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Purpose: Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subgroup characterized by a high risk of
resistance to chemotherapies and high relapse potential. TNBC shows inter-and intra-tumoral heterogeneity; more than half expresses
high EGFR levels and about 30% are classified as HER2-low breast cancers. High PRMTS5 mRNA levels are associated with poor
prognosis in TNBC and inhibiting PRMTS5 impairs the viability of subsets of TNBC cell lines and delays tumor growth in TNBC mice
models. TNBC patients may therefore benefit from a treatment targeting PRMTS. The aim of this study was to assess the therapeutic
benefit of combining a PRMTS5 inhibitor with different chemotherapies used in the clinics to treat TNBC patients, or with FDA-
approved inhibitors targeting the HER family members.

Methods: The drug combinations were performed using proliferation and colony formation assays on TNBC cell lines that were
sensitive or resistant to EPZ015938, a PRMTS inhibitor that has been evaluated in clinical trials. The chemotherapies analyzed were
cisplatin, doxorubicin, camptothecin, and paclitaxel. The targeted therapies tested were erlotinib (EGFR inhibitor), neratinib (EGFR/
HER2/HER4 inhibitor) and tucatinib (HER2 inhibitor).

Results: We found that PRMTS inhibition synergized mostly with cisplatin, and to a lesser extent with doxorubicin or camptothecin,
but not with paclitaxel, to impair TNBC cell proliferation. PRMTS inhibition also synergized with erlotinib and neratinib in TNBC cell
lines, especially in those overexpressing EGFR. Additionally, a synergistic interaction was observed with neratinib and tucatinib in
a HER2-low TNBC cell line as well as in a HER2-positive breast cancer cell line. We noticed that synergy can be obtained in TNBC
cell lines that were resistant to PRMTS inhibition alone.

Conclusion: Altogether, our data highlight the therapeutic potential of targeting PRMTS using combinatorial strategies for the
treatment of subsets of TNBC patients.
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Introduction

Breast cancer is a heterogeneous disease with distinct subgroups categorized according to the expression level of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). Luminal
breast cancers express ER and PR; HER2-positive tumors carry an amplification of the HER2 gene; and triple-negative
breast cancers (TNBC) do not express ER and PR and have no HER2 gene amplification.'* Recently, about 65% of
luminal breast cancers and 35% of TNBC were found to be HER2-low breast tumors,** defined as tumors expressing
HER2 with immunohistochemical (IHC) scores of 1+ and 2+ without HER2 gene amplification. Breast cancer subgroups
differ in their grade and prognosis, with TNBC being the most aggressive. TNBC is an invasive tumor usually associated
with drug resistance, high metastatic potential, and poor prognosis.” ® A high percentage of TNBC patients experience
relapse within 3—5 years following treatment.” Compared to the other breast cancer subgroups, TNBC is enriched in
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a subpopulation of cells with self-renewal ability, termed breast cancer stem cells (BCSC) or tumor-initiating cells (TIC)
that are drug-resistant and thought to be involved in the high relapse rate of TNBC patients.”>! Another major concern
in TNBC is its inherent inter-tumoral heterogeneity with different TNBC subtypes: basal-like 1 (BL1), basal-like 2
(BL2), mesenchymal (M), and luminal androgen receptor (LAR).""'? Interestingly, HER2-low breast cancer is associated
with the expression of androgen receptor (AR) in luminal and in TNBC.? The high inter- and intra-tumoral heterogeneity
poses a considerable challenge in TNBC treatment options as one specific target/drug may not be beneficial to all TNBC
but rather to a subset of them. Although chemotherapies such as platinum agents (cisplatin, carboplatin), taxanes
(paclitaxel and docetaxel), and anthracyclines (doxorubicin, epirubicin), remain the standard treatment option,®'*'*
a few new treatments have been recently approved by the Food and Drug Administration (FDA) for selected TNBC
patients: poly (ADP-ribose) polymerase (PARP) inhibitors for patients with BRCAI/2 mutations,®'>'® anti-PDL-1

717 and the antibody-drug conjugate sacituzumab govitecan.'® Although

19-21

antibodies for metastatic and early disease,
more than half of TNBC overexpress the epidermal growth factor receptor (EGFR), early clinical trials failed to
demonstrate the clinical benefit of its inhibition.” It is possible that the patients were not selected for high EGFR
expression, or the pathway was not stimulated or was activated by downstream effectors such as AKT.>** By screening
an FDA-approved drug library in TNBC cells, we have reported that erlotinib, a reversible EGFR inhibitor, acts in
synergy with the first described PRMTS5 inhibitor (EPZ015666°%), to impair the proliferation of TNBC cells.”®

