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ABSTRACT

Purpose: A relatively low response to chemotherapy has been reported for hormone receptor
(HR)-positive breast cancer. In this study, we investigated the role of tryptophanyl-transfer
RNA synthetase (WARS) in the chemotherapeutic response of HR-positive breast cancer.
Methods: Pre-chemotherapeutic needle biopsy samples of 45 HR-positive breast

cancer patients undergoing the same chemotherapeutic regimen were subjected to
immunohistochemistry. To investigate the biological functions of WARS in HR-positive
breast cancer, we conducted cell viability assay, flow cytometry analysis, caspase activity
assay, Quantitative real-time polymerase chain reaction, and western blotting using WARS
gene-modulated HR-positive breast cancer cells (T47D, ZR-75-1, and MCF7).

Results: WARS overexpression in HR-positive breast cancer patients showed a significant
correlation with favorable chemotherapy response. Downregulation of WARS increased

cell viability following docetaxel treatment in tumor cell lines. On the other hand,

WARS overexpression sensitized the therapeutic response to docetaxel. Additionally,
downregulation of WARS caused a decrease in the number of apoptotic cell populations by
docetaxel. Poly (ADP-ribose) polymerase cleavage and caspase 3/7 activity were increased in
docetaxel-treated tumor cells with WARS overexpression.

Conclusion: Our results suggest that WARS might be a potential predictor for chemotherapy
response in patients with HR-positive breast cancer as well as a novel molecular target to
improve chemosensitivity.

Keywords: Apoptosis; Breast neoplasms; Drug resistance; Neoadjuvant therapy;
WARSI protein, human
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INTRODUCTION

Although approximately 70% of breast cancer patients currently receive standard
chemotherapeutic regimens, the pathologic complete response (pCR) rate is still low

[1]. Among the four intrinsic subtypes of breast cancer, the pCR rate for neoadjuvant
chemotherapy has been reported to be the lowest in hormone receptor (HR)-positive breast
cancer, despite the better overall prognosis [2,3]. Therefore, the need for a new therapeutic
strategy that promotes chemotherapy responses is required to optimize treatment in HR-
positive breast cancer.

Recently, transfer RNAs (tRNAs) have been proposed as biomarkers to overcome clinical
chemoresistance [4,5]. The role of tRNA is to specify the sequence of the genetic code with
the corresponding amino acid, and covalent attachment of the specific amino acid to the

3" end of tRNA is catalyzed by an enzyme called aminoacyl-tRNA synthetase (ARS) [6,7].
Among these enzymes, tryptophanyl-tRNA synthetase (WARS) has recently been reported

as a biomarker for unnecessary adjuvant chemotherapy after surgery for gastric cancer [8].
WARS exhibits anti-inflammatory properties through diverse mechanisms such as alternative
splicing and proteolytic cleavage [9]. It also plays a central regulatory role in interferon (IFN)-
y-induced anti-angiogenesis and cell death [10].

Here, we evaluated the relationship between WARS expression and chemotherapy response
in HR-positive breast cancer patients. In addition, we confirmed the mechanism by which
WARS sensitized docetaxel-based chemotherapy through programmed cell death. Our
findings suggest that WARS overexpression may be used as a potential biomarker for the
prediction of pCR to chemotherapy, as well as a novel target to overcome resistance to
docetaxel in HR-positive breast cancer.

METHODS

Patient and clinical tissue sample selection

Pre-chemotherapeutic needle biopsy samples from 45 patients with HR-positive invasive
ductal carcinoma with available post-chemotherapeutic surgical specimens for microscopic
assessment of therapeutic effectiveness were enrolled under the approval of the Institutional
Review Board (IRB) at Seoul National University Hospital (IRB No. 1809-120-975). The
requirement for informed consent from the patients was waived by the ethics committee.
The inclusion criteria for this study were female patients who received chemotherapeutic
medication of adriamycin, cyclophosphamide, and docetaxel as preoperative therapy.
Histologically confirmed T2 tumors with positive axillary nodes (N1) were included in the
study. Immunohistochemistry (IHC) for estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2) was routinely performed on resected
specimens according to the guidelines of the American Society of Clinical Oncology/College
of American Pathologists (ASCO/CAP) [11]. All cases were enrolled and tissue samples were
divided into 2 response groups, including 31 patients with non-complete remission (nCR)
and 14 with pathologic complete remission (pCR), based on sequential surgical samples
where the pathologists had judged the presence of residual tumor cells. The presence

of residual tumor cells was evaluated by examination of hematoxylin and eosin-stained
histological sections by experienced pathologists (HJO, JK, and HSR).
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IHC

