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Abstract: Small cell lung cancer (SCLC) is a highly malignant neuroendocrine tumor. Platinum-based chemo-resis-
tance is the major issue for the treatment of SCLC. The objective of the study is to identify the drugs that enhance
anti-tumor activity of cisplatin (CDDP) in SCLC. Firstly, by a high-throughput drug screening, we found that disulfiram
(DSF), a FDA-approved drug that is used to treat alcohol addiction, was able to sensitize CDDP-induced apoptosis in
SCLC. RNA-seq analysis revealed that cystathionine B-synthase (CBS) was a potential target of combination treat-
ment of DSF and CDDP in SCLC. CDDP treatment induced CBS expression, while the elevation of CBS expression
was down-regulated by DSF and CDDP co-treatment in SCLC. Importantly, the down-regulation of CBS by siRNA
silence increased CDDP-induced cellular apoptosis in SCLC. Furthermore, the study found that DSF combined with
CDDP decreased the H_S level, and increased the level of ROS. The elevation of H,S level reduced the growth inhibi-
tion of SCLC cells by DSF and CDDP co-treatment. Finally, in nude mice bearing SCLC xenografts, DSF and CDDP
co-treatment exhibited remarkable anti-tumor activity against SCLC tumors, evidenced by the significant reduction
of tumor size, tumor weight and Ki-67 expression as compared with single treatment alone. Therefore, the study
indicated that DSF could be re-purposed to potentiate CDDP-induced anti-tumor activity in SCLC, which are worth
immediate assessment for SCLC in clinical settings.
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Introduction

Lung cancer can be divided into non-small cell
lung cancer (NSCLC) and small cell lung cancer
(SCLC) in histological subtypes [1]. SCLC,
accounting for 15% of all lung cancer cases,
has the worst prognosis. The overall 5-year sur-
vival rate for SCLC is only 5%, making it the
sixth leading cause of cancer-related death [2].
SCLC has the characteristics of high prolifera-
tion rate and early metastasis [3]. Genomic
analyses indicated that SCLC had high muta-
tion burden and extensive chromosome rear-
rangements, almost always involving TP53 and
RB1 mutations, and often accompanied by
MYC oncogene amplification [4, 5]. SCLC
patients responded to initial platinum-based

chemo-therapy, but they almost developed che-
mo-resistance quickly within 6 months [6].
Therefore, chemotherapy resistance is an
urgent issue in clinic to improve the survival of
SCLC patients.

To identify the drugs that are able to enhance
the sensitivity of cisplatin (CDDP) in SCLC, our
previous study carried out a high throughput
drug screening. By screening 1092 FDA-
approved drugs, we found that auranofin, a
drug for the treatment of rheumatoid arthritis,
sensitized SCLC cells to CDDP treatment [7]. In
the meanwhile, the screening also found that
disulfiram (DSF) increased the inhibitory effect
of CDDP on SCLC cells’ growth. DSF is a FDA-
approved drug that is used to treat the alcohol
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addiction in the clinic, but an increasing num-
ber of studies have indicated that DSF has anti-
tumor effect in different kind of cancer types,
such as NSCLC, liver cancer, breast cancer and
so on [8]. Previous study has showed that DSF
inhibited ALDH activity to target cancer stem
cells to overcome chemotherapy resistance in
breast cancer [9]. DSF inhibited the activity of
NF-kB signaling pathway and enhanced 5-Fu
induced-apoptosis of colon cancer cells [10].
DSF significantly increased the sensitivity of
pancreatic cancer cells and xenografted nude
mice to ionizing radiation by aggravating DNA
damage, inducing cell cycle arrest and apopto-
sis [11]. In BCR-ABL+ leukemia cells, DSF syner-
gized with tyrosine kinase inhibitors by inducing
ferroptosis via promoting GPX4 degradation
[12]. DSF can also enhance the efficacy of anti-
immune checkpoints therapy. In triple-negative
breast cancer, DSF reduced the methylation in
the IRF7 promoter through DNMT1, thus increa-
sing the expression of PD-L1 and enhancing
anti-tumor efficacy of anti-PD-1 antibody [13].
DSF inhibited the malignant progression of
esophageal squamous cell carcinoma by block-
ing MOF deubiquitination controlled by USP21
[14]. Wang et al. have demonstrated that DSF
activated T-cell antigen receptor signaling to
induce anti-tumor response of CD8" T cells
[15]. Terashima et al. have indicated that DSF
also reduced the aggregation of macrophages
in the tumor by preventing chemokine FROUNT
from interacting with its receptor, thereby inhib-
iting tumor growth and metastasis [16]. The
anti-tumor activity of DSF is thought to be cop-
perions dependent [17-20]. DSF is metabolized
as diethyldithiocarbamate (DTC) in the body
and can form a complex with copper ions, CUET,
which exerts an anti-cancer effect [21]. In
SCLC, the synergistic anti-tumor activity of DSF
with CDDP has not been reported so far.