Arginine methylation is a common post-translational modification catalyzed by nine protein arginine methyltrans-
ferases (PRMT1-9), regulating transcription, pre-mRNA splicing, cell signaling, DNA repair, and stem cell
maintenance.”**® Several PRMTs are overexpressed in different cancer types.?”*** High PRMT5 mRNA expression
is associated with poor prognosis in TNBC.?*-**¢ Inhibitors specifically targeting PRMTS5 have been developed and are
currently being evaluated in clinical trials.”*?"*” Using the first described PRMTS5 inhibitor (EPZ015666), we showed
that inhibiting PRMTS5 impairs cell proliferation of TNBC cell lines, reduces mammosphere formation, and slows tumor
growth in a TNBC patient-derived xenograft (PDX) mice model.”’ By methylating and stabilizing KLF4 and KLF5,
PRMTS sustains stemness in TNBC, and its inhibition reduces tumor growth in xenograft models derived from TNBC
cell lines.>>~® These data suggest that PRMTS5 could be an attractive therapeutic target for TNBC.**~®

In this study, we used a more potent PRMTS inhibitor, EPZ015938, optimized from EPZ015666, to improve
pharmacokinetic properties, yielding a more drug-like molecule that has been evaluated in a clinical trial.*’** We
assessed its antiproliferative effects on several breast cancer cell lines and non-cancerous breast cells. We evaluated the
therapeutic benefit of combining it with different chemotherapies currently used in the clinic to treat TNBC patients.'*
We also combined EPZ015938 with different FDA-approved inhibitors targeting the HER family members: erlotinib,***!
neratinib (EGFR, HER2, and HER4 inhibitor),** and tucatinib (HER2 inhibitor).** Our results showed that inhibiting
PRMTS in combination with some chemotherapies or with inhibitors targeting the HER family could be a promising
therapeutic strategy to treat subsets of TNBC patients.

Materials and Methods

Cell Culture

The MDA-MB-231 cell line was a kind gift from Dr. Mina Bissell (University of California, Berkeley, CA, USA) and its
use was approved by our institute with the establishment of a material transfer agreement. All other cell lines were
purchased from the American Type Culture Collection (ATCC, LGC Promochem). All cell lines were authenticated by
short tandem repeat profiling in 2021 and tested for mycoplasma by the MycoAlert Mycoplasma Detection Kit (Lonza
Biosciences, Durham, NC, USA). MDA-MB-468, BT474, and T47D cells were cultured in RPMI-1640 GlutaMAX™
(LifeTechnologies) supplemented with 10% (vol/vol) fetal bovine serum (FBS, LifeTechnologies), 100 U/mL penicillin,
and 100 pg/mL streptomycin (P/S, LifeTechnologies). HCC38, HCC70, and HCC1954 cells were cultured in RPMI-1640
GlutaMAX™ supplemented with 10% (vol/vol) FBS, 100 U/mL P/S, 1.5 g/L sodium bicarbonate (LifeTechnologies), 10
mmol/L Hepes (LifeTechnologies), and 1 mmol/L sodium pyruvate (LifeTechnologies). MCF10A cells were cultured in
DMEM-F12 (LifeTechnologies) supplemented with 0.01 mg/mL insulin, 100 ng/mL cholera toxin (Sigma), 500 ng/mL
hydrocortisone (SERB Laboratories), and 20 ng/mL epidermal growth factor (Sigma). MDA-MB-453 and MDA-MB
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-231 cells were cultured in DMEM-F12 (LifeTechnologies) supplemented with 10% FBS and 1% P/S. BT20 and MCF7
cells were cultured in MEM (Sigma-Aldrich) containing 10% FBS, 1% P/S, 1.5 g/L sodium bicarbonate, 0.1 mmol/L
non-essential amino-acids (NEAA, LifeTechnologies) and 1 mmol/L sodium pyruvate. All cell lines were maintained at
37°C with 5% COs,.

Inhibitors

EPZ015938 (PRMTS5 inhibitor; ref: HY-101563), neratinib (HER1/2/4 inhibitor; ref: HY-32721), and tucatinib (HER2
inhibitor; ref: HY-16069) were purchased from MedChemExpress. Erlotinib (EGFR inhibitor; ref: S7786), cisplatin (ref:
S1166), and paclitaxel (ref: S1150) were obtained from Selleckchem. Camptothecin (ref: C9911) and doxorubicin (ref:
D1515) were purchased from Sigma-Aldrich. Cisplatin was resuspended in water and the other inhibitors in DMSO.

Proliferation Assay

To determine the half-maximal inhibitory concentration (ICso) of the PRMTS inhibitor on the eleven breast cell lines,
cells were seeded in 96 well plates and then treated after 48 hours with 0.05% DMSO or 1 uM maximal concentration of
EPZ015938 followed by two-fold serial dilutions. Cell proliferation was then assessed using MTT (M2128-1G, Sigma-
Aldrich, St. Louis, MO, USA), WST-1 (11,644,807,001, Sigma-Aldrich), or CellTiterGlo (G7572, Promega, Madison,
WI, USA) after four doubling times (3—7 days depending on the cell line) (Table S1).

