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ABSTRACT

Introduction: Hydrogen sulphide (H,S) has been established as a key member of the gasotransmitters
family that recently showed a pivotal role in various pathological conditions including cancer.
Objectives: This study investigated the role of H,S in breast cancer (BC) pathogenesis, on BC immune
recognition capacity and the consequence of targeting H,S using non-coding RNAs.

Methods: Eighty BC patients have been recruited for the study. BC cell lines were cultured and transfected
using validated oligonucleotide delivery system. Gene and protein expression analysis was performed
using qRT-PCR, western blot and flow-cytometry. In-vitro analysis for BC hallmarks was performed using
MTT, BrdU, Modified Boyden chamber, migration and colony forming assays. H,S and nitric oxide (NO)
levels were measured spectrophotometrically. Primary natural killer cells (NK cells) and T cell isolation
and chimeric antigen receptor transduction (CAR T cells) were performed using appropriate kits. NK
and T cells cytotoxicity was measured. Finally, computational target prediction analysis and binding con-
firmation analyses were performed using different software and dual luciferase assay kit, respectively.
Results: The H,S synthesizing enzymes, cystathionine B-synthase (CBS) and cystathionine y-lyase (CSE),
exhibited elevated levels in the clinical samples that correlated with tumor proliferation index. Knock-
down of CBS and CSE in the HER2+ BC and triple negative BC (TNBC) cells resulted in significant attenu-
ation of BC malignancy. In addition to increased susceptibility of HER2+ BC and TNBC to the cytotoxic
activity of HER2 targeting CAR T cells and NK cells, respectively. Transcriptomic and phosphoprotein
analysis revealed that H,S signaling is mediated through Akt in MCF7, STAT3 in MDA-MB-231 and
miR-155/ NOS2/NO signaling in both cell lines. Lastly, miR-4317 was found to function as an upstream
regulator of CBS and CSE synergistically abrogates the malignancy of BC cells.

Conclusion: These findings demonstrate the potential role of H,S signaling in BC pathogenesis and the
potential of its targeting for disease mitigation.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Breast cancer (BC) is the most common malignancy in females
and the leading cause of cancer-related mortailty [1,2]. BC inci-
dence and mortality rates widely vary in countries with different
socio-economic levels, with estimated incidence rates of 54.4%
and 31.3% in developed and developing countries, respectively
[2]. BC presents as diverse BC subtypes, which differ in prognosis
and treatment options, reflecting disease heterogeneity. Hormone
receptor (HR) positive tumors show high response rates to hor-
monal therapies. Human epidermal growth factor receptor 2
(HER2) positive tumors are amenable for treatment using HER2
targeting antibodies and HER2 specific tyrosine kinase inhibitors
[3]. For triple negative breast cancer (TNBC), targeted treatment
options are limited and outcomes have been substantially worse
[4-6]. Collectively, this underscores BC, and particularly TNBC, as
a significant worldwide problem in dire need for more efficacious
and innovative therapies [7,8].

Hydrogen sulfide (H,S) is a recently identified member of a
well-characterized family of gaseous biological mediators, known
as gasotransmitters [9]. Since its discovery, endogenous H,S has
been proven to play pivotal roles in various physiological and
pathological conditions [10]. In cancer, we and others have
recently reported that H,S acts as a key player in modulating sev-
eral canonical and non-canonical oncogenic signaling pathways
such as PI3K/AKT/mTOR [11], JAK/STAT [12,13], Ras/Raf/MEK/ERK
[11], and nitric oxide (NO) [14] signaling cascades. Our group also
highlighted the regulatory effects of H,S on the non-coding RNA
(ncRNA) machinery in BC cells [14,15].

The H,S synthesizing enzymes, cystathionine B-synthase (CBS)
and cystathionine y-lyase (CSE), have been reported to have an
organ- and tissue- specific expression pattern. High expression
profiles of CBS and CSE have been linked to the aggressiveness of
several solid tumors, but are generally expressed at lower levels
in hematological malignancies [16,17]. For instance, upregulation
of CBS was reported in androgen-dependent prostate, colon and

ovarian cancer cells [18,19]. The latter two showed increased H,S
production when compared to non-malignant epithelial cells. In
contrary, the expression level of CBS has been described to be sig-
nificantly low in hepatocellular carcinoma (HCC) [18,20]. Although
CBS expression tends to be higher in most of the solid tumors, vari-
ability between patients with different histopathologic malignan-
cies suggests the need for further molecular characterization of
tumors. CSE was also found to enhance cellular proliferation and
migration of colon cancer cell lines [21-23]. Similarly, in HCC,
prostate cancer and glioma cell lines, endogenous H,S produced
by CSE has been involved in the survival and proliferation of these
malignant cell lines [24-26]. Collectively, CBS and CSE expression
patterns and functional correlations have been reported in differ-
ent solid tumors, but their role in BC is yet to be clarified.

In the present study, we aim to evaluate the expression patterns
of H,S synthesizing enzymes in a cohort of BC patients, to unravel
the mechanisms by which H,S modulates the oncogenic and the
immunogenic properties of BC cells, and lastly to explore the ther-
apeutic potential of targeting H,S synthesizing enzymes using
ncRNAs.