In the study, we found that DSF enhanced the
anti-tumor activity of CDDP in vitro and in vivo
in SCLC. RNA-seq analysis identified cystathio-
nine B-synthase (CBS), which was a potential
target for DSF-CDDP combination treatment.
The synergistic action of DSF and CDDP was
through H,S reduction and ROS overproduc-
tion. Our study suggests that DSF is a promis-
ing chemo-sensitizer of CDDP-based therapy in
SCLC.
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Materials and methods
Cell lines

Human SCLC cell lines, H69, H446, H82, H196
and H526 were cultured in RPMI-1640 com-
plete medium (Corning, Cellgro, Manassas, VA,
USA) in a humidified incubator at 37°C in 5%
(610)

2"

Materials

CDDP was obtained from Selleck chemical
(Shanghai, China) and dissolved in PBS at a
stock concentration of 1 mM. DSF was from
MCE chemical (Shanghai, China) and dissolved
in DMSO (Sigma-Aldrich, Saint Louis, MO, USA)
at a stock concentration of 10 mM. PARP
(9542S, 1:1000 dilution) and CBS (14782S,
1:1000 dilution) antibodies were purchased
from Cell Signaling Technology (Danvers, MA,
USA). B-actin (HC201-02, 1:10000 dilution)
antibody was obtained from TransBionovo
(Beijing, China).

Cell viability assay

The CellTiter-Glo Luminescent assay (Promega,
Madison, WI, USA) was used to detect cell via-
bility. 3000 cells/well were seeded in 96-well
plate (Coring Costar, ME, USA). After 24 hr, the
cells were subjected to the treatment of control
or the drugs for 72 hr in triplicate. Then, an
equal volume of CellTiter-Glo reagent was
added and incubated at room temperature for
10 min. Luminescent signal was measured in a
multilabel plate reader (Molecular Devices, CA,
USA).

High-throughput drug screen

A JANUS automated liquid handling workstation
(PerkinElmer, Waltham, MA, USA) was used to
screen FDA-approved drugs that enhanced the
anti-tumor activity of CDDP as previously
described [7].

Cell apoptosis

After control or drug treatment, SCLC cells were
stained with FITC Annexin V and Pl using an
Apoptosis Detection Kit (BD Pharmingen, San
Diego, CA, USA), and then analyzed on flow
cytometry (CytExpert, Beckman Coulter, Brea,
CA, USA). The results were analyzed using
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FlowJo software (BD Pharmingen, Ashland, OR,
USA).

Western blot

After treatment, SCLC cells were lysed with pro-
tein lysis buffer (150 mM NaCl, 50 mM Tris-HCI
(pH 8.0), 1% Triton X-100, 2 mM EDTA, 1x
Proteinase Inhibitor), and then protein lysate
was quantified using BCA Assay Kit (Beyotime,
Shanghai, China). 20 ug protein was subjected
to SDS-polyacrylamide gel (10%) electrophore-
sis, and then transferred to PVDF membrane
(Merck Millipore, Germany). The PVDF mem-
brane was blocked with 5% milk for 2 hr, and
then incubated with a primary antibody at 4°C
overnight, and followed by incubation with a
secondary antibody for 2 hr at room tempera-
ture. Signals were detected by an ECL substrate
(Zen-bioscience, Cheng Du, China). The band
density was quantified by ImageJ (NIH, USA).
B-actin was used as a loading control for
normalization.

