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Abstract: Treatment of triple-negative breast cancer (TNBC) remains an unmet clinical need owing
to its lack of an efficient therapeutic target. The targeting of DNA repair by poly(ADP-ribose)
polymerase (PARP) inhibitors has shown benefit for patients with the BRCA variation. However,
sensitivities to the PARP inhibitors were reported regardless of BRCA status. Thus, exploring
the underlying mechanisms is imperative. Herein, we identified that breast cancer cells with an
elevated expression of protein arginine methyl transferase 1 (PRMT1) was associated with therapeutic
sensitivity to the PARP inhibitor olaparib. The results of cell viability and colony formation assays
indicated that the suppression of PRMT1 by small hairpin RNA or by the chemical inhibitor increased
sensitivity to olaparib in human TNBC MDA-MB-231 and BT549 cells. Bioinformatic analysis revealed
that PRMT1 expression was significantly associated with the MYC signature, and TNBC cells with
higher PRMT1 and the MYC signature were associated with therapeutic sensitivity to olaparib.
Mechanistic studies further demonstrated that knockdown of PRMT1 reduced the c-Myc protein level
and downregulated the expression of MYC downstream targets, whereas overexpression of PRMT1
enhanced c-Myc protein expression. Moreover, the overexpression of PRMT1 promoted c-Myc
protein stability, and the inhibition of PRMT1 downregulated c-Myc protein stability. Accordingly, the
knockdown of PRMT1 inhibited homologous recombination gene expression. These data indicate that
PRMT1 is instrumental in regulating DNA repair, at least in part, by modulating c-Myc signaling. Our
data highlighted the PRMT1/c-Myc network as a potential therapeutic target in patients with TNBC.
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1. Introduction

Breast cancer is the most commonly diagnosed heterogeneous malignancy and the
leading cause of cancer-related death in women worldwide [1]. Breast cancer is stratified
into luminal, human epidermal receptor 2 (HER2)-enriched, and triple-negative breast
cancer (TNBC) subtypes, according to the presence of distinct molecular markers, including
the estrogen receptor (ER), progesterone receptor (PR), and HER2 [2]. Among these, TNBC
characterized by the absence of the ER, PR, and HER2, accounts for approximately 10-20%
of all breast cancer cases and is the most malignant subtype of breast cancer because
of high heterogeneity, aggressiveness, and lack of treatment options [3,4]. Owing to a
deficiency of efficient therapeutic targets and TNBC’s aggressive features, such as resistance
to chemotherapy, higher invasiveness, and a stronger tendency to metastasize, patients
with TNBC have poorer survival outcomes than those with non-TNBC [5,6]. Currently,
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the standard treatment for TNBC is chemotherapy. Unfortunately, patients with TNBC
frequently develop resistance [7]. Thus, elucidating the genomic basis and molecular
mechanism of chemoresistance in patients with TNBC to explore novel biomarkers is crucial
for improving the accuracy of diagnosis and the efficacy of treatments for these patients.

Recently, targeting poly(ADP-ribose) polymerase (PARP) has shown therapeutic po-
tential for patients with TNBC or ovarian cancer [8,9]. All PARP inhibitors impede PARP
release on DNA to block DNA replication [10,11]. PARP inhibition blocks single-strand
break repair and induces double-strand break (DSB) repair [12]. By contrast, cells with a
deficiency in the homologous recombination (HR) mechanism, such as BRCA mutation,
increase sensitivity to PARP inhibitors and lead to cell death [13]. However, approximately
40% of patients with the BRCA variations do not respond to PARP inhibitors or exhibit
resistance. Some studies have reported that the therapeutic effects of PARP inhibitors
occurred irrespective of BRCA status [14,15]. Thus, the underlying mechanism appears to
be exceedingly complex and merits investigation.

In the search for novel biomarkers to predict the therapeutic efficacy of PARP in-
hibitors, we surveyed the Cancer Cell Line Encyclopedia (CCLE) in conjunction with the
Genomics of Drug Sensitivity in Cancer (GDSC) database. We found that protein arginine
methyl transferase 1 (PRMT1) was significantly correlated with therapeutic sensitivity to
the PARP inhibitor olaparib in breast cancer cells. The PRMT family is responsible for
protein methylation at the arginine residue [16]. In this family, PRMT1 is the most abun-
dant PRMT and is responsible for 85% of protein methylation in mammalian cells [17,18];
moreover, it participates in regulating numerous cellular processes including signal trans-
duction, epigenetic regulation, and double-strand break [19,20]. An aberrant expression of
PRMT1 and other subtypes of PRMT has been identified in various malignancies [21,22].
In breast cancer, overexpression of PRMT1 promotes tumor metastasis by modulating
EZH2 [23], and PRMT1 is associated with and prompts insulin-like growth factor I sig-
naling in ER-positive breast cancer cells [24]. Moreover, PRMT1-mediated methylation of
BRCAL1 facilitates resistance to radiation therapy [25]. By contrast, methylation of CEBPo by
PRMT1 impairs its tumor-suppressive function [26]. However, the molecular mechanism
by which PRMT1 mediates resistance to PARP inhibitors in TNBC remains unclear.