Materials and methods
Study patients

BC tissues and normal breast tissues were surgically resected
from 80 female patients with BC. Tumor and normal tissues were
morphologically proven by a pathologist. Classification of the BC
patients according to clinical data is provided in Table 1. Detailed
immuno-histochemical and pathological profiles of patients are
provided in (Supplementary Table S1). Fifty healthy donors were
also recruited in this study. All performed experiments are compli-
ant with the guidelines of the Institutional Review Board of Kasr El
Aini Medical School, Cairo University and German University in
Cairo and with the ethical standards of the declaration of Helsinki
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Table 1
Clinical data summary of the recruited female BC patients.

BC patients Percentage (Count)
Age (Years) >40 73.75% (59/80)
<40 26.25% (21/80)
Grade I 3.75% (3/80)
11 77.5% (62/80)

| 18.75% (15/80)

Histological type Ductal 96.25% (77/80)
Lobular 1.25% (1/80)
Both 2.5% (2/80)
Molecular Subtype Luminal A 22.5% (18/80)
Luminal B 43.75% (35/80)
HER-2 enriched 2.5% (2/80)
TNBC 31.25% (25/80)
ER/PR status Positive 66.25% (53/80)
Negative 33.75% (27/80)
HER2 status Positive 26.25% (21/80)
Negative 73.75% (59/80)
Lymphatic involvement Yes 66.25% (53/80)
No 33.75% (27/80)
Proliferation Index (Ki-67) High (>14%) 70% (56/80)
Low (<14%) 30% (24/80)

ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth
factor receptor 2.

(Ethical Approval Number: N-70-2016). All participants were
included after giving written informed consents.

Cell culture and treatment

MDA-MB-231 and MCF-7 BC cell lines were obtained from ATCC
and Vacsera, Egypt. BC cells were cultured in DMEM (Lonza,
Switzerland) media as previously described [14,27-29].

Oligonucleotides transfection

Breast cancer cells were transfected using different oligonu-
cleotides (such as: CBS siRNAs, CSE siRNAs, miR-4317 mimics,
scrambled siRNAs (Scr-siRNAs), scrambled miRNAs (Scr-miRNAs))
(Qiagen, Germany). All transfection experiments were executed
in triplicates employing HiPerfect Transfection Reagent (Qiagen,
Germany). All Experiments were repeated 3 times or more
[14,28,30,31].

Cellular viability and proliferation experiments

3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reagent was used for the cellular viability experiments. BC
cells (10,000 cells) were seeded in 200 pL media in a 96-well plate.
Post-transfection, 48 h later media in each well was replaced by
20 pL working solution. After 6 h, the absorbance of the formazan
crystals, solubilized in 200 pL buffer, was measured [14,27,28,30].
Bromo-deoxyuridine (BrdU) incorporation assay was used for the
proliferation experiments. BC cells were seeded into black 96-
well plates at a cell density of 5 x 10% cells/well. In accordance
with the Cell Proliferation ELISA kit (Roche Applied Science, Penz-
berg, Germany), BC cells were incubated with BrdU for 4 h, then
fixed using Fix-Denate for 30 min and incubated with Anti-BrdU
POD for 90 min [14,27,28,30]. All experiments were performed in
triplicates and repeated 3 times or more.

Cellular migration and invasion

Wound-healing assay was done to assess BC cellular migration.
Transfected cells were left to grow to a confluency of 90-95% in 24-
well plates. Post-transfection, 3 scratches were made in each well
using a 10- L pipette tip. Cells were washed using PBS and replen-

ished with new low-serum media (1% FBS). Twenty four hours
later, the surface areas of the scratches were measured and wound
closure was quantified with Zen2012 software [14,27,28,30]. The
Modified Boyden chamber assay (BD Bioscience, Bedford, USA)
was done to assess the in-vitro invasion capacity. In 24-well plates,
BC cells were transfected with different oligonucleotides. After
transfection, 6 x 10%cells, re-suspended in 200 pL low-serum
media (1% FBS), were seeded in the upper well, while the lower
well contained high-serum media (20% FBS). Cells were washed
from the upper surface using a cotton swab 8 h later. The trans-
well migrant cells were fixed and stained using 1% crystal violet
(Sigma Chemical Co., California, USA) and then counted under an
inverted light microscope. All experiments were performed in trip-
licate and repeated 3 times or more [6,14,27].

Colony-forming assay

For the colony forming assay, 48 h post-transfection, cells were
harvested and seeded in 6-well plate at a count of 900 cells/well.
Cells were incubated in full DMEM under normal conditions
(37 °C and 5% CO,) for 2-3 weeks. Colonies were fixed using 6%
glutaraldehyde, stained by 0.05% crystal violet and then manually
counted [14,27,32].

Total RNA and miRNAs extraction

Biazol reagent was used for total RNA and miRNAs extraction
from primary tissues and cell lines. RNA integrity was examined
by 18 s rRNA bands detection on 1% agarose gel electrophoresis.
RNA samples were examined for possible contamination with
other molecules such as proteins, cellular fragments, or organic
compounds using spectrophotometric analysis. The harvested
RNA samples were spectrophotometrically assessed at two differ-
ent wavelengths (260 and 280 nm) to assess its purity. The
260/280 ratio is used to assess the amount of protein contamina-
tion which could be present in trace amount during the process
of RNA isolation. A ratio of ~ 2.0 is generally accepted as “pure”
for RNA. If the ratio is appreciably lower, it may indicate the pres-
ence of protein, phenol or other contaminants that absorb strongly
at or near 280 nm [14,27,28,30,33].