IHC staining was performed on formalin-fixed, paraffin-embedded sections (FFPE) of

3 um thickness. Staining was performed on the Ventana Medical Systems BenchMark

XT automated IHC platform using the ultraView Universal DAB Detection Kit (Ventana
Medical Systems Inc., Tucson, USA), standard antigen retrieval, antibody incubation (anti-
WARS, 1:300, PA5-29102, Thermo Fisher Scientific, Waltham, USA), washing procedure,
counterstaining with hematoxylin and bluing reagent. The immunohistochemistry results
were analyzed by employing a semi-quantitative approach using an ‘H-score’ [11] in a blind
and independent manner by 2 pathologists (HJO and HSR).

Public data

To evaluate the clinical significance of WARS in predicting the chemotherapeutic response,
we also employed a publicly available dataset (GSE25066) [12], which is a microarray-based
detailed clinical dataset of HR-positive breast cancer patients who received anthracycline/
taxane-based neoadjuvant chemotherapy. The disease-free survival (DFS) and overall survival
(OS) of breast cancer patients in the GEO datasets were analyzed using Cancer Target Gene
Screening (CTGS; http://ctgs.biohackers.net), a recently developed web application tool [13].

Cell culture and chemicals

T47D, MCF7, and ZR-75-1 cell lines were obtained from the Korea Cell Line Bank (KCLB,
Seoul, Korea). The T47D and ZR-75-1 cells were cultured in RPMI (Gibco, Carlsbad, USA)
containing 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, USA) and 1% penicillin/
streptomycin (PS; Gibco). MCF7 cells were cultured in DMEM (Gibco) containing 10% FBS
and 1% PS. Cells were maintained at 37°C in a humidified atmosphere of 95% air and 5%
CO, and periodically screened for mycoplasma contamination. All cell lines were confirmed
by short tandem repeat (STR) DNA profiling test performed at the Korean Cell Line Bank
(KCLB). Docetaxel, adriamycin, and cyclophosphamide were purchased from Sigma-Aldrich
(St. Louis, USA).

Small interfering RNA (siRNA) transfection

siRNAs targeting WARS and an AccuTarget Negative Control siRNA were purchased from
Bioneer (Daejeon, Korea). Cells were transfected using Lipofectamine RNAIMAX (Invitrogen)
following the manufacturer's instructions. After incubation for 48 hours, WARS gene
silencing was confirmed by assessing the mRNA expression levels.

Generation of lentiviral WARS overexpression cells

Lentiviral vectors encoding human WARS cDNA (Precision LentiORF, LOHS_100009313)
and control vector encoding green fluorescent protein (GFP) were used for WARS
overexpression, and were purchased from Thermo Fisher Scientific (Loughborough, UK).
For generation of the lentivirus, the lentiviral vectors were co-transfected with pdPAX2 and
pMD2.G (Addgene, Watertown, USA) into HEK293T cells (ATCC) using Lipofectamine 2000
(Life Technologies, Carlsbad, USA). Supernatants were collected at 24 and 48 hours and
filtered through 0.45 um pore syringes. ZR-75-1 cells were infected with the viral supernatant
along with 8 pg/mL polybrene, and stable cell lines were selected using blasticidin
(concentration range of 1-10 pg/mL).

Cell viability assay

Cytotoxicity effects of the chemotherapeutic drugs were determined (docetaxel,
doxorubicin, and cyclophosphamide, respectively). Cells were plated in triplicate (3,000
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cells/well) and incubated in medium containing 10% FBS. After 24 hours, the complete
medium was replaced with the test medium containing the vehicle control and various doses
of drugs for 48 hours at 37°C. Cell viability was assessed by measuring intracellular levels of
ATP using the Cell Titer-Glo luminescent cell viability assay kit (Promega, Madison, USA).
Luminescence was measured using a luminometer (Glomax® Explore Multimode Microplate
Reader; Promega).