The results presented herein demonstrate that breast cancer cells with elevated PRMT1
were closely associated with the therapeutic efficacy of olaparib. Gain-of-function and
loss-of-function studies validated the crucial role of PRMT1 in TNBC cells’ sensitivity to
olaparib. PRMT1 was significantly associated with MYC signature and regulated c-Myc
protein stability; PRMT1 was also associated with HR gene expression modulation. Our
findings delineate an alternative mechanism underpinning therapeutic resistance to PARP
inhibitors through the PRMT1-MYC axis.

2. Materials and Methods
2.1. Cell Culture and Reagents

The human breast cancer cell lines MDA-MB-231 and BT549 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Both cell lines were cul-
tured in Dulbecco’s modified Eagle medium (DMEM), and the medium was supplemented
with 7% fetal bovine serum (FBS; Corning, New York, NY, USA), 1% glutagro (Corning),
and penicillin-streptomycin (Corning). Cells were cultured at 37 °C in a humidified atmo-
sphere of 5% CO;. Olaparib was purchased from MedChemExpress, the PRMT1 inhibitor
(7280948 was purchased from Sigma (St. Louis, MO, USA), and cycloheximide (CHX) was
obtained from Sigma. pCMV3-C-FLAG-PRMT1 plasmid (HG11210-CF) was purchased
from Sino Biological (Wu-Han, China), and pcDNA-cMyc-HA plasmid was kindly pro-
vided by Prof. Cheng Chia-Hsiung (Taipei Medical University). Antibodies against PRMT1
(GTX630187), c-Myc (GTX103436), and (3-actin (GTX109639) were purchased from GeneTex
(San Antonio, TX, USA).
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2.2. Plasmids, Transfection, and Infection

Human PRMT1 shRNA#1 (TRCN0000290478) and shRNA#2 (TRCN0000290479) in
pLKO.puro vectors were obtained from the National RNAi Core Facility (Academia Sinica,
Taipei, Taiwan). Target sequences of ShARNA#1 and shRNA#2 were 5-CCGGCAGTACAAAG
ACTACAA-3' and 5'-GTGTTCCAGTATCTCTGATTA-3/, respectively. Lentiviral prepa-
ration and viral infection were performed as previously described. In brief, 293T cells
were cotransfected with pLKO.puro shRNA together with the pCMV-AR8.91 and pMDG
plasmids by using the Poly]et transfection reagent (SignaGen Laboratories, ljamsville, MD,
USA). Target cells were incubated with fresh complete DMEM mixed with virus-containing
supernatants and polybrene (8 pug/mL) for another 24 h. Transduced cells were selected
using puromycin (1-5 pg/mL) to generate stable cell lines. shRNA targeting LacZ was
used as a negative control sShRNA. For PRMT1 and cMyc overexpression, pCMV3-C-FLAG-
PRMT1 plasmid and pcDNA3-cMyc-HA plasmid were transiently transfected into target
cells by using the PolyJet transfection reagent. Efficiency of transfection was confirmed by
using Western blot analysis after 48 h [27].

2.3. MTT Assay

Cell viability was estimated by using a 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazo
lium bromide solution (MTT) assay. MDA-MB-231 and BT549 cells were seeded at a den-
sity of 3 x 10* cells/well in 24-well plates or 4 x 103 cells/well in 48-well plates until
they reached 50-60% confluence. Cells were refreshed with DMEM containing 3.5% FBS
and were treated with olaparib or PRMT1 chemical inhibitor C7280948 at the indicated
concentrations for 7 days. Fresh media containing drugs were replaced every 3 days.
After treatments, cells were incubated with MTT (10 mg/mL) for 1 h. The MTT solution
containing the medium was removed after incubation, and isopropanol was added to
solubilize the formazan crystals for analysis. Cell viability was determined by detecting
the absorbance at 570 nm and is expressed as the percentage of MTT reduction, assigning
100% to the value of the absorbance of control cells.

2.4. Colony Formation Assay

MDA-MB-231 and BT549 cells were seeded at a density of 1000 cells/well in 24-well
plates. The next day, cells were refreshed with 3.5% FBS-containing DMEM and treated
with olaparib or PRMT1 inhibitor C7280948 at the indicated concentrations for 10 days.
Fresh media containing drugs were replaced every 3 days. After treatments, the cells were
fixed with methanol for 30 min and stained with 0.5% crystal violet, and the plates with
colonies were photographed.

