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ABSTRACT

KS10076, metal chelator, enhances radiation sensitivity via

ROS-mediated ER stress pathway in triple-negative breast cancer

Danbi Yu

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Sang Joon Shin)

Among breast cancer, the most aggressive and deadly triple-negative breast
cancer (TNBC) is known to be resistant to radiation therapy (RT), and many
studies have reported that the STAT3 protein is involved in its resistance.
However, the mechanisms underlying the development of resistance to therapy
are not fully understood. In this study, for the first time, radioresistance was
investigated in breast cancer cells as an examining the crosstalk between the
activation of STAT3 and ER stress. As a result, we discovered that TNBC cells
with high expression of pSTAT3 did not induce ER stress due to the lack of
ROS generated by radiation alone. On the other hand, non-TNBC cells with low
expression of pSTAT3 induced ER stress via increasing ROS levels.
Furthermore, combined treatment of KS10076, a metal chelator, and radiation
remarkably caused ER stress via the inhibition of pSTAT3 expression and the
generation of ROS in TNBC cells, which eventually resulted in hyperactivation
of apoptosis and autophagy. These results demonstrated that KS10076 reverses

radiation resistance the elevation of ROS-mediated ER stress. Taken together,



our findings reveal mechanisms mediating radiation resistance and provide a
KS10076 combinatorial strategy to overcome radiation resistance in TNBC
cells.

Key words: TNBC, STATS3, radiation, ROS, metal chelator, ER stress



KS10076, metal chelator, enhances radiation sensitivity via

ROS-mediated ER stress pathway in triple-negative breast cancer.

Danbi Yu

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Sang Joon Shin)

I. INTRODUCTION

Triple-negative breast cancer (TNBC) is the most aggressive subtype among
breast cancer (BC) and accounts for 70% of BC-related mortality!. However,
TNBC is insensitive to hormone nor HER2-targeted therapy due to a lack of
estrogen or progesterone receptors as well as HER2 protein?. Nevertheless,
there is no targeted therapy used in the clinic for TNBC treatment®4.
Radiotherapy (RT) can be used to treat all stages of breast cancer (BC) and an
effective way after mastectomy, but TNBC patients are more likely to acquire
radioresistance>®. Accordingly, radiation treatment can have detrimental effects
on a TNBC patients through a higher recurrence rate, and a poor response to
subsequent treatments after RT compared to other BC patients. So far,
mechanisms involved in TNBC radioresistance remain poorly understood and
there is unknown clinically effective radiation-sensitizer for the treatment of
TNBC patients. On this front, elucidating the mechanism of TNBC
radioresistance and discovering potential drugs that can improve the
radiosensitivity of TNBC has significant clinical value.

Signal transducer and activator 3 (STAT3) is a transcription factor that
activates downstream genes involved in various processes, such as cell

proliferation, survival, and metastasis in cancer cells. Importantly, STAT3



frequently activated oncogene in TNBC and plays a critical role in TNBC
progression’®. Previous studies have attributed the cause of radioresistance to
the continuous activation of the STAT3 pathway in TNBC cells leading to the
blockage of ROS and the activation of Survivin, an anti-apoptotic protein®!2, In
this way, activation of STAT3 plays a key role in radioresistance, and thus,
pSTAT3 was deemed an attractive therapeutic target for enhancing

radiosensitivity.

Accumulating evidence indicates that radiation interacts with water molecules
to form oxonium ions and a free radical**4. These highly active molecules then
react form hydroxyl radical or other ROS species. On the other hands, our
previous study reported that KS10076, a metal chelator, interacted with iron or
on cancer cells®2, KS10076 disrupted redox-active iron complexes resulting in
the generation of ROS and the subsequent degradation of STAT3. As the
mechanism of ROS generation by radiation and KS10076 is distinct, we
hypothesized that combination therapy could significantly enhance ROS levels

to overcome radioresistance.

In this study, we first examined radiation sensitivity between TNBC and
non-TNBC cells, then observed that TNBC cells have lower radiosensitivity
than non-TNBC cells. A recent study demonstrated that STAT3 is highly
activated in TNBC cells suggesting that STAT3 promote radioresistance in
TNBC cells'®*2, However, the role of STAT3 and its mechanism of resistance
associated with cell death in TNBC remain fully unknown. Thus, we elucidated
the mechanisms underlying how STAT3 regulated radioresistance through the
ROS-mediated ER stress in TNBC cells. Hence, we demonstrated a novel
therapeutic strategy to induce ER stress in TNBC cells.