For combination analyses, four TNBC cell lines (BT20, MDA-MB-231, MDA-MB-453, and MDA-MB-468) were
seeded in 96-well plates and treated with vehicle or varying concentrations of inhibitors, either on their own or in
combination. For combinations, the two inhibitors were added simultaneously. Cell proliferation was measured after four
doubling times by MTT or CellTiterGlo assays (Table S1). Inhibitors were used at a maximal concentration of ~2xICsq (or 5
uM if the cell line was resistant to the inhibitor) (Tables S2 and S3), followed by two-fold serial dilutions. Drug interactions
were assessed using the Loewe model and calculated on the Combenefit software.** The combination index (CI) was
calculated using the formula CI = ICCIZ; ICC%’;, where Cax and Cbx are the concentrations of drugs A and B that produce an
effect “x” (such as 50% cell death), and ICax and ICbx are the concentrations of drugs A and B that yield the same effect

[TER 1}

x” when used alone.*” CI = 1 indicates additivity, CI > 1 indicates antagonism and CI < 1 indicates synergism.

Combination experiments were done in triplicates, and a minimum of three independent experiments were performed.

Colony Formation Assay

For colony formation assay (CFA), two TNBC cell lines were seeded at low density in 6-well plates and treated 24 hours
later with vehicle or one single concentration of each drug alone or in combination and incubated until colonies formed
(~9 days for MDA-MB-468 and ~12 days for BT20). For combinations, the two inhibitors were added simultaneously.
As a vehicle, 0.05% DMSO was used for all the combinations except when cisplatin was examined (0.05% DMSO + H,
0). Different doses of inhibitors (cisplatin, EPZ015938, erlotinib, neratinib) were first tested on these cell lines, and
concentrations that decreased colony number to a maximum of 50% were chosen. The colonies were then fixed and
stained with 0.05% Coomassie Brilliant Blue in 50% methanol and 10% acetic acid solution for 20 minutes then rinsed
with ultrapure water. Colonies were imaged using the ChemiDoc MP imager (Bio-rad Laboratories, Hercules, CA, USA)
and quantified by ImageJ 1.43u software.*¢

Western Blotting

Western blotting was performed as previously described*’ with few modifications. The cells were lysed in Laemmli
buffer containing 50 mmol/L Tris pH 6.8, 2% sodium dodecyl sulfate (SDS), 5% glycerol, 2 mmol/L 1.4-dithio-dI-
threitol (DTT), 2.5 mmol/L ethylenediaminetetraacetic acid (EDTA), 2.5 mmol/L ethylene glycol tetraacetic acid
(EGTA), 2 mmol/L sodium orthovanadate, and 10 mmol/L sodium fluoride (Sigma-Aldrich), a cocktail of protease
(Roche) and phosphatase (Thermo Scientific) inhibitors, and then boiled at 100°C for 10 minute. The protein concentra-
tion in each sample was determined with the reducing agent-compatible version of the BCA Protein Assay kit (Thermo
Scientific, 23,227). Equal amounts of total protein (20 pg) were fractionated by SDS-PAGE under reducing conditions
(4-12% TGX gels, Bio-Rad, Marnes la Coquette, France) and blotted onto nitrocellulose membranes (Bio-Rad). The
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membranes were blocked with 5% BSA in TBS containing 0.1% Tween 20 (TBS-T) and hybridized with anti-PRMTS5
(Cell Signaling Technology #79998) or anti-actin (Sigma-Aldrich #A5441) antibodies overnight at 4°C. Membranes were
washed in TBS-T and then hybridized with the secondary antibody for 1 hour at room temperature. Antibodies were
diluted in TBS-T containing 5% BSA. The membranes were washed with TBS-T, and immune complexes were revealed
by enhanced chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate, Thermo Scientific) and imaged
using a ChemiDoc™ XRS+ System (Bio-Rad Laboratories, Inc.).

Transcriptomic Microarray

Total RNA was purified with miRNeasy kit from Qiagen (Qiagen, Courtaboeuf, France) according to the supplier
recommendations. A quality control of total RNA was carried out with a Nanodrop ND1000 spectrophotometer (Thermo
Fisher) to monitor the concentration and purity of samples, and integrity of total RNA was controlled using RNA6000
Lab-on-a-chip with a Bioanalyzer (Agilent Technologies) as described.*® Samples were then hybridized with the
GeneChip Human Exon 1.0 ST arrays (Affymetrix) following the manufacturer’s instructions. Data quality control
was performed using Affymetrix Expression Console. The data were analyzed as described elsewhere.*®

Statistical Analysis
GraphPad Prism 8.4.3 was used for statistical analysis. Data are presented as mean + standard deviation (SD) and
p-values were calculated using the Student’s #-test. P<0.05 was considered statistically significant.