Quantitative real-time PCR analysis

Reverse transcription of CBS, CSE, NOS2, NOS3, MICA, ULBP2,
TNF-o, IFN-y, B-actin and 18srRNA mRNAs into cDNA was done
using the High-Capacity cDNA Reverse Transcription Kit (ABI, Cal-
ifornia, USA) according to the manufacturer’s instruction. The
extracted miRNAs were reverse transcribed into single-stranded
complementary DNA (cDNA) using TagMan MicroRNA Reverse
Transcription Kit (ABI, California, USA) and specific primers for
hsa-miR-155, hsa-miR-146, hsa-miR-4317 and RNUG6B. Relative
expression of CBS, CSE, NOS2, NOS3, MICA, ULBP2, TNF-a, IFN-v,
B-actin and 18 s rRNA (for normalization), miR-155, miR-146a,
miR-4317 and RNU6B (for normalization) was quantified using
TagMan Real-Time q-PCR on StepOne™ Systems (ABI, California,
USA). Relative expression was calculated using the 2"24 method.
All PCR reactions were done in triplicates and repeated 3 times or
more [14,27,28,30,34].

Western blot analysis

Post oligonucleotides transfection, BC cells were lysed using
RIPA lysis buffer (Pierce Biotechnology, Massachusetts, United
States) containing Protease Inhibitor Cocktail Set Il and Phos-
phatase Inhibitor Cocktail Set II (EMD Biosciences, California,
USA). BCA protein assay kit (Pierce Biotechnology, Massachusetts,
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USA) was adopted to determine the concentration of proteins. Pro-
tein lysates (25-35 pg) were diluted with 4x laemmli buffers and
incubated for 10 min at 95 °C. Proteins were then separated on
12% SDS-PAGE gels in mini electrophoresis system (Bio-Rad Labo-
ratories, California, USA). Amersham™ ECL™ Rainbow™ Marker -
Full range (GE Healthcare, California, USA) was applied as a protein
size detection marker. Separated proteins were then transferred to
iBlot™ 2 Transfer Stack nitrocellulose membranes (Life Technolo-
gies, California, USA) using an iBlot™ 2 dry transfer system (Life
Technologies, California, USA). Membranes were blocked for 1 h
using 5% fat-free dry milk in TBS (Bio-Rad Laboratories, California,
USA) supplied by 0.1% tween 20 (Sigma-Aldrich, California, USA)
then incubated over-night with CBS (ab140600, Abcam, California,
USA), CSE (ab54573, Abcam, California, USA), Akt (pan) (Cell Sig-
naling Technology), Phospho-Akt (s473) (Cell Signaling Technol-
ogy), Phospho-STAT3 (y705) (BD Biosciences/ Cell Signaling
Technology) and GAPDH (Cell Signaling Technology, California,
USA) antibodies. Fluorophore labeled IRDye® (LI-COR Biosciences,
California, USA) secondary antibodies were used for protein detec-
tion. Fluorescence visualization was done using an Odyssey CLx
membrane imaging system (LI-COR Biosciences, California, USA).
All western blot experiments were done in triplicates and repeated
at least 3 times [6].

Quantification of H,S production

A microplate colorimetric H,S detection assay designed for H,S
measurement was used as previously described [35,36]. Briefly,
poly vinyl pyrrolidone (PVP, 5% w/v) solution was added to Nafion®
perfluorinated resin solution in a ratio of 9:1 (v/v). Thirty pL of
0.1 M silver nitrate (AgNO3) was then combined with the Nafion/
PVP mixture. The Ag/Nafion/PVP solution was vortexed, and then
20 pL of solution was dropped per carefully on the lower side of
the cover. The cover was dried for at least 3 h to form a membra-
nous coating. To obtain calibration curve, 300 pL of the freshly pre-
pared Na,S solution, at concentrations ranging from 6.25 to 50 puM,
was added to a 96-well plate. The plate was covered with the fab-
ricated Ag/Nafion/PVP coated cover. H,S was allowed to form Na,S
for 4 h at 37 °C in a 5% CO, incubator. The absorbance at 310 nm
was measured using a Synergy HTX multi-mode reader (BioTek,
Winooski, VT, United States). Next, we analyzed the absorbance
of the Ag/Nafion/PVP membrane for H,S produced from BC cells.
Finally, H,S concentration was calculated against the calibration
curve (sensitivity: 0.0049 Abs/uM H,S). AgNO3, PVP (K90), Nafion®
perfluorinated resin solution, Na,S, GSH, DTT, H-Cys and Cys were
purchased from Sigma Aldrich (California, USA).

Quantification of NO production

NO production was measured using Griess reagent assay (Pro-
mega, USA) [14]. Briefly, 50 uL of cell culture supernatant mixed
with 50 pL of the sulfanilamide solution were incubated for
10 min. Fifty pL of N-1-napthylethylenediamine dihydrochloride
(NED) solution were then added and absorbance was measured
at 540 nm using Wallac 1420 Victor 2 Multilabel Counter (Perkin
Elmer, USA). Experiments were performed in triplicates and
repeated 3 times or more [14].

Detection of cell surface markers using flow cytometry

After oligonucleotides transfection according to the manufac-
turing protocol, tumor cells were trypsinized then washed with
cold PBS. Cells were immunostained for 45 min — 1 h with
fluorophore-conjugated primary antibodies. Antibodies used
included: anti-HER2_FITC, anti-HLA-DR_FITC, anti-CD80_PE, anti-
CD86_APC (BD Biosciences, San Jose, California, USA), and PD-

L1_PE-Cy5 (BioLegend, California, United States). CAR expression
was detected by immunostaining with a recombinant human
ErbB2/Her2 Fc chimeric protein (R&D Systems) at 4 °C for 1 h fol-
lowed by a PE-conjugated goat anti-human IgG (Fc gamma-
specific) (eBioscience). Cells were analyzed on Accuri C6 or BD
Canto II flokéw cytometers (BD bioscience, California, USA). Data
analysis was done using FlowJo™ 10 (BD bioscience, California,
USA) [31].