2.5. Western Blotting

MDA-MB-231 and BT549 cells were lysed in ice-cold radioimmunoprecipitation assay
buffer supplemented with a protease and phosphatase inhibitor cocktail (Roche, Mannheim,
German). Cell lysates were subsequently analyzed by using Western blotting. Equal
amounts of protein were separated using sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). Membranes were blocked with 1% bovine serum albumin /Tris-buffered saline
with Tween-20 (TBST) blocking buffer for 30 min and then incubated overnight at 4°C
with specific primary antibodies. Membranes were washed three times with the TBST
wash bulffer, followed by incubation with a horseradish peroxidase-conjugated secondary
antibody (Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 1 h.
Bands were detected with an enhanced chemiluminescence system (Millipore). Western
blotting was performed at least three times, and representative experiments are presented.
Quantifications of protein levels were carried out by using Image J software v1.5.1, (U. S.
National Institutes of Health, Bethesda, Maryland, USA).
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2.6. Real-Time Polymerase Chain Reaction

RNA was extracted from MDA-MB-231 and BT549 cells by using a GENEzol TriRNA
Pure kit (Geneaid, Taipei, Taiwan), and 1 pg of total RNA was reverse transcribed with
Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA). Com-
plementary DNA was amplified with GoTaq qPCR Master Mix (Promega) in a StepOne
Plus real-time polymerase chain reaction (PCR) system (Applied Biosystems, Darmstadt,
Germany) with specific primers as follows: PRMT1, 5-GAGGCCGCGAACTGCATCAT-3'
(sense) and 5'-TGGCTTTGACGATCTTCACC-3' (antisense); E2F1, 5'-GGATTTCACACCTT
TTCCTGGAT-3' (sense) and 5'-CCTGGAAACTGACCATCAGTACCT-3’ (antisense); CDK4,
5-GGACATATCTGGACAAGGCACC-3' (sense) and 5'-ACTGTTCCACCACTTGTCACCA
G-3’ (antisense); CCND1, 5'-CATCTACACCGACAACTCCATC-3' (sense) and 5-TCTGGC
ATTTTGGAGAGGAAG-3' (antisense); 3-catenin, 5-TCTGAGGACAAGCCACAAGATTA
CA -3’ (sense) and 5'-TGGGCACCAATATCAAGTCCAA -3’ (antisense); LDHA, 5'-GATTC
CAGTGTGCCTGTATGG -3’ (sense) and 5-CTACAGAGAGTCCAATAGCCC-3' (anti-
sense); elF4E, 5-TGGCGACTGTCGAACCG-3' (sense) and 5-AGATTCCGTTTTCTCCTCT
TCTGTAG-3' (antisense); RAD51, 5'-GGTCTGGTGGTCTGTGTTGA-3' (sense) and 5'-
GGTGAAGGAAAGGCCATGTA-3' (antisense); BRCA2, 5-TGCCTGAAAACCAGATGAC
TATC-3' (sense) and 5-AGGCCAGCAAACTTCCGTTTA-3 (antisense); RPA3, 5'-AAGCCT
GTCTGCTTCGTAGGGA-3' (sense) and 5'-CGGTTACTCTTCCAACCACTTCC-3' (anti-
sense); ATM, 5'-CAGGGTAGTTTAGTTGAGGTTGACAG-3' (sense) and 5'-CTATACTGGT
GGTCAGTGCCAAAGT-3' (antisense); and B-actin, 5-AAGTCCCTTGCCATCCTAAAA
-3’ (sense) and 5'-ATGCTATCACCTCCCCTGTG-3’ (antisense). Results were calculated us-
ing the AACT equation and are expressed as multiples of change relative to a control sample.

2.7. Clinical and Molecular Data Acquisition

The raw gene expression data of PRMT1, MYC, and MYC-targeted genes, includ-
ing TERT, CDK4, ODC1, MDM2, TEAP4, E2F1, CCNE1, and CCNB1, obtained by RNA
sequencing along with clinical data were downloaded from The Cancer Genome Atlas
(TCGA) (https:/ /www.cbioportal.org/, accessed on 20 March 2021), CCLE (https:/ /portals.
broadinstitute.org/ccle, accessed on 10 May 2021), and Gene Expression Omnibus (acces-
sion nos. GSE18864 and GSE135565 [28,29]) databases. Units of mRNA levels were z-scores
relative to all samples (log RNA Seq V2 RSEM), and units of mRNA in the CCLE were log2-
normalized RNA expressions. Analyses of associations of PRMT1 with all hallmarks were
performed using gene set enrichment analysis (GSEA) (https:/ /www.gsea-msigdb.org,
accessed on 17 June 2021). The gene lists of detected gene sets were obtained from the
Molecular Signature Database (https://www.gsea-msigdb.org/gsea/msigdb, accessed
on 17 June 2021). A high-expression group was defined as occurring in greater than 25%
of patients [30]. Data of drug sensitivities in breast cancer cell lines were obtained from
the GDSC database (https://www.cancerrxgene.org/, accessed on 10 May 2021). Cell
groups susceptible and resistant to drugs were stratified according to optimal half-maximal
inhibitory concentration (ICsp) cutoff values [31].