I1. Materials and methods

1. Cell culture studies.

Human breast MDA-MDA-231, HCC-1937, MDA-MB-453, SK-BR-3 and
MCEF-7 cells were purchased from Korean Cell Line Bank (Seoul, South Korea)
and MDA-MB-468 cells was purchased from ATCC (Manassas, USA).
MDA-MDA-231, HCC-1937, MDA-MB-453, SK-BR-3 and MCF-7 cells were
maintained in RPMI Medium (Lonza, Basel, Switzerland) while MDA-MB-468
was maintained in DMEM (Lonza, Basel, Switzerland) supplemented with 10%
fetal bovine serum, 100 1U/mL penicillin and 100 ug/mL in a 37°C incubator
containing 5% CO..

2. Cell viability assay

A CCK-8 kit (Dojindo, Kumamoto, Japan) was used to evaluate the cell
viability, according to the manufacturer’s instructions. The cells were incubated
into 96-well plates. After the cells adhered to the walls of the culture plate,
Dp44mT (Sigma, Missouri, USA) or KS10076 or radiation were added to each
well for 48 h, then the CCK-8 reagent was added into 96-well plates (10
pL/well) and incubated at 37°C for 3-4 h. The absorbance was measured at 450
nm wavelength. 1Cso values were calculated using GraphPad Software (San
Diego, CA, USA). KS10076 was provided from Korea Research Institute of
Chemical Technology (KRICT) (Daejeon, South Korea) and was diluted in
DMSO.

3. Western blot

Total cell lysate was lysed radioimmunoprecipitation assay (RPPA,
ELPIS-BIOTECH, Daejeon, South Korea) buffer containing phosphatase and
protease inhibitors. Protein concentration was detected by bovine serum

albumin (BSA) standard concentration. Equal amounts of protein lysate were



loaded onto 96 well plate and then transferred onto polyvinylidene fluoride
(PVDF) membrane. After blocking with 1% BSA in Tris buffered saline (TBS)
containing 0.1% Tween-20, the membranes were incubated overnight at 4 °C
with the following primary antibodies from Cell Signaling (Massachusetts,
Danvers, USA): pSTAT3(Y705) (#9145), STAT3 (#9139), Survivin (#2808),
XIAP (#2042), PERK (#3192), pelF2a (#9721), ATF4(#11815), CHOP (#2895)
and antibodies from santa cruz biotechnology (Dallas, Texas, USA): B-actin
(sc-47778), GAPDH (sc-32233). After washing with TBS containing 0.1%
Tween-20, blots were incubated with horseradish peroxidase (HRP)-conjugated
anti-mouse and anti—rabbit secondary antibodies (Thermo Scientific, Waltham,
Massachusetts, USA). Blots were developed wusing the enhanced
chemiluminescence (ECL) system (ECL Plus; Thermo Scientific, USA). The
intensity of the bands was quantified with graphpad software. MitoQ was
purchased from MedchemExpress (MCE, New Jersey, USA) and was diluted in
DMSO. To assess mitochondrial ROS scavenge, cells were pre-treated for 1 h
with 1 uM MitoQ (MCE, USA).

4. Flow cytometry assay

Cells were detected by flow cytometry with DCFDA or Mito-SOX solution
using BD FACS LSR Il SORP system (Becton Dickinson, Franklin Lakes, NJ,
USA). For evaluation of apoptosis, cells were labeled with the PE Annexin V
Apoptosis Detection Kit (Thermo Scientific, USA) following the
manufacturer’s protocol. Briefly, cells were pelleted and resuspended in binding
buffer and incubated for 15 min at room temperature. For DCFDA fluorescence,
cells were labeled with the DCFDA Cellular ROS detection assay kit (Thermo
Scientific, USA) as instructed by the manufacturer’s protocol. Briefly, cells
were stained with 3 uM DCFDA for 30 min at 37 °C in the dark. For Mito-SOX
fluorescence, cells were labeled with Mito-SOX Red mitochondrial superoxide

indicator (Thermo Scientific, USA) in 5 uM concentration for 30 min at 37 °C



in the dark. After incubation, cells were washed with PBS two times and
analyzed on FACS.

5. Colony formation assay

For colony formation, cells were seeded and cultured with appropriate
medium for 2 weeks. After being fixed with 100% methanol for 10 min and
stained with crystal violet for 70 min, the number of colonies was calculated
with Image J software (NIH, USA).