NK cell isolation

Peripheral blood mononuclear cells (PBMCs) were separated
from peripheral blood of healthy donors within 4 h of collection
using Ficoll-Hypaque centrifugation (Axis-Shield PoC AS, Norway).
NK cells were then enriched by negative selection using a MACS NK
cell isolation kit (Miltenyi Biotec, Cologne, Germany). Enriched NK
cell populations were 97.4% CD56/CD3 and 1.2% CD3 positive,
assessed by flow cytometry [14,28,37].

NK cell-mediated cytolytic assay

MDA-MB-231 cells transfected with different oligonucleotides
were seeded in a U-shaped 96-well plate at a cell density of
15,000 cells/well. After 2 h, primary NK cells were added to the tar-
get MDA-MB-231 cells at a 5:1 effector to target ratio (E:T) and
incubated for 6-8 h. Later, the lactate dehydrogenase (LDH) activ-
ity assay kit (MAK066-1 K1-Sigma-Aldrich, St. Louis, MO, USA) was
used to measure the in-vitro cytotoxicity following the manufac-
turer’s instructions. The percentage of lysis was calculated accord-
ing to the following equation: % cytotoxicity = (target maximum
release -  experimental release)/ (target maximum
release) x 100. The experiment was done in triplicate and repeated
at least 3 times [14,28,37].

T cell isolation and chimeric antigen receptor (CAR) transduction

Chimeric antigen receptor (CAR) encoding y-retroviruses were
produced by co-transfecting 293 T cells with an FRP5.CD28.¢ con-
taining SFG retroviral vector plasmid, a Peq-Pam plasmid, encoding
Moloney GagPol, and RD114 envelope containing plasmid using
Gene Juice transfection reagent (EMD Biosciences). Supernatants
having the pseudo-retroviruses were harvested 72 h later. Briefly,
PBMCs were separated from fresh blood of healthy donors, con-
sented by a protocol approved by the IRB of Baylor College of Med-
icine, using Lymphoprep density gradient media (STEM CELL
technologies). PBMCs were activated with CD3 (OKT3 -OrthoBio-
tech) / CD28 antibodies (BD Biosciences) to stimulate T cell prolif-
eration. Twenty-four hours later, recombinant human interleukin 7
and 15 (IL-7/IL-15) were added. On day 3, cells were harvested for
retroviral transduction. CAR encoding 7y-retroviruses were cen-
trifuged for 1 h at 3000 g on non-tissue culture-treated 24-well
plate coated with recombinant fibronectin (RetroNectin - Takara
Bio, USA). Subsequently, 1 x 10° T cells per well were transduced
with retroviruses in the presence of IL-7/IL-15, by centrifugation
for 5 min at 1000 g. After 48 h, cells were removed.

T cell cytotoxicity assay

Radioactive chromium (°'Cr)-release assays were performed.
Briefly, MCF-7 cells transfected with different oligonucleotides
for 72 h were incubated with >!Cr for 1 h. In v-shaped 96 well
plates T cells and BC cells were co-cultured at different concentra-
tions. After 6 h, the supernatant was collected and analyzed for
>I1Cr. The average cytolysis of triplicate wells = (test release-
spontaneous release) / (max release-spontaneous release) x 100.
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Bioinformatic analysis

The computational software: miRDB (www.mirdb.org/miRDB),
miRanda (www.microrna.org), DIANA Lab (www.diana.cslab.ece.
ntua.gr), and Target Scan (www.targetscan.org) were adopted to
predict novel miRNAs that could dually target CBS and CSE simul-
taneously with good binding scores as previously described
[28,31,34,37,38]. This software use special algorithms for predic-
tion and the results are based on multiple criteria including
miRNA-mRNA  complementarity strength, binding score,
hybridization energy, and number of predicted binding sites within
the transcripts’ 3’-UTR and the candidate miRNA. It is important to
note that according to miRanda software, the more negative the
hybridization energy is, the more favorable the binding between
the miRNA and its target transcript. Moreover, complementarity
percentage was evaluated manually by calculating how many
nucleotides out of the 22 nucleotide-length miRNA were occupied
by base pairing with its complementary target sequence on the
3’-UTR of the target genes mRNA.

Reporter constructs and luciferase assay

To confirm the binding of miR-4317 to CBS and CSE 3’-UTR, a
dual firefly luciferase reporter construct was utilized (pmirGLO)
(Promega, Madison, WI). pmirGLO Dual Luciferase microRNA tar-
get expression vector was co-digested using Sacl and Xbal restric-
tion enzymes (Thermoscientific, Boston, MA, USA). For wild-type
constructs (WT), the miR-4317 binding region in 3'-UTRs of CBS
and CSE were inserted in the pmirGLO vector separately. Moreover,
mutant constructs (MUT) were designed (Supplementary
Table S2). The sequences in bold refer to the binding region nucleo-
tides that were deleted in the mutant constructs. MDA-MB-231
cells were transfected with the constructs or empty pmirGLO vec-
tor using SuperFect Tranfection Reagent (Qiagen, Germany) then
co-transfected 24 h later with miR-4317 mimics or Scr-miR using
HiPerFect Tranfection Reagent (Qiagen, Germany). After 48 h, rela-

tive luciferase activity was measured using SteadyGlo luciferase
reporter assay kit (Promega, Germany) [14,37].