2.8. Statistical Analyses

Data are presented as the mean =+ standard deviation of three independent exper-
iments. Statistical significance was determined by an unpaired, two-tailed Student’s ¢
test unless stated otherwise (*p < 0.05; **p < 0.01; ***p < 0.001). Pearson’s correlation test
was used to estimate the associations between mRNA levels of PRMT1, MYC, and MYC-
targeted genes. Survival probabilities were evaluated using log-rank tests. All statistical
analyses were performed. using GraphPad Prism 6.0 software.
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3. Results
3.1. PRMTT1 Expression Is Associated with Therapeutic Response to Olaparib in Breast
Cancer Cells

To investigate potential genes associated with olaparib resistance, we explored the
GDSC database and searched the ICsy value of olaparib and gene expression patterns in
various breast cancer cell lines from the CCLE datasets. Intriguingly, the correlations of
olaparib sensitivities with transcriptome-wide mRNA expression in breast cancer cell lines
revealed that the PRMT1 gene was within the top ranks (Figure 1A), and breast cancer cells
with an elevated expression of PRMT1 were associated with therapeutic resistance to ola-
parib (Figure 1B). Pearson’s correlation indicated that PRMT1 was significantly correlated
with olaparib sensitivity in 44 breast cancer cell lines (r = 0.491, p < 0.001; Figure 1C). We
also investigated the PRMT family and identified that olaparib sensitivity was exclusively
associated with PRMT1 but not with other PRMT subtypes (Figure 1D). We further ana-
lyzed the correlations between PRMT1 and sensitivities to 200 anticancer drugs in breast
cancer cells (Figure 1E). Notably, PRMT1 was closely associated with therapeutic sensitivity
to PARP inhibitors, including olaparib, talazoparib, and niraparib (Figure 1E) but not
with other conventional chemotherapy drugs such as oxaliplatin (r = 0.096), doxorubicin
(r = —0.078), cisplatin (r = 0.270), or epirubicin (r = 0.126; Figure 1F,G), suggesting that
PRMT1 may be a reliable marker to predict a therapeutic outcome with PARP inhibitors.

3.2. Inhibition of PRMT1 Increases Sensitivity to Olaparib in TNBC Cells

To clarify the role of PRMT1 in the olaparib sensitivity of TNBC, short hairpin RNAs
against PRMT1 were made to knocked down expression, and we confirmed the knockdown
efficacy in MDA-MB-231 and BT549 cells (Figure 2A). MDA-MB-231 and BT549 cells were
subsequently treated with various concentrations of olaparib for 7 days, and cell viability
was determined using an MTT assay. The results revealed that the suppression of PRMT1
significantly reduced cell viability in response to olaparib treatment in both MDA-MB-231
and BT549 cells compared with that in control knockdown cells (Figure 2B,C). The ICsq
values of olaparib in control was 80.9 uM, and those in PRMT1 knockdown MDA-MB-231
cells were 51.4 uM and 15.0 uM, respectively. The ICs values of olaparib in control and
PRMT1-silencing BT549 cells were 146.5 uM and 18.4 uM, respectively (Figure 2B). By
contrast, the growth inhibition by olaparib was rescued by ectopic expression of PRMT1 in
BT549 cells (Figure 2D). Similarly, the colony formation assay indicated that knockdown
of PRMT1 substantially reduced cell growth in response to olaparib (Figure 2E), whereas
the ectopic overexpression of PRMT1 recapitulated the growth inhibition by olaparib
(Figure 2E). Similarly, the combination of olaparib with the chemical inhibitor of PRMT1
enhanced growth inhibition in both MDA-MB-231 and BT549 cells, as determined by a
colony formation assay (Figure 2F). These data suggest that PRMT1 expression plays a
crucial role in olaparib sensitivity in TNBC cells.
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Figure 1. Breast cancer cells with elevated protein arginine methyl transferase 1 (PRMT1) expression levels are associated
with therapeutic resistance to olaparib. (A) Correlations of sensitivities to olaparib with transcriptome-wide mRNA
expression in breast cancer cell lines according to the Cancer Cell Line Encyclopedia (CCLE) datasets and the Genomics of
Drug Sensitivity in Cancer (GDSC) database. PRMTT1 is labeled with the red dot. (B) Box plot with Tukey’s test whiskers
showing PRMT1 expression levels in olaparib-susceptible and -resistant breast cancer cell lines according to CCLE breast
cancer dataset along with GDSC database. ** p < 0.01 was considered statistically significant and determined by using
unpaired ¢ tests. (C) Scatterplot of PRMT1 expression and half-maximal inhibitory concentration (ICsy) of olaparib in breast
cancer cell lines. Correlation coefficient was obtained by using Pearson’s test. Unit of PRMT1 mRNA was log2-normalized
RNA expression. (D) Bar charts showing that PRMT1 has the strongest correlation with olaparib resistance among PRMT
subtypes in breast cancer cell lines. (E) Correlations of PRMT1 and 200 drug sensitivities in breast cancer cell lines according
to GDSC database and CCLE dataset. Red-labeled drugs are poly(ADP-ribose) polymerase inhibitors. (F) Box plots with
PRMT1 expression levels among four conventional chemotherapy drugs (oxaliplatin, doxorubicin, cisplatin, and epirubicin)
for drug-susceptible and -resistant breast cancer cell lines. ns, not significant. (G) Scatterplots of Pearson’s correlation