Results
Breast Cancer Cell Lines Show Distinct Sensitivity to PRMT5 Inhibition

We treated ten breast cancer cell lines from the different breast cancer subgroups (six TNBC, two HER2-positive, and two
luminal) and one non-cancerous breast cell line with nanomolar concentrations (3.9 nM — 1000 nM) of EPZ015938 (Table S2).
To take into account the well-established TNBC inter-tumoral heterogeneity,'""'? cell lines representing different TNBC
subtypes were tested (Table S2). Among the TNBC cell lines, HCC38 cells were the most sensitive (IC5o=21.9 nM £ 8.7 nM)
to PRMTS inhibition, followed by MDA-MB-453 (IC5y = 109.4 nM + 13.4 nM) and MDA-MB-468 (ICs5o=319.3 nM £ 226.2
nM) cells (Figure 1 and Table S2). The three other TNBC cell lines (BT20, HCC70, and MDA-MB-231) were resistant to
PRMTS inhibition as the treatment did not permit the calculation of an ICs, (Figure 1 and Table S2). EPZ015938 also impaired
the proliferation of the two luminal cell lines T47D (ICso = 303.9 nM = 244.8 nM) and MCF7 (ICso = 191.5 nM + 47 nM)
(Figure 1 and Table S2). Out of the two HER2-positive cell lines, HCC1954 (IC5¢ = 54.2 nM + 19.4 nM) was more sensitive to
PRMTS inhibition than BT474 (ICsq = 625.5 nM £ 217.6 nM) (Figure 1 and Table S2). Importantly, EPZ015938 was less
effective in inhibiting the proliferation of the non-cancerous cell line MCF10A (ICsy = 722.8 nM + 122 nM) compared to the
sensitive breast cancer cell lines (Figure 1 and Table S2). These results show that the cells respond differently to PRMTS5
inhibition, and this is independent of the PRMTS expression level (Supplementary Figure 1).

PRMTS Inhibition Synergizes with Cisplatin, Doxorubicin, and Camptothecin, but Not
with Paclitaxel, to Impair TNBC Cell Proliferation

Drug combinations have gained increasing interest as a means to overcome resistance, increase treatment efficacy, and
reduce relapse, all representing concerns in TNBC management. Therefore, we tested the antiproliferative effects of
inhibiting PRMTS5 in combination with different chemotherapies used in the clinics to treat TNBC patients.'* The drug
combinations were assessed in four TNBC cell lines: two sensitive (MDA-MB-453 and MDA-MB-468) and two resistant
(BT20 and MDA-MB-231) to PRMTS inhibition with EPZ015938 (Figure 1 and Table S2). Cells were treated with
varying concentrations of both drugs starting with a dose corresponding to ~2xICs, for sensitive cells and to 5 pM for
resistant cells, then viability was quantified after four mitotic cycles. To assess the nature of drug interactions (synergy,
additivity, antagonism), we employed the widely used Loewe additivity model which assumes there is no interaction

when a compound is combined with itself.**>

788 https: Breast Cancer: Targets and Therapy 2023:15

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove Dakroub et al

BT20

HCC70
MDA-MB-231
HCC38
MDA-MB-468
MDA-MB-453
HCC1954
BT474

MCF7

T47D
MCF10A

100

3 o
LR

Cell proliferation (% vs DMSO)
N
(3}

0 T T L]
1 10 100 1000

[PRMTS5i] nM (log10)

Figure | Evaluation of the sensitivity of various breast cell lines to PRMTS5 inhibition (EPZ015938). Six TNBC (red), two HER2-positive (blue), two luminal (green) breast
cancer cell lines, and one non-tumorigenic breast cell line (black) were treated with nanomolar doses (3.9 nM — 1000 nM) of EPZ015938 (PRMT5i). Cell proliferation was
determined after four mitotic cycles. The percentage of viable cells was normalized to DMSO-treated cells. The mean of at least three independent experiments is presented
for each cell line (error bars are not shown to better visualize the different cell lines but ICsq + SD are indicated in Table S2).

PRMTS inhibition acted synergistically with cisplatin to inhibit the proliferation of BT20, MDA-MB-453 and MDA-
MB-468 (Figure 2A) cells; additivity was observed in MDA-MB-231 cells (Supplementary Figure 2). The highest
synergy scores (>30) and lowest CI values were obtained in BT20 and MDA-MB-468 cells, and importantly, at doses
lower than the ICs( for both PRMTS inhibitor and cisplatin in MDA-MB-468 cells. Remarkably, synergy was observed at
low doses (125-250 nM) of EPZ015938 in BT20 cells (Figure 2A), a cell line resistant to PRMTS5 inhibition alone
(Figure 1). Next, we examined whether the EPZ015938 plus cisplatin combination affected the ability of TNBC cell lines
to form colonies. At the tested doses, the EPZ015938 plus cisplatin combination decreased the colony number by 63.7%
+ 1.9% in BT20 (Figure 2B) and 77.8% =+ 3.9% in MDA-MB-468 (Figure 2C) cells. This reduction is more pronounced
compared to cisplatin alone in BT20 (20.4% + 2.7%) and in MDA-MB-468 (35.4% + 2.1%) or compared to EPZ015938
alone in BT20 (46.7% £ 2.9%) and in MDA-MB-468 (45.6% + 8.8%) cells (Figure 2B and C). These results suggest that
targeting TNBC with PRMTS inhibitors in combination with cisplatin may offer a promising therapeutic option by using

lower doses of each drug, hence potentially lowering toxicity in patients.

Moreover, we found that doxorubicin synergized with PRMTS inhibition to impair cell proliferation in BT20 and MDA-
MB-453 cell lines (Figure 3A); additivity was observed in MDA-MB-468 (Figure 3A) cells and weak antagonism in MDA-
MB-231 cells (Supplementary Figure 2). Camptothecin synergized with PRMT? inhibition in BT20 and MDA-MB-468 cell
lines (Figure 3B); additivity was observed in MDA-MB-453 (Figure 3B) and weak antagonism in MDA-MB-231
(Supplementary Figure 2). The paclitaxel/EPZ015938 combination had an additive effect on all the tested cell lines except

on MDA-MB-453 cells in which the drug combination exhibited antagonism (Supplementary Figures 2 and 3). These results

showed that a particular drug combination could show synergy, additivity, or antagonism depending on the TNBC cell line.