Statistical analysis

Data is presented as mean * standard error of the mean (SEM)
for at least 3 different experiments, unless otherwise indicated in
figure legends. Non-parametric unpaired student-t-test was exe-
cuted to compare between every two independent groups (e.g.
screening results). One-way analysis of variance with post hoc
analysis was adopted for multiple comparisons (e.g. tranfection
experiments). Correlation analysis was performed by Spearman
analysis. P-value of < 0.05 was considered statistically significant,
and the threshold of significance is denoted by *= p < 0.05,
**p <0.01, ***=p < 0.001, ***=p < 0.0001. Data was analyzed using
GraphPad Prism 8.2.1 software.

Results
Breast cancer patients express high levels of CBS, CSE and H,S

First, we assessed the levels of CBS and CSE in tumor biopsies
from a cohort of 80 women, diagnosed with BC (Table 1). Tumors
from BC patients showed significantly higher expression levels of
CBS (P =0.0005) and CSE (P =0.0019) transcripts relative to histolog-
ically normal breast tissues isolated from the same mastectomy
sample (Fig. 1a). All BC subtypes (Luminal A, luminal B, HER2
enriched and TNBC) showed elevated levels of CBS and CSE with
no significant differences in the expression levels of those enzymes
between the different subtypes. Moreover, serum H,S levels were
significantly higher in BC patients (28.74 + 1.33 uM) when compared
to healthy gender and age matched controls (19.94 + 0.85 uM;
p <0.0001) (Fig. 1b). The elevation of serum H,S and its synthesizing
enzymes in BC patients, independent of the BC subtype, prompted
us to investigate the correlation between the expression pattern of
CBS and CSE with the proliferation index of BC tissues, an estab-
lished prognostic marker of the disease [39]. Interestingly, tumors
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Fig. 2. CBS and CSE sequence specific siRNAs downregulate RNA, protein and H,S production levels and impact BC malignant properties. The expression of CBS and CSE
transcripts and protein levels in mock and siRNAs transfected MDA-MB-231 and MCF7 cells were determined using (a) qRT-PCR 48 h post-transfection and (b) western blot
analysis 72 h post-transfection (c) H,S levels were determined in the supernatant of MDA-MB-231 and MCF?7 after silencing of CBS and CSE (d) Knocking down of CBS and CSE
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(top middle), migration capacity measured by wound healing assay (top right), invasion capacity measured by Boyder chamber assay (bottom left) and colony formation
ability (bottom right).
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with a high proliferation marker Ki-67 expression (>14%) showed
significantly elevated levels of CBS (P = 0.0002), CSE (P = 0.0103)
(Fig. 1c) and H,S (P = 0.0008) (Fig. 1d) compared to tumors with
low Ki-67 (<14%).

Inhibition of endogenous H,S production attenuates the malignant
properties of BC cells in vitro

Since CBS and CSE were found to be elevated in various sub-
types of BC, MCF7, a HR*/HER2" BC cell line, and MDA-MB-231, a
TNBC cell line, were used to analyze the impact of CBS and CSE
silencing on the malignant phenotype of BC cells. Knocking down
(KD) of CBS or CSE using siRNAs resulted in efficient reduction of
CBS and CSE transcript and protein levels as evaluated via qRT-

183

PCR (Fig. 2a) and western blot analysis (Fig. 2b, Supplementary
Fig. S1), respectively. This was associated with a significant
decrease in the H,S levels produced by both BC cell lines
(Fig. 2c). KD of CBS or CSE led to a marked reduction in BC cellular
viability, proliferation, migration, invasion, and colony forming
ability (Fig. 2d).

Inhibition of endogenous H,S production modulates PI3K/Akt, JAK/
STAT3 and miR-155/NOS2/NO signaling pathways in BC cells

HER2 signaling is a key mediator of the malignant phenotype of
HER2 expressing BC cell lines. In order to study the underlying
mechanisms for the altered tumorigenicity/malignant potential of
the HR*/HER2" MCF7 cell line, we evaluated the effect of CBS/CSE
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Fig. 3. CBS/CSE silencing modulates PI3K/Akt, JAK/STAT3 and miR-155/NOS2/NO signaling pathways. (a) The protein expression of Akt, phosho-Akt (serine 473) in mock or
siRNA transfected MCF7 and phosphor-STAT3 (tyrosine 705) in mock or siRNA transfected MDA-MB-231 was determined using western blot 72 h post transfection. Relative
expression plots were normalized to the internal control GAPDH, then compared to the mock + standard deviation from 3 separate experiments (b) the RNA trnascripts of
NOS2 and NOS3 in mock and siRNAs transfected MDA-MB-231 and MCF7 cells determined by qRT-PCR 48 h post-transfection. (c) NO levels were determined in the
supernatant of MDA-MB-231 and MCF?7 after silencing of CBS and CSE. (d) The expression pattern of miR-155 normalized to RNU6B as an internal control in mock, CBS siRNAs
and CSE siRNAs MDA-MB-231 and MCF7 cells were determined by qRT-PCR 48 h post-transfection. (e) Cellular viability and colony forming ability of MDA-MB-231 and MCF-