analysis of PRMT1 and ICsj of four chemotherapy drugs in breast cancer cell lines.
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Figure 2. PRMT1 correlates with olaparib resistance in triple-negative breast cancer (TNBC) cells. (A) Western blotting
indicating knockdown efficacies of PRMT1 shRNAs confirmed by MDA-MB-231 and BT549 cells. (3-actin was used as
an internal control. (B) MDA-MB-231 and BT549 cells were treated with various doses of olaparib (0, 1, 2.5, 5, 10, 25, 50,
and 100 uM) for 7 days. Fresh medium with olaparib was replaced every 3 days. Cell viability was measured by using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (MTT) assay. Data are expressed as a percentage of
the control. Values are expressed as the mean =+ standard error. ** p < 0.01 (shLacZ compared to shPRMT1#1); ## p < 0.01
and # p < 0.05 (shLacZ compared to shPRMT1#2). (C) MDA-MB-231 and BT549 were respectively treated with 5 pM and
10 uM olaparib for 7 days. An MTT assay was used to evaluate cell viability. (D) Western blotting indicating the efficacy
of PRMT1 overexpression confirmed by BT549 cells. PRMT1 vector was labeled with a Flag tag, and BT549 cells were
transiently transfected with PRMT1-Flag plasmid (upper panel). BT549 cells were treated with 10 uM olaparib for 7 days as
previously described, and an MTT assay was performed. (E) Representative images of colony formation for MDA-MB-231
and BT549 treated with olaparib (5 uM and 10 uM) for 10 days. Fresh medium containing olaparib was replaced every
3 days. (F) Colony formation for MDA-MB-231 and BT549 cells treated with olaparib (5 uM and 10 uM) combined with
PRMTT1 inhibitor C7280948 (80 uM) for 10 days. Quantification of clonogenic formation was carried out using Image J
software. Data were obtained from three biological replicates. Unpaired ¢ tests were performed to compare expression
levels in two groups. * p < 0.05, **p < 0.01, *** p < 0.001 were considered statistically significant.