6. Transfection assay

MCF-7 cells were transfected STAT3 plasmid (Korea Human Gene Bank,
Daejeon, South Korea) using Lipofectamine 2000 (Thermo Scientific, USA)
following the manufacturer’s instructions. To knock down ATF4, cells were
cultured at 60-70% confluence and transfected for 48 h with SiATF4 using
RNAIMAX (Thermo Scientific, USA) according to manufacturer’s protocols.
Cells were treated with KS10076 or radiation at 48 h after transfection. SIRNA
synthesized in IDT (Integrated DNA Technologies, New Jersey, USA)

7. Immunoflourescence assays

Cells were fixed with 4% paraformaldehyde in PBS (pH = 7.4) for 15 min at
room temperature. After washing three times with PBS-T, the cells were
permeabilized with 0.1% Triton-X100 (Sigma, USA) for 15 min. After the wash
with PBS-T, the cells were incubated with blocking solution (3% BSA) for 30
min and primary antibody for LC3B (Novus Biologicals, NB100-2220)
overnight 4°C. After three 5 min washing in PBS-T, cells were incubated with
secondary antibodies (1:1000) and DAPI (500nM) for 1 h at 25 °C and washed
again twice with PBS-T washes for 10 min. The samples with 3 biological
replicates were imaged using Operetta CLS instrument (PerkinElmer, Waltham,

Massachusetts, USA) at 6 fields randomly selected.



8. Animal models and radiation exposure

Nude mice (female, 6 weeks old) were obtained from Orient Bio Inc
(Seongnam-si, South Korea) and were housed in pressurized, ventilated cages
with standard rodent chow, water, and a 12 h light/dark cycle. After the

adaptation period, xenografts were implanted by subcutaneous injection into the

fat pad of mice with 0.2 mL of MDA-MB-231 cell suspensions (1.5 x 10’

cells/mL) in Matrigel / PBS (1:1) mixture. Mice with tumor volume of 300 mm?3
with no abnormality in general health were selected and distributed in to vehicle
controls and experimental groups randomly. Mice were treated with radiation 6
Gy (X-Rad, Precision, North Branford, CT, USA) or KS10076 (12.5 mpk) (2
days/week) or combination. All animal experiments were conducted according
to the guidelines of the Institutional Animal Care and Use Committee. Results
were determined beginning 15 days after irradiation. Tumor volume and body
weight were measured every 3 days according to the following formula: Tumor
volume = Length (mm) x Width? (mm?) x 1/2. At the end of the experiment,
tumors were removed, photographed, and processed for western blot analyses.
Cells were further treated with 4 Gy radiation (Gammacell Low dose-rate research
irradiator, MDS Nordion, Canada).

9. Quantification and statistical analysis

Statistical analyses were conducted using specific statistical tests as indicated
in the figure legends using GraphPad 5.01 software for each experiment. All
experiments were repeated at least three times, and data are presented as the
mean * standard error of the mean as indicated in the figure legends. Statistical
analysis was performed using two-tailed Student’s t-test, One-way ANOVA
(Tukey's) were used to compare differences between groups. Significance is
depicted with asterisks on graph as follows: *p<0.05 **p<0.01 and
***p < 0.001.



I11. Results

1. pSTAT3 upregulation mediates radioresistance in breast cancer

To examine the expression of proteins inducing radioresistance, we first
analyzed Reverse Phase Protein Array (RPPA) data in breast cancer (BC) cells.
The expression of STAT3 protein levels were relatively enriched in TNBC cells
(MDA-MB-468 and MDA-MB-231) compared to non-TNBC cells
(MDA-MB-453 and MCF-7), and the expression of phosphorylated-STAT3 was
higher (Fig. 1A, B). As pSTAT3 is an activated form that directly causes
radioresistance, we focused on the role of pSTAT3 expression in the
radiosensitivity between TNBC and non-TNBC cells. Therefore, we initially
selected TNBC (MDA-MB-468, MDA-MB-231) and non-TNBC (SK-BR-3,
MCF-7) cells which do not have mutations in BRCAL1 and are androgen
receptor negative that can affect radiation resistance’>!, To investigate the
correlation between STAT3 and radiosensitivity, we evaluated the cell viability
and ROS level by radiation (4Gy) in these cell lines. Non-TNBC cells exhibited
remarkable cytotoxicity and activation of ROS level compared to TNBC cells
(Fig.1C, D). In addition, the population of apoptotic cells increased and ability
of colony formation was significantly suppressed in non-TNBC cells, indicating
TNBC cells showed radioresistance (Fig.1E, F). Interestingly, the higher
expression level of STAT3 and pSTAT3, the lower radiation sensitivity was
observed in BC cells (Fig.1B). These finding suggested that expression of
STAT3 regulates sensitivity of radiation in BC cells.



2. Elevated pSTAT3 and Survivin contribute to the radioresistant
phenotype in TNBC cells.

The persistent activity of STAT3 not only inhibits ROS production but also
leads to the upregulation of Survivin, an anti-apoptotic protein, resulting in
radioresistance'®!2, Therefore, we analyzed whether the differences in these
protein expressions affected the discrepancy in radiosensitivity between TNBC
and non-TNBC cells. The protein expression of STAT3 and Survivin continued
to increase in a time-dependent manner in MBA-MB-468 and MDA-MB-231
cells (TNBC cells) (Fig.1G). On the other hand, SK-BR-3 and MCF-7 cell lines
(non-TNBC cells) did not have any significant changes (Fig.1G). Taken together,
TNBC cells with high expression were exhibited to be more radioresistance
than non-TNBC cells through the radiation-induced activation of STAT3 and
Survivin. Therefore, we suggested that the expression of pSTAT3 affect

radiosensitivity.