7 cells co-treated with a NO donor (NaNO,) and CBS or CSE siRNA.
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KD/silencing on the PI3K/Akt pathway which is a key HER2 signal-
ing pathway. We found that total Akt and active phosphorylated
Akt levels significantly decreased upon repression of endogenous
H,S production (Akt: CBS siRNA p = 0.092952, CSE siRNA
p = 0.042246; pAkt: CBS siRNA p = 0.000366, CSE siRNA p = 0.
0.000779) (Fig. 3a, Supplementary Fig. S1). Of note, no effect on
Akt and phosphorylated Akt levels was observed in the TNBC
MDA-MB-231 cell line (data not shown). In TNBC, the JAK/STAT3
pathway has been reported to be an important mediator of tumor-
genicity [40]. Accordingly, the effect of CBS/CSE KD on STAT3 was
investigated in the TNBC cell line, MDA-MB-231, which resulted
in a significant decrease in the activated/phosphorylated STAT3
levels in CBS silenced cells (Fig. 3a, Supplementary Fig. S1).

NO signaling has been associated with several malignancies
including BC. We previously reported on the cross-talk between
exogenous H,S and NO pathway in TNBC [14]. We, therefore, inves-
tigated the effect of CBS/CSE silencing on NO production. Interest-
ingly, CBS and CSE KD resulted in a marked repression of NOS2
transcript levels but had no significant effect on the NOS3 tran-
script levels (Fig. 3b). Additionally, this significantly attenuated
NO production levels (Fig. 3c). The microRNA molecules: miR-
146a and miR-155 were previously found to regulate the NOS2
transcript levels [41,42]. Accordingly, the expression levels of
miR-146a and miR-155 were evaluated in CBS or CSE siRNA trans-
fected BC cells. The expression of miR-155 was significantly up-
regulated in CBS or CSE KD BC cells (Fig. 3d), whereas miR-146a
expression did not change significantly (Supplementary Fig. S2).
Furthermore, co-treatment of CBS or CSE siRNA-transfected
MDA-MB-231 and MCF7 cells with a NO donor (NaNO,) abrogated
the anti-neoplastic effects of CBS and CSE siRNAs (Fig. 3e).
Collectively, these results propose an interaction between the
endogenous H,S and NO pathways in BC cells whereby the pro-
carcinogenic effects of H,S may be, at least in part, mediated
through its effects on NO production via the miR-155/NOS2/NO
signaling pathway.

Inhibition of endogenous H,S production enhances the susceptibility of
BC cells to immune-mediated killing

Tumor cells utilize various mechanisms to evade immune
responses mediated by effector cells including T cells and NK cells
[43,44]. The results showed that interruption of H,S signaling via
CBS/CSE silencing lead to an improvement in NK cell-mediated
cytotoxicity against MDA-MB-231 (Fig. 4a) and HER2-targeting
Chimeric Antigen Receptor (CAR) T cell-mediated cytotoxicity
against HR*/HER2" MCF7 cells (Fig. 4b). To explore the possible
underlying mechanisms that may have contributed to the
increased susceptibility to immune-mediated killing, we evaluated
the effect of CBS/CSE silencing on NKG2D ligands including ULBP2
and MICA in the MDA-MB-231 cells. We observed that ULBP2 and
MICA mRNA transcripts were significantly increased upon repress-
ing the endogenous production of H,S (Fig. 4c). Moreover, there
was also a significant reduction in the level of TNF-o and an eleva-
tion in the level of interferon-y production by MDA-MB-231 cells,
which may promote a more inflammatory tumor microenviron-
ment (Fig. 4d). In MCF7 cells, H,S silencing led to increased expres-
sion of the T cell co-stimulatory ligands: CD80 (B7-1) / CD86 (B7-2)
and 41BB ligand that activate T cell through interacting with CD28
and CD137 (41BB), respectively (Fig. 4e). Nonetheless, repression
of endogenous H,S increased expression of MHC II (HLA-DR), a
molecule that has been described to mediate antigenicity to adap-
tive immune responses (Fig. 4e and Supplementary Fig. S3). Impor-
tantly, no significant changes were found in the expression of HER2
or the T cell inhibitory ligand, PD-L1, upon CBS or CSE silencing
(Fig. 4f and Supplementary Fig. S3). Collectively, inhibition of
endogenous H,S production led to increased expression of

activating/co-stimulatory ligands on BC cells and increased their
susceptibility to NK cell- and T cell-mediated immune responses.

Identification of miR-4317 as a potential regulator of CBS and CSE in
BC

Having demonstrated a possible role of CBS and CSE in modulat-
ing BC oncogenic and immunogenic profiles, we sought to explore
the effect of dual targeting the CBS and CSE in BC cells. Since miR-
NAs possess the potential to bind and down-regulate multiple
mRNA targets, we used in-silico prediction models to identify
miRNA candidates that can simultaneously target CBS and CSE
transcripts. These models identified miR-4317 as a candidate that
can potentially bind to the CBS 3’-UTR sequence at two different
binding regions and the CSE 3’-UTR sequence at 1 binding region
with high binding scores (Supplementary Table S3 and Supplemen-
tary Fig. S4). We first examined the expression pattern of miR-4317
in primary BC specimens. miR-4317 expression level was found to
be significantly lower in BC tissues as compared to normal breast
tissues (P = 0.0017) (Fig. 5a). Additionally, it was significantly
lower in TNBC specimens when compared to other BC subtypes
(P < 0.0001) (Fig. 5b). In a similar pattern, the TNBC cell line,
MDA-MB-231, exhibited levels of miR-4317 lower than the HR'/
HER2" MCF7 cell line (P < 0.0001) (Fig. 5¢), a phenotype that could
be reversed in both MCF7 and MDA-MB-231 by ectopic expression
of miR-4317 using miR-4317 mimics (Fig. 5d).