3.3. PRMT1 Expression Is Associated with MYC Signature

To clarify the molecular function of PRMT1 in mediating olaparib sensitivity, we
analyzed associations between PRMT1 and the cancer hallmarks by using GSEA. The results
demonstrated that the c-Myc and E2F target signatures had the most significant correlation
with PRMTT1 in two TNBC cohorts (Figure 3A,B). We further analyzed the mRNA levels
of PRMT1 and c-Myc regulatory genes and their associations with olaparib sensitivity in
breast cancer cells by using the CCLE database (Figure 3C). The results revealed that PRMT1
expression was not significantly upregulated in TNBC cells compared with non-TNBC
cells (Figure 3D). However, breast cancer cells that exhibited resistance to olaparib were
closely associated with PRMT1 or the MYC-targeted signature, specifically in TNBC cell
lines (Figure 3E). These data support the notion of PRMT1 as a reliable therapeutic target
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for olaparib treatment in TNBC. Subsequent analysis of the transcriptome from the breast
cancer cohort in TCGA_BRCA indicated that PRMT1 was elevated in breast tumor tissues
compared with normal tissues (Figure 4A). In addition, PRMT1 was overexpressed in
basal-like TNBC compared with HER2 or luminal subtypes (Figure 4A). Similarly, patients
with TNBC exhibited elevated expression of c-Myc compared with those with non-TNBC
(Figure 4A). Moreover, PRMT1 was significantly associated with c-Myc and c-Myc-targeted
genes (Figure 4B), and notably, the correlation coefficients between PRMT1 with c-Myc or
the MYC-targeted signature were more significant in patients with TNBC than in those with
non-TNBC (Figure 4B). Consistently, PRMT1 expression was positively correlated with the
MYC downstream genes (Figure 4C). We also analyzed the expression patterns of PRMT
subtypes in patients with breast cancer, and the results validated that PRMT1, PRMT2
and PRMT4 were elevated in patients with TNBC compared with levels in those with
non-TNBC (Figure 4D). By contrast, expression levels of PRMT5, PRMT7, and PRMT10
were downregulated in patients with TNBC (Figure 4D). These data indicate that the
PRMT1-MYC axis may be instrumental in TNBC.
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Figure 3. MYC targets are associated with PRMT1 and olaparib resistance in TNBC. (A) Bubble plot based on gene set
enrichment analysis (GSEA) showing enrichment of PRMT1 with cancer hallmarks in the GSE18864 and GSE135565 datasets.
Size of bubbles was ranked by normalized enrichment score, and bubble color was determined by p value. (B) Representative
GSEA plots revealing associations between PRMT1 expression and MYC targets in the GSE18864 and GSE135565 datasets.
(C) Schematic of PRMT1 expression, olaparib sensitivity, MYC expression, and MYC-targeted signature in breast cancer cell
lines categorized into TNBC and non-TNBC groups using the Genomics of Drug Sensitivity in Cancer database (GDSC) and
the Cancer Cell Line Encyclopedia (CCLE) dataset. The olaparib-resistant group was defined as half-maximal inhibitory
concentration greater than 150 pM. The MYC high-expressing group was defined as MYC expression higher than average.
The MYC-targeted signature was evaluated by combination score of eight MYC-targeted genes, and a score higher than
average was classified into the high-expressing group. (D) Box plot with PRMT1 expression levels in TNBC and non-TNBC
cell lines. (E) Box plots indicating PRMT1 expression and MYC-targeted signature in olaparib-susceptible and -resistant
groups in breast cancer cell lines classified as breast cancer subtypes. Olaparib-susceptible and -resistant groups were
defined as previously described. * p < 0.05 was considered statistically significant and determined by using unpaired ¢ tests.
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Figure 4. PRMT1 expression level is associated with MYC signature in TNBC. (A) Box plots with expression levels of PRMT1
and MYC among breast cancer subtypes using the TCGA_BRCA dataset. Patients with breast cancer were characterized by
molecular subtypes, including luminal A/B (PRMT1: n = 574; MYC: n = 508), human epidermal receptor 2 (HER2) (PRMT1:
n =31; MYC: n = 30), TNBC (PRMT1: n = 123; MYC: n = 123), and normal adjacent tissues (PRMT1: n = 114; ***p < 0.001 was
considered statistically significant and determined by using unpaired ¢ tests). Units of mRNA levels were z-scores relative
to all samples (log RNA Seq V2 RSEM). (B) Scatterplots showing Pearson’s correlation analysis of PRMT1 with MYC (upper
panel) and MYC-targeted signature (lower panel) in TCGA_BRCA cohorts. (C) Scatterplots of PRMT1 expression and six
MYC-targeted gene expression levels respectively in patients with TNBC (n = 125) using TCGA_BRCA cohorts. Correlation
coefficients were calculated by using Pearson’s test. (D) Box plots showing expression levels of PRMT subtypes in patients
with luminal A/B and with TNBC using TCGA_BRCA datasets. Unpaired f tests were performed to compare expression
levels in two groups. * p < 0.05, *** p < 0.001 were considered statistically significant.