Quantitative real-time polymerase chain reaction (PCR)

Total RNA was isolated from cells using the AccuPrep® Universal RNA Extraction Kit
(Bioneer) according to the manufacturer's protocol. Genomic DNA was removed by

DNase treatment using RNase-Free-DNase Set (Qiagen, Hilden, Germany). cDNA was
synthesized using AccuPower® RocketScript Cycle RT PreMix (Bioneer). The sequences

of the primers used for amplifying WARS were 5 -TTCACTGACAGCGACTGCAT-3' and
5-GGATCCTGGTCAATGGCACA-3'. Data analysis was based on the relative quantification
method and AACT value was used to determine the relative fold change in expression. All
data were normalized to the expression levels of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which was used as the reference gene.

Western blotting

Cells were collected and homogenized using RIPA lysis buffer (Thermo Fisher Scientific) on
ice. Subsequently, the cell lysates were centrifuged at 4°C to separate the proteins. Proteins
were quantified using the bicinchoninic acid protein assay kit (Thermo Fisher). Western
blotting was performed using anti-poly (ADP-ribose) polymerase (PARP) antibody (Cell
Signaling Technology, Danvers, USA). Anti-GAPDH (BD Biosciences, San Diego, USA)
antibody was used as the loading control.

Flow cytometry

Cell apoptosis assay was performed using the Annexin V-FITC/propidium iodide (PI)
apoptosis detection kit (BD Biosciences). Briefly, cells were collected and washed twice with
PBS and then suspended in 300 pL of binding buffer. Annexin V solution (5 pL) was added to
the cell suspension and incubated for 15 min in the dark at room temperature. Subsequently,
200 pL of binding buffer and 5 pL of PI were added, and the cell suspension was immediately
analyzed on a BD FACSCaliber (BD Biosciences). All data were processed using the FlowJo™
10 software.

Caspase 3/7 activity assay

Caspase-3/7 activity was evaluated. Briefly, cells were seeded into white-walled 96-well
microplates and treated with the apoptosis inhibitor, z-VAD-FMK for 2 hours prior to docetaxel
treatment. Following treatment, an equal volume of Caspase-Glo 3/7 reagent was added and the
luminescence signal was detected using the GloMax-Multi Detection System (Promega).

Statistical analysis

Data are expressed as the mean * standard deviation using two-tailed Student's t-test. Results
with a p-value < 0.05 were considered as statistically significant. The half maximal inhibitory
concentration (ICs) values were calculated using Hill's equation in the GraphPad Prism
software 7 (GraphPad Inc., San Diego, USA). We performed immunohistochemistry analysis
using the Mann-Whitney U test to obtain variables showing significant differences between
the two groups. All p-values were 2-sided.
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RESULTS

WARS overexpression predicts chemotherapy response in HR-positive breast
cancer

To elucidate the role of WARS in chemotherapy response in HR-positive breast cancer, we first
examined the clinical relevance of WARS expression in patients with primary breast cancer
who received neoadjuvant chemotherapy (n = 45, Seoul National University Hospital [SNUH]
cohort). In our cohort, the high expression level of WARS protein was significantly associated
with complete response to chemotherapy (IHC score: CR =2.9 [n=14],nCR=1.2 [n =31], p<
0.001) in HR-positive breast cancer (Figure 1A).

Correlations between clinicopathologic characteristics and WARS expression are shown in
Figure 1B and Table 1. High WARS expression was significantly associated with ER (p=0.041)
and PR status (p = 0.009). On the other hand, low WARS expression was correlated with
higher nuclear grade (p < 0.001) and histologic grade (p < 0.001), but not with the level of
HER?2 expression (Figure 1B and Table 1).

To evaluate whether WARS expression predicts survival, we explored a publicly available
clinico-pathological dataset (GSE25066). In the group of patients who received
chemotherapy in the HR-positive breast cancer setting, 117 patients had tumors with a
‘chemotherapy-sensitive (Rx sensitive)’ parameter. Out of these, 43 patients 55.6% (n = 65)

A HR-positive breast cancer C HR-positive and chemosensitivity prediction HR-positive and taxane cases
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Figure 1. Association between WARS expression and chemotherapy response in HR-positive breast cancer. (A) Representative graphs of IHC score between nCR
and CR groups in HR-positive breast cancer patients who received neoadjuvant chemotherapy (SNUH cohort, n = 45, left). Representative images of IHC staining
using WARS antibody (x200). (B) Representative graphs show the clinicopathologic characteristics (nuclear grade, histologic grade, ER status, PR status, and
HER2 status) in relation to WARS expression. The p-values were calculated using the 2-sided Student's t-test and Mann-Whitney U test (HER2 status). (C) Kaplan-
Meier plot of DFS based on WARS expression in HR-positive breast cancer cohort (GSE25066) who received chemotherapy (n =117, left) and taxane (n = 51, right).
WARS = tryptophanyl-transfer RNA synthetase; HR = hormone receptor; IHC = immunohistochemistry; CR = complete response; nCR = non-complete response;
SNUH = Seoul National University Hospital; DFS = disease-free survival.
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Table 1. Clinicopathologic characteristics in relation to WARS expression in HR-positive breast cancer patients