miR-4317 directly co-targets CBS and CSE in BC and inhibits its
malignant phenotype

To assess whether miR-4317 directly targets the 3'-UTR of CBS
and CSE, a dual luciferase assay was used. Luciferase-expressing
constructs were prepared and incorporated in it the predicted
miR-4317-CBS binding sites 1or 2, or the miR-4317-CSE binding
site as indicated in Supplementary Table S2. These constructs were
either transfected alone or with the miR-4317-expressing
construct. In the presence of miR-4317, the luciferase-expressing
constructs containing the miR-4317-CBS binding site 2 and the
miR-4317-CSE binding site showed markedly lower levels of
luciferase activity compared to cells transfected with the
luciferase-expressing constructs alone. No significant reduction in
the luciferase activity was detected for the construct containing
the miR-4317-CBS binding site 1 when co-transfected with
miR-4317 (Fig. 6a). Ectopic expression of miR-4317 in the two BC
cell lines resulted in a marked repression of CBS and CSE transcript
levels (Fig. 6b), alongside a reduction in H,S production levels
(Fig. 6¢). This also led to a significant reduction in BC cellular via-
bility, proliferation and colony formation in both BC cell lines in
a manner comparable to CBS/CSE siRNAs co-transfection
(Fig. 6d). Moreover, a decrease in the cellular migration and
invasion of the aggressive TNBC cell line, MDA-MB-231, was noted
following miR-4317 induced expression (Fig. 6e).

Discussion

Gasotransmitters, including H,S, are emerging as potential
mediators in different pathological conditions and as possible diag-
nostic and prognostic markers in cancer [45,46]. The synthesizing
enzymes of those gasotransmitters were recently discovered to
be significantly altered in tumor tissues, suggesting a potential role
in the process of carcinogenesis [45]. Published studies in colon
and ovarian cancer demonstrated the up-regulation of CBS in pri-
mary tumors and that CBS seems to be the predominant source
of endogenous H,S. In the present study we observed that both
CBS and CSE were up-regulated in clinical samples from primary
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Fig. 4. Impact of silencing CBS and CSE on immune cell mediated cytotoxicity, immune ligand expression and cytokines release. (a) NK cell mediated cytotoxicity was tested
via co-culturing experiments that were done between mock, CBS/CSE KDMDA-MB-231 and primary NK cells using LDH assay. (b) T cell mediated cytotoxicity was tested
using HER2 targeting CAR T cells. CAR transduction rate was tested using a recombinant human ErbB2/Her2 Fc chimeric protein + PE-conjugated goat anti-human IgG (Fc
gamma-specific) andcompared to non-transduced (NT) T cells. CAR T cell mediated cytotoxicity was tested by a chromium (°'Cr) release assay. CAR T cells were incubated
with MCF7 cells at effector to target ratios of 2.5:1 and 5:1 for 6 h. Cytotoxicity is presented as percentage normalized to triton-X induced cytotoxicity.(c) ULBP2 and MICA
were analyzed on the mRNA transcripts level in mock, CBS or CSE KD MDA-MB-231 using qRT-PCR 48 h post-transfection. (d) The supernatant of mock, CBS/CSE KD MDA-MB-
231 was screened for IFN-y and TNF-o production using ELISA. (e) CD80, CD86, 41BBL and HLA-DR surface expression on mock, CBS or CSE KD MCF7, represented as
percentage expression and median fluorescence intensity, were analyzed using flow cytometry 72 h post-transfection (f) HER2 and PD-L1 surface expression on mock, CBS/
CSE KD MCF7, represented as percentage expression and median fluorescence intensity, was analyzed using flow cytometry 72 h post-transfection.

BC patients and that both contribute to H,S production in BC cells.
Similarly, others have shown elevated levels of CBS and CSE in hep-
atoma cell lines [47] and bladder urothelial cell carcinoma [48]. In
this study, we demonstrate a marked attenuation of key measures
of aggressiveness of BC cell lines upon CBS and/or CSE knock-down
supporting a possible role of H,S synthesis in mediating the malig-
nant phenotype of BC cells. Other studies have also shown that
silencing CBS and CSE can alter the progression of several malig-
nancies [18,19,48].

Silencing of the H,S synthetic pathway impacted the tumor-
genicity of MDA-MB-231 (TNBC) and MCF-7 (HR*/HER2") cell lines
via distinct mechanisms. In MCF7 cells, CBS/CSE silencing resulted
in a marked down-regulation of Akt and phosphorylated Akt. The
importance of the PI3K/Akt pathway in the MCF7 cell line is further
supported by a previous report showing that inhibition of this
pathway in MCF7 had a negative impact on cell survival, but did
not significantly affect the survival of the TNBC cell line,
MDA-MB-231 [49]. On the other hand, MDA-MB-231 cells onco-
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mock cells, determined by qRT-PCR 48 h post-transfection.

genicity was reported to be more dependent on the cytokine
receptor-mediated JAK/STAT signaling [40]. Therefore, decreased
phosphorylated STAT3 levels in MDA-MB-231 cells following
CBS/CSE silencing in this study may partly explain the observed
attenuation of MDA-MB-231 malignant phenotype.