Taken together, analyzing the effects on cell viability of PRMTS inhibition combined with different clinically relevant
chemotherapies to treat TNBC patients revealed that (i) there is a heterogeneity of response to a particular combination
between TNBC cell lines, (ii) the most effective synergistic interaction was obtained with cisplatin, and (iii) the response
of a cell line to a particular combination is independent of its sensitivity to PRMTS5 inhibitor when used alone.

Breast Cancer: Targets and Therapy 2023:15 https: 789

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com/get_supplementary_file.php?f=430513.pdf
https://www.dovepress.com
https://www.dovepress.com

Dakroub et al Dove

A BT20 MDA-MB-468 MDA-MB-453

1000 nM 400 nM 2000 nM

3 |4 |4 [1 |9 3
2
2 |8 (11 |7 \14’ @
1 -1 3 "
— — |2 [& |11 [13 €
n 7] n k2]
= = E 5
s s s L 4 7 1" S
e E E 0 1 1 1 5 6 g
5000 nM [ & 700 nM 200 nM <
600 50
= s =
c c c
2 £ 300 £ 25
= = =
[ 72 [
& a oy
01 : - 0 . .
0 100 200 0 1000 2000

cisplatin IC;, (nM) cisplatin ICg, (nM)

*kk
B BT20 " -

= KKK K
8 kkk
0 100+ ol
=
a
2 754
X
& 50
)
g
c 254
>

DMSO + H,0 [cisplatin] 150 nM [PRMT5i] 50 nM combo g
5 0"
(8] DMSO+ cisplatin PRMT5i combo

H,0
*
= | —
C MDA-MB-468 Q —

T I
+ Fkokk
o *
0 1004 |
3 —
2 754
X
o 501
)
£
2 254

DMSO + H,0 [cisplatin] 60 nM [PRMT5i] 35 nM g
s O
o

DMSO+ cisplatin PRMTS5i combo
H,0

Figure 2 Effect of the inhibition of PRMT5 in combination with cisplatin on the proliferation (A) and colony formation (B and C) of TNBC cell lines. (A) BT20, MDA-MB
-468, and MDA-MB-453 TNBC cells were seeded in 96-well plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or cisplatin, then cell proliferation
was measured after four mitotic cycles (7 days). The percentage of viable cells was normalized to (DMSO + H,O)-treated cells. Each drug was used at a maximal
concentration of 2xICsq for sensitive cell lines (5 pM maximum for resistant cells), followed by two-fold serial dilutions. The nature of drug interaction between EPZ015938
and cisplatin was assessed using the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom panel) for each cell line are
shown. Isobolograms represent the ICsq (BT20, MDA-MB-468) or ICq (MDA-MB-453) of cisplatin (X-axis) obtained at various EPZ015938 concentrations (Y-axis). Cl were
calculated at the different EPZ015938 concentrations used and are shown on the isobolograms. Data are representative of at least three independent experiments. (B and
C) BT20 (B) and MDA-MB-468 (C) cells were seeded at low densities and then treated with DMSO + H,O, EPZ015938 (PRMT5i), cisplatin, or a combination (combo) of
the two drugs. The colony number was quantified using Image] software. An image for each condition is shown and is representative of three independent experiments.
Quantification of colony number is expressed as a percentage relative to (DMSO + H,O)-treated cells and represented as the mean * SD from at least three independent
experiments (right panels). P values were calculated using a Student’s t-test and presented as: *p<0.05, *p<0.01, **p<0.001, ***¥p<0.0001.
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Figure 3 Effect of the inhibition of PRMT5 in combination with doxorubicin (A) or camptothecin (B) on TNBC cell proliferation. BT20, MDA-MB-468, and MDA-MB-453
TNBC cells were seeded in 96-well plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or doxorubicin (A) or camptothecin (B), then cell
proliferation was measured after four mitotic cycles (7 days). The percentage of viable cells was normalized to DMSO-treated cells. Each drug was used at a maximal
concentration of 2xICs for sensitive cell lines (5 pM maximum for resistant cells), followed by two-fold serial dilutions. The nature of drug interaction between EPZ015938
and doxorubicin (A) or camptothecin (B) was assessed using the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom
panel) for each cell line are shown. Isobolograms represent the ICso of doxorubicin (A) or camptothecin (B) (X-axis) obtained at various EPZ015938 concentrations
(Y-axis). Cl were calculated at the different EPZ015938 concentrations used and are shown on the isobolograms. Data are representative of at least three independent

experiments.