Variables WARS expression

Low (n =14) High (n = 31) p-value
Age 52.0 49.2 0.216
Nuclear grade 2.6 1.8 <0.001
Histologic grade 2.5 1.7 <0.001
ER status 39.3 53.5 0.041
PR status 9.5 29.9 0.009
HER2 0.5 0.3 0.249

WARS = tryptophanyl-transfer RNA synthetase; HR = hormone receptor; ER = estrogen receptor; PR =
progesterone receptor; HER2 = human epidermal growth factor receptor 2.

showed a tendency to exhibit DFS rate (p = 0.088) (Figure 1C, left). Further, the correlation
between WARS expression and taxane response was explored, which included 51 patients
with centrally reviewed HR-positive patients. The results showed that WARS overexpression
indicated a tendency of better DFS rate in HR-positive breast cancer patients who received
taxane (WARS high, n = 14; WARS low, n = 37; p= 0.067) (Figure 1C, right). Collectively, our
results suggest that WARS overexpression in HR-positive breast cancer is associated with
favorable prognosis and improved chemotherapy response.

WARS overexpression sensitized docetaxel in HR-positive breast cancer cell
lines

To understand the role of WARS in determining the sensitivity for chemotherapeutic

agents, we first screened WARS expression levels in HR-positive breast cancer cell lines,
including T47D, MCF7, and ZR-75-1. We observed that HR-positive breast cancer cells showed
higher levels of WARS protein expression (upper bands of two bands in western blot data),
compared to MCF10A immortalized normal breast cells (Figure 2A). The Cancer Cell Line
Encyclopedia dataset also showed the same results, wherein overexpression of WARS was
consistently observed in HR-positive cells compared to other subtypes of breast cancer cell
lines (Figure 2B).

Since WARS overexpression was verified as a reliable biomarker for predicting good

response to chemotherapy in our breast cancer patient cohort and the external public

dataset (Figure 1A), we investigated whether suppression of WARS expression inhibited the
cytotoxic efficacy of each chemotherapeutic agent, including docetaxel, adriamycin, and
cyclophosphamide. Unexpectedly, we failed to detect significant cytotoxic effect of adriamycin
or cyclophosphamide upon suppression of WARS expression (Supplementary Figure 1). On
the other hand, we found that WARS downregulation dramatically increased cell viability
against docetaxel in HR-positive breast cancer cell lines (Figure 2C and D). Upon analyzing
the ICs, values for docetaxel treatment, WARS downregulation significantly increased

the ICs, values from 2.2 to 4.0 nM and from 2.7 to 5.8 nM in T47D (p = 0.040) and ZR-75-1
cells (p=0.034), respectively (Figure 2D). We also found that the ICs, values dramatically
increased approximately 4-fold upon suppression of WARS expression in MCF7 (from 30.5
to 115.1 nM, p = 0.008), which is more resistant to docetaxel than T47D and ZR-75-1 cells.

Next, we established stable ZR-75-1 cells overexpressing WARS (Figure 2E, top). WARS
overexpressing cells were sensitive to docetaxel (Figure 2E) and the ICs, value was also found
to be significantly decreased from an average of 3.2 to 2.1 nM (Figure 2E, bottom, p = 0.047).
Collectively, these data indicated that WARS upregulation is associated with increased
sensitivity to docetaxel in HR-positive breast cancer.
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Figure 2. Suppression of WARS enhanced resistance to docetaxel in HR-positive breast cancer cell lines. (A) Comparison of WARS protein levels in MCF10A
immortalized normal cell line and HR-positive breast cancer cell lines (T47D, MCF7, and ZR-75-1) by western blotting. $-actin served as a loading control.