3.4. PRMT1 Regulates c-Myc Protein Stability

To validate the regulatory mechanism between PRMT1 and c-Myc, we examined
the protein level of c-Myc with or without PRMT1 expression. Western blot analysis re-
vealed that the suppression of PRMT1 substantially downregulated the c-Myc protein
level in MDA-MB-231 and BT549 cells (Figure 5A). By contrast, the ectopic expression
of PRMT1 upregulated the c-Myc protein level in BT549 cells (Figure 5B). Moreover, a
co-immunoprecipitation assay revealed that PRMT1 associated with c-Myc (Figure 5C).
To examine the effect of PRMT1 on c-Myc protein stability, cells were treated with a pro-
tein synthesis inhibitor, cycloheximide (CHX). However, the c-Myc protein level did not
obviously decline in PRMT1-knockdown cells when exposed to CHX (Figure 5D). We spec-
ulated that the basal protein level of c-Myc was relatively low in PRMT1 stable knockdown
cells. In support of this notion, BT549 cells expressed ectopically were ectopic expression
with PRMT1, and the results showed that the overexpression of PRMT1 increased c-Myc
protein stability in the presence of CHX (Figure 5D). Moreover, the inhibition of PRMT1 by
the chemical inhibitor reduced the c-Myc protein level. The inhibition of PRMT1 resulted
in the shortening of the c-Myc protein half-life from 1 h to 30 min (Figure 5E), suggesting
that PRMT1 may regulate c-Myc protein stability. These findings indicate that PRMT1
associates with and stabilizes c-Myc protein.
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Figure 5. PRMT1 mediates c-Myc protein level by regulating its stability. (A) Protein levels of c-Myc were analyzed
using Western blotting in PRMT1-knockdown MDA-MB-231 and BT549 cells. Relative fold changes of c-Myc to 3-actin
protein level was shown (right panel). (B) PRMT1 and c-Myc protein levels analyzed using by Western blotting in PRMT1-
overexpressing BT549 cells. GFP, green fluorescent protein. BT549 cells were transiently transfected with PRMT1-Flag
plasmid, and protein lysates were subjected to Western blot analysis. Relative fold changes of c-Myc to (3-actin protein level
was shown (right panel). (C) Co-immunoprecipitation analysis of PRMT1-Flag and c-Myc-HA in 293T cells. (D) Western
blot analysis of c-Myc protein level in shLacZ and shPRMT1 BT549 cells treated with CHX (50 uM) for the indicated times
(0, 15, 30, 60, and 120 min). (Upper panel). Western blot analysis of c-Myc protein levels in GFP and PRMT1-overexpressing
BT549 cells treated with CHX (50 uM) for the indicated times (0, 15, 30, 60, and 120 min). (Lower panel). Relative fold
changes of c-Myc to [3-actin protein levels were shown. (E) c-Myc protein levels were detected using by Western blotting
in MDA-MB-231 and BT549 cells following treatment with CHX (50 uM) and PRMT1 inhibitor (40 uM) or CHX (50 pM)
alone for the indicated times (0, 15, 30, 60, and 120 min). Western blots were performed from three biological replicates, and

quantifications of protein levels were carried out by using Image J software. Unpaired ¢ tests were performed to compare

expression levels in two groups. * p < 0.05, ** p < 0.01 were considered statistically significant.

3.5. Suppression of PRMT1 Downregulates HR Gene Expression

Homologous recombination (HR) plays essential roles in the repair of DNA double
strand break (DSB), and previous studies have identified that c-Myc regulates several
DSB genes [32]. Moreover, deficiency in HR resulted in enhancing cell death triggered
by PARP inhibitors [33]. We subsequently performed reverse transcriptase quantitative
PCR (RT-qPCR) analysis to assess regulation of HR genes by PRMT1. The RT-qPCR
analysis revealed that knockdown of PRMT1 downregulated c-Myc downstream targets
(Figure 6A). Accordingly, knockdown of PRMT1 significantly downregulated HR-related
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gene expression in MDA-MB-231 and BT549 cells (Figure 6B). To further examine the
participation of c-Myc in PRMT1-mediated drug sensitivity, cells were ectopically expressed
with c-Myc. The results of MTT and colony formation assays indicated that overexpression
of c-Myc partially restored PRMT1 silencing-mediated growth inhibition in response to
olaparib (Figure 6C,D). These data suggest that c-Myc-regulated HR may contribute to the
resistance to olaparib induced by PRMT1.
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Figure 6. PRMT1 regulates c-Myc downstream genes and homologous recombination (HR) genes in TNBC cells. (A)
Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis of MYC-targeted gene expression levels in
PRMT1-knockdown MDA-MB-231 and BT549 cells. Knockdown efficacies of PRMT1 shRNAs in MDA-MB-231 and BT549
cells are shown. (B) RT-qPCR analysis of HR gene expression levels in PRMT1-knockdown MDA-MB-231 and BT549 cells.
(C and D) MTT assay and colony formation assay showing that c-Myc overexpression rescued PRMT1 silencing-mediated

growth inhibition in response to olaparib in MDA-MB-231 and BT549 cells. Quantification of clonogenic formation was
carried out using Image J software. Data were obtained from three biological replicates. Unpaired ¢ tests were performed to
compare expression levels in two groups. * p < 0.05, ** p < 0.01, *** p < 0.001 were considered statistically significant.