PRMTY5 Inhibition Synergizes with Inhibitors Targeting HER Family Members to Impair
the Proliferation of TNBC Cells

As more than half of TNBC tumors overexpress EGFR and approximately a third of TNBC are classified as HER2-low
breast cancers, we tested the combination between EPZ015938 and FDA-approved inhibitors that target different HER
family members (EGFR/HER1, HER2, and HER4). We performed the analyses in the same four TNBC cell lines used
for the combination with chemotherapies. Among them, MDA-MB-468 and BT20 express high levels of EGFR
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(Supplementary Figure 4). MDA-MB-453 expresses AR as well as higher levels of HER2 (with no HER2 amplification)
compared to other TNBC cell lines® ! (Supplementary Figure 4) and could be considered as a HER2-low breast cancer

cell line.

Erlotinib synergized with EPZ015938 in the two EGFR-high expressing cell lines, BT20 and MDA-MB-468, to
impair their proliferation (Figure 4A). BT20 cells were the most responsive to the combination with synergistic scores
reaching 36 (Figure 4A). This combination was additive in MDA-MB-453 cells (Figure 4A) and varied between
additivity or weak antagonism in MDA-MB-231 cells (Supplementary Figure 2). The erlotinib/EPZ015938 combination
also significantly decreased the ability of BT20 and MDA-MB-468 cells to form colonies by 62.2% =+ 3.7% and 69.4% +
13.4%, respectively (Figure 4B and C), compared to an 8.7% = 0.2% (BT20) and 25.1% + 6.7% (MDA-MB-468)
reduction caused by erlotinib treatment alone and a 49.9% = 3.2% (BT20) and 40.5% =+ 9.7% (MDA-MB-468) reduction
by EPZ015938 treatment alone (Figure 4B and C).

Neratinib synergized with EPZ015938 to impair the proliferation of both MDA-MB-468 and BT20 cells (Figure 5)
expressing high EGFR levels (Supplementary Figure 4) and in MDA-MB-453 cells (Figure 5) which express HER2
(Supplementary Figure 4). The highest synergistic scores (> 30) were observed at low PRMTS5 doses (~ 25-50 nM) in
MDA-MB-453 cells (Figure 5). Of note, the highest synergistic scores in BT20 cells were obtained at the lowest
concentrations of both neratinib (120 nM) and PRMT? inhibitor (150 nM) (Figure 5). Compared to the drugs used alone,
the neratinib/EPZ015938 combination did not further reduce the colony number in BT20 (Supplementary Figure 5).

Although not significant, this combination tended to decrease colony formation in MDA-MB-468 cells compared to
EPZ015938 alone (Supplementary Figure 5).

We then tested the combination between EPZ015938 and tucatinib or neratinib on the HER2-positive breast cancer
cell line HCC1954 and found synergistic interactions between EPZ015938 and both inhibitors (Figure 5). The tucatinib/
EPZ015938 combination also yielded a synergistic effect in reducing MDA-MB-453 cell proliferation (Figure 5).

Altogether, our data highlight the potential of targeting PRMTS in combination with inhibitors targeting the HER
family members in EGFR-high TNBC, HER2-low breast cancer (LAR-TNBC), and HER2-positive breast cancer.

Discussion
TNBC is the most aggressive breast cancer subgroup associated with a high relapse rate and metastatic potential.

Although a few targeted therapies have recently been approved for subsets of TNBC patients,'> '®

chemotherapies
remain the main treatment option for these patients.'* Due to their high expression in several cancer types, PRMTs have
emerged as attractive therapeutic targets and PRMT inhibitors have been developed.’” More specifically, different
PRMTS inhibitors have been characterized and several are currently under evaluation in Phase I clinical trials.>” High
levels of PRMTS5 are associated with poor prognosis in TNBC?****23 and PRMTS5 inhibition impairs tumor growth in
a TNBC PDX model® and xenograft models derived from TNBC cell lines.>>* TNBC patients may therefore benefit
from a treatment targeting PRMTS.