10



Survivin

STAT3

NALEE]
908100H
£SPANVAN
9LZZO0H
LdDAaH
L1dA
L2400
LGIVO
1S8TV0
0/00H
¥S6100H
0210
E€¥LIOOH
LE6LO0H
LG1LGNYan
£8LLO0H
CIYAEE]
B89YANYAN
LYAVD
ocid
LEZANYAN
S6E€LO0H
00S+00H
9EPANVAN
15247
6514
8ED0H
aLvl
595NV

Breast cancer

TNBC

1504

non-TNBC

TNBC

Wl control

B 4Gy

1004
504
0

(wupgy o) Anngera 3o

Bractin me——— e e e ——

@ early apoptosis
3 late apoptosis

* >
P * L
5 g % g
a N
g b
< 5 = 5
g E 2
= 3 3
e o o 3 2 o
(%) sl192 sisoydody (%) sl192 sisoydody
* >
%2} > O
“ = g\m nt..v i N
2 o
] o
3 % }
5 k E
= = E
[&]
] e B 3 2 °
%) 51199 sisoydod (%) s1192 sisoydody
%) S1|92 sisojdody
12 - >
b ~
a w
= 3]
g = E
= € =
o 8
s = z
g & & ° § § & °
sou e LW SOX PIdI Jo 14N
=] = * >
5 ¥ S €
m o
;2 <
8 T E
= s 5
© o
s z 3

SO PIdIT 40 14N

SOY pid Jo 14N

11



Number of colonies

MDA-MB-468 MDA-MB-231

°
5
c
o
¥)
>
)
<
MDA-MB-468 MDA-MB-231
3000 400
- ns
2 300
2000 15 5
S
O 200
s
1000 5
2 100
£
3
0 2 0
Control 4Gy Control 4Gy
MDA-MB-468

SK-BR-3 MCF-7

i

SK-BR-3 MCF-7
800

3 g
5 1000 H
° o
0 O 500
S x ©
= 500 5 * %k
{ {
- 2
Z 0

Control 4Gy Control 4Gy

MDA-MB-231

Radiation Ctrl 24H 48H Radiation Ctrl 24H 48H

STAT3 STAT3 * -4
P 05 o= o P (Y705) W — -ap
STAT3 we— w— S STAT3 e e
SUIVIVIN  ——— s SUTVIVIN s D
B-aClN e — — B-actin [SE————

SK-BR-3 MCF-7
Radiation Ctrl 24H 48H Radiation Ctrl 24H 48H
pSTAT3 «  PSTAT3 _ i 2
(Y705) (Y705)
Survivin — SUMNVIVIN | o - —
B-actin s w— — B-aCtin = c—— — —

12



Fig.1 Expression of STAT3 is associated with radioresistance in breast
cancer cells. (A) Heatmap of differential protein expression between TNBC and
non-TNBC cells using RPPA data. (B) The expression of STAT3 and pSTAT3 in
three TNBC and non-TNBC respectively. (C) The percentage of cell viability
with the treatment of radiation for 48 h and cell viability was estimated by
CCK-8. (D) Cells were treated with 4 Gy radiation. After 48 h, the level of
intracellular ROS was determined by measuring the mean fluorescence intensity
(MFI) of DCFH-DA (DCF). (E) Cells using Annexin V/PI double staining and
analyze using flow cytometry. (F) Clonogenic growth of TNBC (MDA-MB-468,
MDA-MB-231) and non-TNBC (SK-BR-3, MCF-7) cells treated with 4 Gy. (G)
Protein levels of pSTAT3, STAT3, Survivin in TNBC (MDA-MB-468,
MDA-MB-231) and non-TNBC (SK-BR-3, MCF-7) cells treated with 4 Gy
radiation. Results are presented as the mean * standard error from three
independent experiments. P value was determined by t-test; ns not significant.
***P<(.001 vs. control **P<0.01 vs. control *P<0.05 vs. control
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3. KS10076 inhibits pSTAT3 via ROS generation in TNBC cells.