(B) Analysis of WARS mRNA expression levels (RPKM value) in HR-positive breast cancer cell lines in the Cancer Cell Line Encyclopedia dataset. (C) The
representative graph confirms the inhibition of WARS mRNA expression by qPCR through siRNA experiments in T47D, ZR-75-1, and MCF7. (D) T47D, ZR-75-1,
and MCF7 cells transfected with control siRNA or siWARS were treated with various concentrations of docetaxel. Cell viability was determined by CellTiter-
Glo Luminescent Cell Viability assay (left). Representative graphs show the ICy, values (right). (E) The cytotoxic effect of docetaxel in ZR-75-1 cells stably
overexpressing WARS. Overexpression of WARS mRNA as measured by qPCR (upper) in comparison to pLOC (vector control). Cell viability was assessed by
CellTiter-Glo Luminescent Cell Viability assay. Representative graphs show the ICs, values (bottom). All data are representes as the mean + standard error of
mean (n = 3 biological replicates). The p-values were calculated by Student's t-test.

WARS = tryptophanyl-transfer RNA synthetase; HR = hormone receptor; gPCR = quantitative real-time polymerase chain reaction; si- = small interfering; ICso =
half maximal inhibitory concentration.

Suppression of WARS inhibits docetaxel-induced apoptosis in HR-positive
breast cancer

To elucidate the mechanism underlying the enhanced HR-positive breast cancer cell

death induced by WARS upregulation plus docetaxel, we simultaneously monitored
phosphatidylserine exposure by Annexin-V/PI staining as a marker of apoptosis. Flow
cytometric analysis revealed that WARS suppression caused a decrease in the percentage of
apoptotic cell populations, including Annexin V+/PI- and Annexin V+/PI+ cells in the presence
of docetaxel (Figure 3A). Viable cells (Annexin V/PI double negative) increased from 60% to
73% (p = 0.034) and apoptotic cell populations decreased from 38% to 22% (p = 0.001) in
WARS-downregulated T47D cells compared to control cells upon docetaxel treatment (20
nM) for 48 hours. We obtained similar results in ZR-75-1 cells, in which the number of viable
cells was significantly increased (p = 0.045), and apoptotic cells were reduced considerably
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upon suppression of WARS expression compared to control-siRNA-treated cells (from 37%
to 25%, p=0.031). The rate of apoptosis in MCF7 cells decreased from 23% to 18% upon
treatment with docetaxel (100 nM) compared to control cells (Figure 3A, p = 0.041). There
was no significant difference in the percentage of viable cells upon WARS depletion. Dosages
of docetaxel that caused 30%-50% HR-positive breast cancer cell death were chosen for our
experiments along with WARS depletion.
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Figure 3. Suppression of WARS inhibits apoptosis induced by docetaxel in HR-positive breast cancer. (A) Flow cytometry images of WARS knockdown in HR-
positive breast cancer cells treated with docetaxel (T47D and ZR-75-1, 10-20 nM; MCF7, 50-100 nM, respectively, left). Apoptosis was determined by Annexin V/
Pl-staining. Representative graphs show the percentage (%) of apoptotic cells (Annexin V+/PI- and Annexin V+/PI+ distribution of cells, right). (B) Measurement
of c-PARP and WARS expression by western blotting after docetaxel treatment in WARS knockdown cells. GAPDH served as a loading control. (C) Analysis of
caspase 3/7 activity after docetaxel treatment (T47D and ZR-75-1, 20 nM; MCF7, 100 nM) in control siRNA- and WARS siRNA-treated cells by Caspase-Glo 3/7
reagent. All cells were pretreated with the pan caspase inhibitor z-VAD-FMK (10 pM) for 1 hour and then examined by Caspase-Glo assay. All data are represented
as the mean =+ standard error of mean (n = 3 biological replicates). The p-values were calculated by Student's t-test.

WARS = tryptophanyl-transfer RNA synthetase; HR = hormone receptor; Pl = propidium iodide; PARP = poly (ADP-ribose) polymerase; GAPDH = glyceraldehyde
3-phosphate dehydrogenase; si- = small interfering; ns = not significant.

*p <0.05, T*p < 0.01, ¥p < 0.001.
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To further determine the rate of apoptosis, we analyzed cell lysates for cleaved PARP, a marker
of apoptosis [14]. In agreement with the observed inhibition of cell death, docetaxel-induced
PARP cleavage was decreased in WARS-depleted cells (Figure 3B). WARS knockdown was
confirmed by western blotting (upper bands of two bands). It is well known that caspases play
essential roles in apoptotic cell death. Therefore, we measured the activities of executioner
caspases 3/7, which are known to exhibit increased activity in response to docetaxel [15].