As expected, similar to EPZ015666,% we found a heterogeneity of response to EPZ015938 in breast cancer cell lines
(Table S2). Importantly, the cell lines that were sensitive to EPZ015938 were also sensitive to EPZ015666, but with
a ~10-fold lower ICsq (Table S2). Among the six TNBC cell lines examined, only the two BL1-TNBC (HCC38 and
MDA-MB-468) and the LAR-TNBC (MDA-MB-453) cell lines were sensitive to both EPZ015938 and EPZ015666
(Table S2). To generalize whether BL1- and LAR-TNBC subtypes are the most sensitive to PRMTS inhibition remains to
be examined by analyzing additional TNBC cell lines. Previous studies also found that MDA-MB-468, MDA-MB-453,
MCF7, and T47D cells were sensitive to EPZ015938, whereas HCC70 (BL2-TNBC), MDA-MB-231 (M-TNBC), BT549
(M-TNBC), Hs578T (M-TNBC) and MCF10A cells were resistant.’>>* The heterogeneity of response to EPZ015938 is
not restricted to breast cancer cell lines but to cell lines of different cancer types.>® The variable sensitivity of breast
cancer cell lines to PRMTS inhibition was also highlighted using GSK3203591 (later called GSK591),>* another PRMT5
inhibitor also optimized from EPZ015666.*° Understanding the reasons why some cell lines are sensitive and others
resistant to PRMTS inhibition would help to identify biomarkers of response, which then could aid in stratifying patients
who could benefit from a treatment targeting PRMTS.
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Figure 4 Effect of PRMT5i/erlotinib combination on the proliferation (A) and colony formation (B and C) of TNBC cell lines. (A) BT20, MDA-MB-453, and MDA-MB-468
cells were seeded in 96-well plates and treated with varying concentrations of EPZ015938 (PRMTS5i) and/or erlotinib, then cell proliferation was measured after four mitotic
cycles (7 days). The percentage of viable cells was normalized to DMSO-treated cells. Cells were treated with a 5 yM maximal concentration of erlotinib, and EPZ015938
was used at a maximal concentration of 2xICsq for sensitive cell lines (5 pM for resistant cells). Both drugs were then two-fold serially diluted. The nature of drug interaction
between EPZ015938 and erlotinib was assessed using the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom panel) for
each cell line are shown. Isobolograms represent the ICsq of erlotinib (X-axis) obtained at various EPZ015938 concentrations (Y-axis). Cl were calculated at the different
EPZ015938 concentrations used and are shown on the isobolograms. Isobologram for MDA-MB-453 cells (A) was not plotted as erlotinib alone did not impair cell viability
by more than 20% and is indicated as NA (not applicable). Data are representative of at least three independent experiments. (B and C) BT20 (B) and MDA-MB-468 (C)
cells were seeded at low densities and then treated with DMSO, EPZ015938 (PRMT5i), erlotinib, or a combination (combo) of the two inhibitors. Colonies were quantified
using Image] software. An image for each condition is shown and is representative of three independent experiments (left panel). Quantification of colony number is
expressed as a percentage relative to DMSO-treated cells and represented as mean * SD of three independent experiments (right panel). P values were calculated using
a Student’s t-test and presented as: *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001.
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Figure 5 Effect of PRMT5/neratinib and PRMT5/tucatinib combinations on the proliferation of TNBC and HER2-positive breast cancer cell lines. BT20, MDA-MB-468, MDA-
MB-453, and HCC1954 cells were seeded in 96-well plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or neratinib or tucatinib as indicated, then
cell proliferation was measured after four mitotic cycles (7 days). The percentage of viable cells was normalized to DMSO-treated cells. Each drug was used at a maximal
concentration of 2xICsq for sensitive cell lines (5 pM maximum for resistant cells), followed by two-fold serial dilutions. The nature of drug interaction between EPZ015938
and neratinib or tucatinib was assessed using the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom panel) for each cell
line are shown. Isobolograms represent the 1Csq (BT20, MDA-MB-453, and HCC1954) or IC65 (MDA-MB-468) of neratinib or the ICsq of tucatinib (X-axis) obtained at
various EPZ015938 concentrations (Y-axis). Cl were calculated at the different EPZ015938 concentrations used and are shown on the isobolograms. Data are representative
of at least three independent experiments.

In this study, we assessed in four TNBC cell lines (two sensitive and two resistant to EPZ015938) whether there is
a benefit of combining EPZ015938 with different chemotherapies currently given in the clinic to treat TNBC patients. We
observed a heterogenous response to the different combinations among the cell lines. Synergy was observed with the
EPZ015938/doxorubicin combination in BT20 and MDA-MB-453 cells, and with the EPZ015938/camptothecin combi-
nation in BT20 and MDA-MB-468 cells. Our results show that synergy can be observed in the BT20 cell line which is
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resistant to EPZ015938. In contrast, we did not find synergy when the PRMTS inhibitor was combined with paclitaxel.
Nevertheless, a previous study has reported a synergistic interaction between EPZ015666 and paclitaxel in MDA-MB
2231 cells.>

The most striking result was observed when EPZ015938 was combined with cisplatin, with synergy seen in three out
of the four TNBC cell lines. The highest synergy scores (>30) were reached in BT20 (resistant to EPZ015938) and in
MDA-MB-468 (sensitive to EPZ015938) cells, importantly, at low doses of the drugs. Being resistant to PRMT5
inhibition alone does not predict that a cell line will not respond to the combination treatment. Our findings are in
agreement with a study reporting that PRMTS inhibition (EPZ015938) sensitizes breast cancer cells to cisplatin, even in
BT549 cells that were resistant to PRMTS5 inhibition alone.’” Altogether, these results imply that therapeutic strategies
combining PRMTS inhibition with cisplatin could be useful for a larger number of TNBC patients, regardless of their
response to PRMTS5 inhibition used as a monotherapy. Combining cisplatin and a PRMT?5 inhibitor, at low doses, may
reduce toxicity and achieve better clinical outcomes. Cisplatin also sensitizes TNBC>* and ovarian cancer™ cells to
PRMT1 inhibitors. In the ovarian cancer study, it was shown that cisplatin treatment induces DNA-PK-dependent
phosphorylation of PRMT1, leading to the methylation of histone H4 and the activation of genes involved in the
senescence-associated secretory phenotype (SASP), protecting cells from apoptosis.”> Whether a similar PRMTI-
dependent mechanism occurs in cisplatin-treated TNBC cells has not yet been reported. Moreover, whether cisplatin
induces the expression of SASP genes in a PRMT5-dependent manner remains to be explored.