Our previous study reported that the KS10076, a metal chelator, an analogue
of Dp44mT, inhibited STAT3 via promoting ROS*. As the binding of a metal
chelator to iron induces ROS, we examined the intracellular iron levels using
calcein acetoxymethyl ester (AM) in MDA-MB-468 cells. Both of Dp44mT and
KS10076 increased the calcein AM that quenched following chelation of metal
iron (Fig.2A). Due to the reduction of free iron levels, we examined whether
Dp44mT and KS10076 induced ROS levels. The fluorescence intensity of
MitoSOX significantly increased after treatment with Dp44mT and KS10076,
indicating the elevation of mitochondrial ROS level (Fig.2B).

pSTAT3 inhibits the generation of ROS whereas ROS also inhibits
pSTAT3'"8, To identify the latter of these dual effects, we treated KS10076 or
Dp44mt in MDA-MB-468 cells respectively. While both compounds inhibited
pSTAT3, KS10076 showed a more remarkable suppression of pSTAT3 (Fig.2C).
As KS10076 had a higher ROS production than Dp44mT (Fig.2B), we
hypothesized that KS10076 could more effectively decrease pSTAT3. To clarify
whether ROS suppress pSTAT3, we co-treated the mitochondrial ROS
scavenger, MitoQ, with both compounds. Despite the two compounds inhibiting
pSTAT3, co-treatment with MitoQ rescued pSTAT3 expression (Fig.2D). These
findings indicated that the suppression of pSTAT3 by KS10076/Dp44mT was

dependent on the generation of ROS.

14



4. KS10076 improve radiosensitivity of TNBC cells.

We wondered if the KS10076-induced inhibition of pSTAT3 sensitized
TNBC cells to radiation. To determine the potential anti-tumor efficacy of
KS10076 in BC cells, viability of TNBC cells (MDA-MB-468 and
MDA-MB-231) and non-TNBC cells (SK-BR-3 and MCF-7) were evaluated
following treatment of KS10076. Interestingly, KS10076 more sensitively
suppressed cell viability of TNBC cells than non-TNBC cells (Fig. 2E). These
results demonstrated that KS10076 hyperactivates to cells that express high
pSTAT3. Additionally, KS10076 had potent cytotoxicity compared with
Dp44mT in TNBC cells (Fig.2E, F).

To further explore whether KS10076 affects the sensitivity of radiation to
TNBC cells, MDA-MB-468 and MDA-MB-231 cells were co-treated KS10076
and radiation. As a result, pSTAT3 and Survivin proteins, which were
persistently up-regulated when treated with radiation alone, were significantly
degraded by KS10076 (Fig.1G, 2G). In addition, when the KS10076 and
radiation were co-treated, the ROS occurrence revealed a notable trigger than
co-treated with Dp44mT at the same concentration (Fig.2H). Thus, these data
demonstrated that KS10076 is a synergistically effective drug that is able to

increase radiosensitivity.
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Fig.2 KS10076 suppress pSTAT3 via ROS generation in triple-negative
breast cancer cells. (A) Fluorescence of cytosolic iron with calcein green. (B)
Cells were treated with KS10076. After 24 h, the level of mitochondrial ROS
was determined by measuring the mean fluorescence intensity (MFI) of
Mito-SOX. (C) Protein levels of pSTAT3, STAT3, Survivin in MDA-MB-468
cells treated with Dp44mT for 24 h, 48 h. (D) Cell were treated with indicated
concentrations of KS10076 in the absence or presence of MitoQ for 24 h, 36 h.
(E) Cell viability (CCK-8) in two TNBC cells (MDA-MB-468, MDA-MB-231)
and two non-TNBC (SK-BR-3, MCF-7) cells incubated with increasing
concentration of KS10076 for 48 h. Results are expressed as the mean of cell
viability percentage with respect to the corresponding untreated cell line (100%)
+ SEM (n=4). (F) Cell viability (CCK-8) in two TNBC cells (MDA-MB-468,
MDA-MB-231) incubated with increasing concentration of Dp44mT for 48 h.
(G) Protein levels of pSTAT3, STAT3, Survivin in MDA-MB-468 and
MDA-MB-231 cells treated with KS10076 and radiation for 24 h, 48h. (H)
Cells were treated with 4 Gy radiation and Dp44mT or KS10076. After 24 h, the
level of mitochondrial ROS was determined by measuring the mean
fluorescence intensity (MFI) of Mito-SOX. Data were presented as mean +SD;

n=3. P value was determined by one-way ANOVA; ns not significant.
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5. KS10076 induces cell death via ER stress in TNBC cells.