4. Discussion

The inhibition of PARP exhibits a therapeutic benefit for patients with cancer with
the BRCA variation, especially in patients with TNBC and those with ovarian cancer [34].
However, several studies have reported that therapeutic efficacy of PARP inhibitors was
independent of BRCA status [14], indicating that the underlying mechanism is exceedingly
complex and warrants investigation. Herein, we identified that PRMT1 was responsible for
olaparib sensitivity in TNBC cells. PRMT1 was elevated in breast cancer cells, and PRMT1
was overexpressed in patients with TNBC. The expression of PRMT1 was significantly
associated with the MYC signature. We also identified that PRMT1 regulated c-Myc protein
stability, and suppression of PRMT1 increased sensitivity to olaparib, at least in part, by
c-Myc-mediated HR gene expression. The combination of olaparib and a PRMT1 inhibitor
enhanced growth inhibition in TNBC cells. However, we found that suppression of PRMT1
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did not significantly increase sensitivity towards doxorubicin (Supplemental Figure S1).
These data were similar to the results from in silico analyses. In our study, we found that
PRMT1 regulates c-Myc and modulates HR genes expression. DNA repair mechanism is
critical for the resistance to genotoxic agents such as cisplatin, therefore, PRMT1 expression
may have a role in chemoresistance under different contexts [35]. Nevertheless, our study
pinpointed an alternative mechanism that was mediated by the PRMT1-MYC axis in the
sensitivity to olaparib. This data demonstrated that inhibition of PRMT1 showed more
susceptibility towards the PARP inhibitors, which suggests its potential as a therapeutic
target in patients with TNBC.

Protein methylation by members of the PRMT family regulates numerous cellular
responses. PRMT1 is the most abundant PRMT and is overexpressed in diverse malig-
nancies [36]. The methylation of heat shock protein 70 by PRMT1 stabilized BCL2 mRNA
and led to pancreatic cancer resistance to therapeutics [37]. PRMT1 promoted tumor-
initiating capability in esophageal squamous cell carcinoma through histone arginine
methylation [36]. Moreover, PRMT1 methylated an epidermal growth factor (EGF) receptor
to regulate EGF signaling and confer resistance to cetuximab [38]. These data suggest a
crucial role of PRMT1 in mediating therapeutic resistance by modulating various signaling
molecules. Nevertheless, the role of PRMT1 in olaparib resistance to TNBC cells remains
unclear. By using in silico data analysis, we found that PRMT1 was exclusively associated
with therapeutic response to the PARP inhibitors. We further validated that PRMT1 plays a
critical role in treatment response to olaparib. Inhibition of PRMT1 by shRNA or a chemical
inhibitor sensitized TNBC cells to olaparib. Mechanistically, PRMT1 enhanced c-Myc
protein stability and regulated HR-related gene expression. Moreover, patients with TNBC
overexpressed PRMT1 and c-Myc, and a significant association was observed between
PRMT1 and the MYC signature.

The oncoprotein MYC controls the expression of DNA DSB repair genes involved
in nonhomologous end-joining and HR. The inhibition of MYC sensitized cancer cells to
DNA damage [39—42]. Ning et al. recently reported that Myc promoted HR to mediate
resistance to PARP inhibitors in glioma [43]. The inhibition of MYC binding protein
impaired HR gene expression and led to an increase in the sensitivity of TNBC cells to
olaparib. Accordingly, the association of MYC and the PRMT family has previously been
reported. Chaturvedi et al. identified that PRMTS5 interacted with and stabilized MYC in
glioma [44], and Annarita et al. proposed that PRMT1 methylated c-Myc in the presence of
PRMTS5 in glioma stem cells [45]. In our study, we demonstrated that PRMT1 associated
with and stabilized c-Myc protein, whereas suppression of PRMT1 reduced the c-Myc
protein stability. Notably, we found that c-Myc protein stability was decreased by treatment
with the inhibitor of PRMT1; however, c-Myc protein level was relatively low and showed
less response in PRMT1-knockdown cells. In addition, we found that patients with TNBC
overexpressed PRMT1 but not PRMT5. These data may suggest the crucial role of PRMT1
in modulating c-Myc stability, thereby bolstering therapeutic sensitivity to PARP inhibitors
for TNBC. Notably, inhibition of PRMT1 by the chemical inhibitor downregulated c-Myc
and sensitized TNBC cells to olaparib, suggesting that the methylation activity of PRMT1
may have a role in mediating resistance to PARP inhibitors. A previous study reported
that arginine methylation of c-Myc by PRMT1 facilitated acetyltransferase p300 binding
and c-Myc transcriptional activation in macrophages [46]. Therefore, it is worth to further
investigating the role of c-Myc methylation in the resistance to olaparib in TNBC, and the
importance of the PRMT1-MYC network should be investigated in terms of resistance and
a suitable therapeutic approach.

Taken together, the PRMT1-MYC signaling axis confers therapeutic resistance to
olaparib. The overexpression of PRMT1 is significantly associated with the MYC signature
in TNBC. Targeting PRMT1 enhances the efficacy of olaparib, shedding light on countering
drug resistance. PRMT1 thus shows promise as a target in the treatment of patients
with TNBC.
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