Recently, our group has reported a tangled crosstalk between
“exogenous” H,S and endogenous NO production in TNBC cells
through the sONE/NOS3 axis [14]. Of note, in this study we inves-
tigated the possible relationship between the CBS/CSE induced H,S
production in BC cells and the NO pathway. It was evident that the
biological effects of endogenous H,S in both BC cell lines are, in
part, mediated by NO. However, compared to exogenous H,S, the
intrinsic mechanism underlying this crosstalk seems to be differ-
ent. While exogenous H,S mediates its effect through the sONE/
NOS3/NO axis [14], the results of this study showed that endoge-
nous H,S mediates its effects mainly through the miR-155/NOS2/
NO axis. This is concordant with the recently reported role of sev-
eral miRNAs in transducing endogenous H,S signaling [50,51].
Altogether, this study demonstrated that CBS/CSE induced H,S pro-
duction has been implicated with PI3k/Akt/mTOR, JAK/STAT and
miR-155/NOS2/NO signaling pathways.

Tumor immunogenicity and the role of NK cells and cytotoxic T
lymphocytes in mediating anti-tumor immune responses have
been extensively investigated [52-54]. Targeting NKG2D ligands
and/or blocking PD-1/PD-L1 interactions (checkpoint inhibitors)
have been the subject of clinical research and application [55,56].
Since alterations in the miR-155/NOS2/NO signaling pathway have
been reported to attenuate the immune suppressive tumor
microenvironment [31,57-59], we hypothesized that endogenous
H,S may modulate the immunogenic profile of BC cells. Tumor

cells tend to down-regulate NKG2D ligands through intracellular
retention and/or extracellular shedding to evade NKG2D
receptor-mediated NK cell killing. Interestingly, CBS and CSE
silencing induced the expression of the NKG2D ligands, MICA
and ULBP2, in the MDA-MD-231 TNBC cell line. This was associated
with improved NK cell cytotoxicity against H,S-depleted tumor
targets. These findings are concordant with the CBS/CSE KD associ-
ated attenuation of STAT3, which was described as a transcrip-
tional repressor of the NKG2D ligands, MICA/B and ULBP2, in
colon cancer, liver cancer and multiple myeloma [28,60]. Further-
more, CBS and CSE siRNAs led to a reduced production of TNF-a, a
cytokine that may contribute to immune cell apoptosis within the
tumor microenvironment. Interestingly, a recent report high-
lighted the role of H,S in tuning the levels of several pro-
inflammatory cytokines including TNF-a in diabetic rat model [61].

On the other hand, silencing of CBS and CSE led to improved
killing of the HR*/HER2" MCF7 cells by anti-HER2 CAR T cells. This
may have been partly mediated by the up-regulation of co-
stimulatory ligands, including CD86 (B7-2) and 4-1BB ligand
(41BBL), on MCF7 cells since the binding of these ligands to their
cognate receptors (CD28 and 4-1BB) on T cells is critical for effec-
tive T cell activation and function [62,63]. Of note, the increase in
the expression of HLA-DR (class II MHC), which may expose
mutant epitopes render tumor cell more immunogenic [43,64],
and co-stimulatory ligands [65] on MCF7 cells as well as the
changes in NK ligands and cytokine secretion by MDA-MD-231
cells following CBS/CSE KD may be conducive of more effective
immune responses against BC cells.

Finally, in an attempt to simultaneously target CBS and CSE using
a novel miRNA to halt BC progression, we found that miR-4317 can
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Fig. 7. . Targeting H,S synthesizing machinery in BC cells. This is a conclusive descriptive figure highlighting the major roles of endogenously produced H,S in BC cells.
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hallmarks, potentiating NK cells and cytotoxic T cells activity and alleviating the immune suppressive microenvironment in BC tumors. Dual Targeting of CBS and CSE in BC

cells was achieved using the novel tumor suppressor miR-4317.

potentially target both CBS and CSE transcripts through in silico anal-
ysis and this was functionally confirmed using a luciferase-based
assay. This adds miR-4317 to the list of validated miRNAs that mod-
ulate the endogenous production of H,S along with miR-21 [66],
miR-22 [67] and miR-30 [68]. Yet, all the previously reported H,S-
modulating miRNAs directly target CSE. However, to our knowledge,
CBS has not been described as a direct target for miRNAs. Thus, miR-
4317 is the first validated miRNA to co-target CBS and CSE simulta-
neously. While miR-4317 tumor suppressor activity has only been
reported in gastric carcinoma [69], this is the first study to describe
the tumor suppressor activity of miR-4317 in BC. Noteworthy,
results confirmed that miR-4317 was significantly down-regulated
in TNBC patients compared to other BC subtypes. Therefore, the con-
sideration of miR-4317 as a possible diagnostic or prognostic marker
in TNBC warrants further validation. Additionally, targeted thera-
pies aimed at up-regulating tumor suppressor miRNAs [70] such
as miR-4317 expression may have important anti-tumor activities
and may be particularly appealing considering the lack of targeted
therapies and the dissatisfactory outcomes in TNBC. In conclusion,
this study revealed that tissue levels of CBS and CSE were associated
with high proliferation index in clinical samples, suggesting a prog-
nostic value of these enzymes. Inhibition of the H,S synthesizing
enzymes suppresses BC oncogenicity, as evident by its effect on cell
proliferation, survival, invasion, and migration, and increases their
susceptibility to both innate and adaptive cellular immune
responses. Finally, miR-4317 was portrayed as a novel tumor sup-
pressor miRNA in BC that acts through simultaneous repression of
CBS and CSE (Fig. 7).
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