In all tested HR-positive cells, the activity of caspases 3/7 significantly increased in WARS-
overexpressing cells treated with docetaxel, whereas there was no difference in the WARS-
downregulated cells (Figure 3C). Collectively, our results indicate that the novel combination
of WARS upregulation and docetaxel enhances HR-positive breast cancer cell death via
increased apoptotic signaling.

DISCUSSION

In this study, we identified a non-canonical function of WARS, one of the crucial proteins of
the tRNA synthetase complex [6,16], in HR-positive breast cancer. We employed a stepwise
approach to validate the predictive role of WARS in chemotherapy response and identified that
WARS induced apoptosis, a key molecular mechanism, in docetaxel-based chemotherapy.

Although the role of WARS still remained to be evaluated in breast cancer, a recent proteomic
approach examining 59 proteins suggested a potential predictive role of WARS in tumor
recurrence and survival in triple-negative breast cancer [17]. In our study, for the first time,

we verified the predictive role of WARS in chemotherapy in HR-positive breast cancer.

We confirmed that WARS overexpression predicts complete response to neoadjuvant
chemotherapy in HR-positive breast cancer patients. This finding is concordant with a
previous study which reported WARS as a novel predictive biomarker for unnecessary adjuvant
chemotherapy for gastric cancer [8]. In addition, WARS was associated with low nuclear

and histological grades, which are indicators of good prognosis. Although no significant
correlation was found between WARS expression and other clinicopathologic parameters such
as HER2 status, significant correlations were found with respect to ER and PR status.

Our immunohistochemistry findings demonstrating the strong association between WARS
overexpression and favorable response to neoadjuvant chemotherapy prompted us to perform
further molecular functional tests to investigate the mechanism by which WARS controls

the cytotoxic effects of chemotherapy in HR-positive breast cancer. Our results showed that
downregulation of WARS correlated strongly with resistance to docetaxel, and overexpression
of WARS increased cell susceptibility to docetaxel in HR-positive breast cancer cells.

WARS has been proposed to be anti-angiogenic by regulating cell growth through
phosphorylation of p53 by IFN-y signaling [18], which eventually drives the cells to IFN-
y-induced cell death [9,18,19]. Therefore, in this study, we first hypothesized that WARS
might sensitize HR-positive breast cancer cells to docetaxel through the apoptotic signaling
pathway. Our caspase activity assay showed that docetaxel treatment induced significant
caspase 3/7 activities, the key molecules of intrinsic cell death stimulation [15,20], in tumor
cells overexpressing WARS, compared to the control group. In addition to the modulation
of caspase activity by WARS, proteolytic cleavage of PARP which is the final executor of
programmed cell death [14,21] was confirmed in HR-positive breast cancer cell lines with
WARS overexpression. In the setting of docetaxel treatment and downregulation of WARS,
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cleavage of PARP was significantly reduced in tumor cells. Moreover, cells showed a tendency
of suppressed caspase 3/7 activity. Taken together, we conclude that WARS might modulate
apoptotic pathways, mainly by directly targeting PARP rather than via the caspase pathway,
especially in HR-positive breast cancer after docetaxel treatment.

Apart from the canonical role of tRNA synthetase in protein synthesis, it plays non-classic
biological roles, including functions beyond translation, as a transcriptional activator of
oncogenes [22] and a possible regulator of apoptosis [7,23,24]. When mammalian cells

are exposed to apoptotic conditions, tRNA synthetase such as tyrosyl-tRNA synthetase, is
secreted and split into two fragments thereby stimulating the production of TNF and tissue
factors that promote apoptosis [25]. Therefore, we suggest that WARS might be able to
enhance the cytotoxic effect of docetaxel by inducing the apoptotic pathway, especially via
PARP activation, the final apoptotic executor, in HR-positive breast cancer.

While further in vitro and in vivo validation studies are required, we anticipate that WARS may
be clinically applicable as a novel, predictive biomarker for response to chemotherapy in HR-
positive breast cancer.

SUPPLEMENTARY MATERIAL

Supplementary Figure 1

The cytotoxic effect of adriamycin and cyclophosphamide in WARS knockdown T47D and MCF7
cells. Cell viability was analyzed using the CellTiter-Glo Luminescent Cell Viability Assay Kit,
and ICs, value calculations were made using Hill's equation in the GraphPad Prism software 7.
Data are represented as the mean + standard error of mean (n = 3 biological replicates).

Click here to view
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