival; PARBP, PARP1 binding protein; SD, standard deviation;
THR, thiostrepton; TCGA, The Cancer Genome Atlas; TPM, transcripts per million; WT, wild type.
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In this study, we found that high expression of
PARPBP promotes cell growth of breast cancer.
PARPBP knockdown decreased cell proliferation
and colony formation in breast cancer. Conversely,
the proliferation and colony formation ability of
PARPBP-overexpressed breast cancer cells were
increased significantly relative to the control
group. The positive role of PARPBP in cell
growth of breast cancer cells agrees with its
adverse prognosis for breast cancer. We observed
that PARPBP was upregulated in breast cancer.
In particular, it had a relatively high expression in
estrogen receptor (ER)-positive (MCF7,MCF7/
EPI and T47D cells) and a relatively low expres-
sion in TNBC cells (MDA-MB-231 and BT549
cells). High PARPB expression in ER-positive
breast cancers correlated directly with resistance
to chemotherapy. In fact, we found that the
expression of PARPBP in anthracycline-based
resistant tumors was significantly higher than that
in nonresistant tumors. Therefore, we hypothe-
sized that PARPBP contributes to anthracycline
resistance.

EPI - a representative anthracycline antibiotic — is
the mainstay chemotherapy drug in the treatment
of breast cancer. Epirubicin intercalates into
DNA, which might cause DNA damage and
apoptosis in cancer cells. The histone variant
H2AX is a principal component of chromatin
involved in the detection, signaling, and repair of
DNA double-strand breaks.3%3! Usually, YH2AX
levels are used as an indicator of the degree of
DNA damage.3? In this study, we found knock-
down of PARPBP not only increased apoptosis of
breast cancer cells caused by EPI, but also attenu-
ated intracellular YH2AX level in cancer cells
treated with EPI. These results indicate that
PARPBP might protect breast cancers from DNA
damage caused by chemotherapy. Using tumor
xenograft experiments, we also found PARPBP
enhanced breast cancer cell chemoresistance.

DNA repair capacity is critical for survival of can-
cer cells upon therapeutic DNA damage, and thus
is an important determinant of susceptibility to
chemotherapy in cancer patients.3> Many studies
have demonstrated that targeted therapies such as
poly(ADP ribose) polymerase (PARP) inhibitors
could sensitize tumor cells to DNA-damaging
chemotherapies. By inhibiting PARP-mediated
repair of DNA lesions created by chemotherapies,
greater potency might be achieved.?* But deter-
mining the optimal use of PARP inhibitors within
drug combination approaches is still challenging.

In previous studies, similar synthetic lethal inter-
actions have been demonstrated between inhibi-
tors of PARP and some other genes related to
DNA repair and the DNA damage response,
including ataxia telangiectasia mutated (ATM)
and ataxia telangiectasia and Rad3 related path-
ways.3%:36 PARPBP is an element of the homolo-
gous recombination (HR) pathway of DNA repair.
PARPBP downregulation improves genomic sta-
bility and HR in the HR-deficient Fanconi ane-
mia/BRCA pathway in activated cancer cells.®
Therefore, the effect of combining PARPBP and
PARP inhibition deserves to be explored inten-
sively. In addition, O’Connor’s study investigated
the roles of PARPBP in pancreatic cancer and
found PARPBP has been shown to activate other
pathways of DNA repair such as translesion syn-
thesis (TLS) and non-homologous end joining
(NHE]), which are error-prone DNA repair path-
ways that enable cells to replicate when HR is
inhibited.?” TLS and NHE] activities often result
in point mutations, deletions, translocations, and
chromosomal rearrangements. It might increase
tumor cell sensitivity to DNA crosslinking agent,
platinum-based compounds, and radiotherapy. As
we know, in general ER+ breast cancer does not
respond well to platinum. In future studies, it will
be interesting to investigate whether the PARPBP
overexpressing ER+ breast cancers are sensitive to
platinum-based compounds and/or radiotherapy.

Through analysis of the TCGA and METABRIC
databases, we found that the expression of
PARPBP was correlated positively with the
expression of FOXM1. FOXMI1 is a prolifera-
tion-associated transcription factor with impor-
tant functions also in cell proliferation,
differentiation, and apoptosis.?” FOXMI is gen-
erally highly expressed in several aggressive
human carcinomas and related to oncogenesis in
many tissue types, including breast cancer.38
Investigators have also shown that FOXM1 might
be involved in resistance to cisplatin, paclitaxel,
and epirubicin.?%40 Here, we found a putative
binding site of FOXM1 in the PARPBP promoter
and confirmed that PARPBP transcription is
modulated directly by FOXMI1. Our findings
additionally identified an important role of
FOXMLI in breast cancer chemoresistance by reg-
ulating PARPBP expression.

In conclusion, we show that PARPBP is upregu-
lated in breast cancer and that it might be regu-
lated by FOXMI1. High PARPBP expression
levels are associated with poor OS in breast cancer
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patients. We also demonstrate that downregula-
tion of PARPBP can effectively promote EPI sen-
sitivity in breast cancer cells. Thus, we propose
that detecting the expression of PARPBP in
breast cancer patients treated with anthracycline-
based chemotherapy may help oncologist to judge
whether there is the need to use small molecule
inhibitors of PARPBP as novel targeted therapy
for patients harboring PARPBP-overexpressing
breast cancer. PARPBP might be an attractive
candidate target for the treatment of breast

tumors that are resistant to anthracycline
treatment.
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