To investigate the cell death mechanism by KS10076, KS10076 was treated
in MDA-MB-468 and MDA-MB2-231 cells to observe the cell death markers.
KS10076 reduced Bcl2, Survivin, XIAP, apoptosis markers, and increased
LC3B-II/LC3B-I ratio, autophagy marker (Fig.3A, Fig.S1). Endoplasmic
reticulum (ER) stress led to cancer cell death through ATF4-induced autophagy
and CHOP-induced®?. In our previous study also reported that KS10076
promoted autophagic cancer cell death via ATF4-elF2a signaling®. Therefore,
to investigate whether KS10076 causes ER stress-mediated death in BC cells,
we examined the protein expression of ER stress-associated signaling by
KS10076 in MDA-MB-468 and MDA-MB-231 cells. The expression of ER
stress signaling markers, PERK, pelF2a, ATF4, and CHOP proteins, were
up-regulated in both cells at 24 h after KS10076 treatment (Fig.3B). Radiation
treatment, on the other hand, did not cause ER stress in MDA-MB-468 cells but
did activate the PERK-pelF2a-ATF4 axis in MDA-MB-231 cells (Fig.3B).
Despite these differences, the critical indicator of autophagy, the
LC3B-11/LC3B-I ratio, was decreased in both cells after radiation treatment. We
observed that MDA-MB-231 cells had a lower basal expression of pSTAT3 and
generated more ROS than MDA-MB-468 cells when treated with radiation.
Thus, we speculated that radiation treatment induced an incomplete ER stress
response in MDA-MB-231 cells (PERK, pelF2a, ATF4). However, KS10076
was able to promote a complete ER stress (PERK, pelF2a, ATF4, CHOP) and
significantly increase the LC3B-II/LC3B-I ratio in both cell lines (Fig.3B,
Fig.S1). Moreover, co-treatment of KS10076 with radiation enhanced the ER
stress response and increased the LC3B-1I/LC3B-I ratio (Fig.3B, Fig.S2). We
demonstrated that KS10076 was capable of increasing TNBC’s sensitivity to

radiation treatment which ultimately lead to complete ER stress.

ROS promotes ER stress, which in turn induces mitochondrial ROS?. To

elucidate the mechanistic order of ROS production and ER stress, cells were
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incubated with MitoQ prior to KS10076 treatment. The results showed that
MitoQ significantly attenuated KS10076-induced activation of PERK, pelF2a,
as well as ATF4, and CHOP. The identical results were seen when treated in
combination (Fig.3C and Fig.S3). Together, these data indicate that
mitochondrial ROS plays a major role as an upstream regulatory molecule in
ER stress.

Furthermore, to explore the crosstalk between ER stress and autophagy by
KS10076, we detected protein level by silencing the autophagy-related protein
ATF4 during ER stress. Knockdown of ATF4 clearly decreased
KS10076-induced LC3B-Il expression (Fig.3D). These data suggest that
KS10076-induced ER stress leads to autophagy through the PERK-elF2a-ATF4
pathway.
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Fig.3 KS10076 induces autophagy and apoptosis via ER stress pathway. (A)
Western blot analysis of autophagy and apoptosis markers in MBA-MB-468 and
MDA-MB-231 cells. (B) Representative images of Western blot in five groups
for selected genes involved in ER stress (PERK, pelF2a, ATF4, CHOP) and
autophagy (LC3B). (C) Western blot analysis revealed that MitoQ reversed the
expression of the PERK-ER stress proteins. (D) After knockdown of ATF4,
MDA-MB-468 and MDA-MB-231 cells were treated with KS10076 to analyze
the activation of autophagy pathway against KS10076-induced ER stress.
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6. KS10076 and radiation combination greatly increases ROS generation
and ER stress.

Metal chelators bind with intracellular iron and copper to induce ROS while
radiation-induced ROS is produced by radiolysis of water or cell component
molecules (e.g. DNA)32124 Therefore, we evaluated ROS level by treatment of
KS10076 and radiation. Cells treated with radiation and KS10076
synergistically increased ROS level compared to individually treated cells
(Fig.4A).

Next, we speculated that as higher ROS is generated, the more
CHOP-induced apoptosis and ATF4-induced autophagy will occur. To test this
hypothesis, we first examined apoptotic/anti-apoptotic proteins in TNBC cell
lines, MDA-MB-468 and MDA-MB-231. Interestingly, we found that apoptotic
protein Cleaved-caspase3 expression was markedly increased in TNBC cells
treated with radiation (Fig.4B). However, at the same time, the anti-apoptotic
proteins Survivin and Bcl2 were also upregulated. On the other hand, Survivin
and Bcl2 were downregulated with KS10076 treatment alone, while
Cleaved-caspase3 had no obvious change (Fig.4B). Importantly, combination
treatment of KS10076 and radiation showed an appropriate protein expression
flow capable of inducing apoptosis (Fig.4B). Consequentially, KS10076
combined with radiation exhibited remarkable induction of apoptosis (Fig.4C).
This finding indicates that higher ROS levels may lead to greater ER
stress-induced apoptosis (Fig.4A, B, C). Furthermore, knockdown of ATF4
reduced apoptosis cells co-treated with KS10076 and radiation (Fig.4D) thus,
we assessed that the ER stress pathway is a critical role in inducing apoptosis in

combination conditions.