Although more than half of the TNBC patients overexpress EGFR, targeting EGFR as monotherapy in TNBC patients
did not achieve the expected results.”’>*' The screening of an FDA-approved drug library permitted us to uncover
a synergistic interaction between the first described PRMTS inhibitor (EPZ015666) and erlotinib in several TNBC cell
lines.”* Here, to be more clinically relevant, we wanted to confirm these results with EPZ015938, a more drug-like
PRMTS5 inhibitor already being evaluated in clinical trials.>” As expected, we found that EPZ015938 synergizes with
erlotinib in the two TNBC cell lines expressing high levels of EGFR (MDA-MB-468 and BT20). We further show that
inhibiting PRMTS activity sensitizes these two cell lines to erlotinib to reduce their ability to form colonies. Next, we
wanted to strengthen these findings by assessing the combination between EPZ015938 and neratinib, an EGFR/HER2/
HER4 inhibitor. We found that EPZ015938 also acts in synergy with neratinib in BT20 and MDA-MB-468 cell lines.
Importantly, synergy with both neratinib and erlotinib was observed at low doses of EPZ015938, avoiding potential
undesirable effects. Synergy with EGFR inhibitors was observed in BT20 cells which are resistant to PRMTS inhibition
alone. Together, these results suggest that combining a PRMTS inhibitor with erlotinib or neratinib could be beneficial for
TNBC patients expressing high levels of EGFR and/or having an activated EGFR signaling pathway. We also reported
that PRMT1 inhibition synergized with erlotinib in MDA-MB-468 cells.>® The molecular mechanisms underlying the
synergistic interaction between EGFR and PRMT inhibitors remain to be understood. Nevertheless, previous studies have
reported a relationship between PRMTs and EGFR. Indeed, PRMT1 controls the expression of EGFR, and EGFR is
methylated by PRMT1 and PRMTS5 affecting downstream signaling pathways.**>°°! PRMT5 methylates and activates
AKT,’*%% a downstream effector of EGFR. Moreover, AKT inhibition sensitizes breast cancer cells (luminal and TNBC)
to PRMTS inhibition.’* AKT can be activated by different signaling pathways, not only by EGFR, which could explain
the synergy observed when combining EGFR and PRMTS inhibitors.

The evaluation in a clinical trial of an antibody-drug conjugate (ADC) targeting HER2 coupled to a topoisomerase
I inhibitor (Trastuzumab-deruxtecan) revealed a therapeutic benefit not only in HER2-positive but also in HER2-low
breast cancers (all breast cancer subgroups including TNBC).®® This ADC has recently been FDA-approved for HER2-
low breast cancer patients, independently of the expression of hormone receptors.®* Interestingly, being HER2-low
positively correlates with AR expression in TNBC and luminal breast cancer.’ We found that EPZ015938 synergizes with
neratinib and tucatinib in MDA-MB-453, a LAR-TNBC cell line, and in HCC1954, a HER2-positive breast cancer cell
line. High synergistic scores were obtained at low doses of the PRMTS inhibitor (~10-20 nM) in MDA-MB-453 cells.
These results uncover for the first time the therapeutic potential of combining PRMTS and HER2 inhibitors in HER2-low
and HER2-positive breast cancers.

Combination strategies with PRMTS5 inhibition appear to be promising therapeutic approaches with high translational
impact. Indeed, other laboratories have also shown that PRMTS5 inhibition sensitizes cancer cells to targeted therapies:
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anti-PDL1 in lung cancer,’” ATR inhibitor in mantle cell lymphoma (MCL),*® CDK4/6 inhibitors in MCL®® and
melanoma,®” EZH2 inhibitor in colorectal cancer,’® type I PRMT inhibitors in pancreatic cancer® and in acute myeloid
leukemia (AML),”” mTOR inhibitor in glioblastoma,”' spliceosome inhibitor in AML,”® TGF-B inhibitor in pancreatic
cancer,”> ULK1 inhibitor in M-TNBC cell lines,”> and PARP inhibitors in ovarian and breast cancer.”’ In addition,
PRMTS inhibition in combination with gemcitabine leads to synthetic lethality in pancreatic cancer.”*

Conclusion

Our study highlights the benefit of targeting PRMTS in combination with some chemotherapies and with inhibitors
targeting the HER family members. The most promising combinations with PRMTS inhibition were obtained with (i)
cisplatin in TNBC cells, (ii) EGFR inhibition in EGFR-high TNBC cells, and (iii) HER2 inhibition in HER2-low breast
cancer (MDA-MB-453) and in HER2-positive breast cancer cells. In future studies, we will further evaluate the
combination of inhibitors targeting PRMT5 with HER family members in additional cell lines, to strengthen our findings.
These studies may identify EGFR and HER2 as biomarkers of response to these drug combinations, aiding in the
stratification of patients who will most likely respond to the treatment. To translate these in vitro results to preclinical
studies, we will assess the therapeutic advantage of the most promising combinations on tumor growth in various TNBC
PDX models, chosen based on the expression of the appropriate biomarker of response.
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