To further determine ATF4-induced autophagy, we detected LC3B intensity.
We observed the highest LC3B intensity in cells treated in combination, which
determined greater ROS production in MDA-MB-468 and MDA-MB-231 cells
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(Fig.4E, S4). Corresponding with these data, we also found that combination of
KS10076 and radiation could induce synergistic growth inhibition (Fig.4F).
Hence, the combination of radiation and KS10076 has a synergistic effect that
raises ROS production and consequently increases ER stress-induced anti-tumor
activity.
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Fig.4 KS10076 and radiation treatment act synergistically effects. (A) Flow
cytometry analysis showing cellular ROS levels in TNBC cells. Cells were
treated with radiation or KS10076 or radiation + KS10076. (B) Western blot
analysis of apoptosis markers in MBA-MB-468 and MDA-MB-231 cells. (C)
MDA-MB-468 and MDA-MB-231 cells were treated with radiation or
KS10076 or radiation + KS10076 for 48 h, then subjected to flow cytometry
analysis of apoptosis. (D) MDA-MB-468 and MDA-MB-231 cells were
pretreated with siATF4 24 h. Next, KS10076 and radiation for 48 h, then
subjected to flow cytometry analysis of apoptosis. (E) Immunofluorescence
results of LC3B distribution in MDA-MB-231 cells treated with KS10076 for
48 h. (E) Clonogenic survival assay in MDA-MB-468 and MDA-MB-231 cells
treated with IR alone (4 Gy), KS10076 alone (0.01 uM) of IR + KS10076 (4 Gy
and 0.01 pM). Data were presented as mean +SD; n=3. P value was determined

by one-way ANOVA,; ns not significant.
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7. Overexpression of STAT3 enhances radioresistance against
radiation-induced ER stress in non-TNBC cells.

To clarify that the expression of pSTAT3 negatively regulates ER stress, in
this study, for the first time, we compared radiation-induced ER stress between
TNBC and non-TNBC cells. We found that ROS production is more triggered in
non-TNBC cells (SK-BR-3 and MCF-7) which have inherently low pSTAT3
and do not have significant activation of pSTAT3 by radiation, compared to
TNBC cells (MDA-MB-468 and MDA-MB-231) (Fig. 1D, G). Consistent with
these data, treatment of radiation alone induced-ER stress in SK-BR-3 and
MCEF-7 cells (Fig.5A, B). To directly investigated whether STAT3 functionally
impedes the ER stress pathway, we conducted overexpression of STAT3 in
MCF-7 cells. MCF-7 cells overexpressing STAT3 persistently activates the
protein expression of pSTAT3 and did not have any ER stress induction
(Fig.5B). These data consistently suggested that STAT3 in BC cells affects
ROS-induced ER stress through radiotherapy and plays an important role in

inducing radioresistance.
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Fig.5 STAT3 decreases ER stress activity. (A) Representative images of
Western blot in four groups for selected genes involved in ER stress (PERK,
pelF2a, ATF4, CHOP) in SK-BR-3 cells. (B) Western blotting of the indicated

proteins in vector control or STAT3-overexpressiong MCF-7 cells with radiation.
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8. KS10076 sensitizes xenograft TNBC tumors to radiation.

Finally, we evaluated the therapeutic effect of combination of radiation (6Gy)
and KS10076 in vivo. To explore synergistic effect with KS10076 and radiation
treatment and to minimize drug toxicity, we used KS10076 at a much lower
concentration compared to our previous study. Nude mice were implanted with
MDA-MB-231 cells and treated with KS10076 and/or radiation. Over a period
of 15 days, co-treatment with KS10076 and radiation significantly inhibited
tumor growth and tumor weight, compared to single-agent treatment with no
change in body weight (Fig.6A, 6B). In addition, co-treatment markedly
reduced tumor volume and tumor weight compared with radiation treatment
group (Fig.6A). Furthermore, the low-dose KS10076 group had more inhibition
efficacy of the tumor growth than the radiation group (Fig.6A). Collectively
these results indicated that co-treatment with KS10076 and radiation

significantly reduce tumor growth in vivo via inhibition of STAT3 signaling.
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Fig.6 In vivo antitumor effect of combination therapy with KS10076 and
ionizing radiation in MDA-MB-231 xenograft tumor models. (A)
MDA-MB-231 cells (1.5 x107 cells/mouse) was subcutaneously inoculated in to
the right fat pad of mice. When tumors reached 300 mm? in diameter,
tumor-bearing mice were irradiated at 6 Gy after treatment with an i.p. injection
of KS10076 (12.5 mg/kg) for two cycles every week (arrows indicate each
treatment administration). (A, B) Tumor volumes and body weight were
calculated every 3 days. (C) Image of xenograft tumor. (D) The dot graph shows
dissected tumor weights at the end of experiment. Each dot represents the tumor
mass from one mouse (n=5). B-actin was used as an internal control. The mock
treatment group was sacrificed on day 15 in the MDA-MB-231 tumor models. P
value was determined by t-test; ns not significant. ***P<0.001 vs. control

**P<0.01 vs. control *P<0.05 vs. control
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V. Discussion

Radiotherapy (RT) is one of the most common and effective therapeutic
methods for breast cancer (BC)°. But in TNBC, radiotherapy has shown side
effects such as local recurrence and lymph node, thus remains a challenging*®.
Currently, numerous research has been examined targetable molecules for
overcoming radioresistance TNBC via gene expression profiling?4%. Several
critical studies have been revealed that STAT3 overexpression and
constitutively activation associate with TNBC radioresistance®’.

Therefore, combination therapy with radiation and STAT3 inhibitor proposed
as a new way to overcome radioresistance. However, there are few STAT3
inhibitors available clinically. In this study, we provided evidence that the novel
synthesized KS10076 in a previous study could create synergies in combination
with radiation. The combination of KS10076 and radiation in vivo significantly
suppressed tumor volume without changing body weight, suggesting that it
could be used a clinically applicable radio-sensitizer.

Furthermore, we identified the role of STAT3 in radioresistance via
ROS-mediated ER stress and also demonstrated that KS10076 overcome
radioresistance via ER stress.

The endoplasmic reticulum (ER) is essential for cell homeostasis by regulating
protein synthesis, folding, and delivery. It is well known that mitochondrial
dysfunction resulting in ROS production could disrupt protein homeostasis and
lead to ER stress?. In addition, induction of ER stress enhances ATF4-induced
autophagy and CHOP-induced apoptosis. Therefore, mitochondrial ROS and
ER stress are important factors that determine cell fate mutually.

Cancer cells have a higher basal ROS level than normal cells, as the
antioxidant system of cancer cells is hyperactivates?®. This phenomenon
suggests that cancer cells respond more sensitively to external ROS stimuli.

Also, previous studies reported that ROS-inducing drugs can lead to cellular
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damage and tumor suppression?’28, In this regard, anti-tumor effect have been
reached through ROS targeted therapy in our study.

So far, numerous studies have revealed that ER stress signaling regulates
STAT3 activation?®3°, however, little information has been available regarding
the mechanism of how STAT3 expression contributes to ER stress pathway.
Therefore, we examined how STAT3 regulates the ER stress, it was revealed by
comparing TNBC and non-TNBC cells in which STAT3 is activated differently.
STAT3 has been established to protect TNBC cells against oxidative stress and
increase antioxidant systems®®, Therefore, we verified that inhibition of STAT3
facilitated ROS generation and induced ER stress, which promoted apoptosis
and autophagy. A key of our approach, which allowed us to provide crosstalk
between radiation-induced STAT3 and ER stress, was the focus on ROS. In
TNBC cells, STATS3 is significantly activated by RT. In the increase of the cell’s
tolerance to RT-induced ROS generation. In contrast, non-TNBC cells had no
notable activation of STAT3 by radiation and obviously induced ROS
production. Therefore, upon RT exposure, only non-TNBC cells induced the ER
stress signaling pathway following an increase in ROS production (Fig.7).

Here, we also identified the role of KS10076, overcoming radioresistance by
increasing ROS generation and inhibiting pSTAT3. ROS level was shown to be
elevated in TNBC cells and directly affected to PERK-ER stress pathway. In
conclusion, with the highest ROS level under the combination conditions, the
induction of ER stress-induced apoptosis and autophagy was the largest.

Overall, our findings have important implications stating that STAT3 mediates
the potential mechanism of radioresistance in TNBC cells. Therapeutic
strategies for overcoming STAT3 resistance will have to consider the
mechanism of ER stress-mediated resistance in TNBC cells. In this study, we
demonstrated the therapeutic potential of targeting STAT3 in radioresistant
TNBC by showing that a potent STAT3 inhibitor significantly induces ER

stress.
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(S1) The ratio of LC3BII to LC3BI in MDA-MB-468 and MDA-MB-231 cells
when treated with KS10076 alone. (S2) The ratio of LC3BII to LC3BI in
MDA-MB-468 and MDA-MB-231 cells when treated with radiation with or
without KS10076 (S3) Western blot analysis revealed that MitoQ reversed the
expression of the PERK-ER stress proteins. Results are presented as the mean +
standard error from three independent experiments. P value was determined by
t-test; ns not significant. ***P<0.001 vs. control **P<0.01 vs. control *P<0.05
vs. control
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Fig.S4 Immunofluorescence results of LC3B distribution in MDA-MB-468 cells
treated with KS10076 for 48 h.
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