RNA-seq

H69 cells was treated with DMSO control, 2 uM
CDDP, 0.025 uM DSF and CDDP combined with
DSF for 24 hr, and total RNA was extracted
using RNA Easy Fast Tissue/cell Kit (Tiangen,
Beijing, China). mRNA was enriched using the
VAHTS mRNA Capture Beads (Vazyme, Jiangsu,
China). Libraries were prepared with the VAHTS
Universal V8 RNA-Seq Library Prep Kit (Vazyme,
Jiangsu, China), and then paired-end sequenc-
ed on lllumina NovaSeq 6000 machines
(IMlumina, CA, USA) to generate 150 bp paired-
end reads. Raw reads were trimmed using Trim
Galore (v0.6.7) to remove the low-quality reads.
The clean reads were then aligned to the
GRCh37 genome using STAR (v2.7.10b), and
quantification was performed with RSEM
(v1.3.1). Normalization and differential expres-
sion analysis were conducted using R package
edgeR with gene count matrices. Log fold
change (FC) >1 and false discovery rate (FDR)
<0.05 were considered to be differentially
expressed genes.

SiRNA and transfection

H446 cells at 70% to 80% confluence were
transfected with siRNA following the instruc-
tions provided by the Lipofectamine 2000 kit
(Invitrogen, MA, USA). siRNA sequence is listed
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as below: CBS siRNA: 5’-CAGACCAAGUUGGCA-
AAGUTT-3'". Control siRNA: 5-UUCUCCGAACGU-
GUCACGUTT-3".

Measurement of ROS generation

H446 cells were plated in 6-well plates at a
density of 5x10° cells/well. After 24 hr, cells
were treated by vehicle control and drugs for 4
hr. And then DCFH-DA probe (Beyotime Biotech,
Shanghai, China) was added to the 6-well plate
and incubated with the cells for 30 min, away
from light. After washed twice with PBS, the
fluorescence of ROS was observed by fluores-
cence microscope (Carl Zeiss AG, Germany).

Detection of intracellular H23 level

We used a fluorescent probe WSP-5 (Cayman
Chemical, Michigan, USA) to detect H,S level in
SCLC cells, according to the method of Peng et
al. [22]. Briefly, after H446 cells were treated
with DMSO or drugs for 4 hr, WSP-5 (50 pM)
and a surfactant hexadecyltrimethylammonium
bromide (CTAB, 100 uM) in serum-free medium
were added to cells, and then incubated at
37°C for 20 min in the dark. After washed with
PBS twice, fluorescence signal was observed
under a fluorescent microscope (Carl Zeiss AG,
Germany).

Xenograft experiments

5-week-old female nude mice (Vital River
Laboratory Animal Technology, Beijing, China)
were inoculated subcutaneously with H69 cells
(2x108/100 pl medium) mixed with 100 pl of
Matrigel (BD Biosciences, Franklin, NJ, USA) in
the inguinal region of both hind limbs. Mice
were raised in specific pathogen free (SPF)-
grade animal house (22°C, 50% Relative
Humidity). When tumors grew to 4-5 mm in
diameter, mice were randomly divided into
four groups (5 mice/group): control group
(DMSO+PBS), CDDP treatment group (2 mg/
kg), DSF treatment group (50 mg/kg), and
CDDP-DSF combination treatment group. All
groups were supplemented with copper ions (3
mg/kg Copper (II) Gluconate) when the mice
were treated. The drug was given by intraperito-
neal injection every 3 days for 5 weeks. The
tumor size was measured using a caliper every
3 days for 5 weeks, and then calculated by a
formula: Volume = (length x width x width)/2.
At the end of the experiment, the mice were
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euthanized by CO, asphyxiation. The tumors
were dissected, weighted, and then fixed in 4%
paraformaldehyde for 24 hr. H&E and immuno-
histochemistry staining were performed as pre-
viously described [23].

Synergistic assessment of drug combination

The combination index (Cl) method of Chou and
Talalay was used to quantitatively assess drug
synergy [24]. When a Cl value is less than 1, the
drug combination indicates synergy.

Statistical analysis

Experimental data were analyzed using PRISM5
software (GraphPad Software Inc., USA) and R
software (v4.3.1). For in vitro experiments, data
are presented as mean + standard deviation.
Comparisons among multiple groups were per-
formed using one-way ANOVA followed by
Newman-Keuls post hoc tests, while compari-
sons between two groups used two-tailed
Student’s t-tests. Dynamic changes in tumor
volume (with time variables) were analyzed by
two-way repeated measures ANOVA to assess
main effects of time, treatment, and their inter-
action effects. If the interaction effect was sig-
nificant (P<0.05), post hoc multiple compari-
sons were adjusted using the Bonferroni meth-
od. Endpoint tumor weights were compared via
one-way ANOVA, and survival analysis was con-
ducted using the log-rank test (via the “surviv-
al” package in R, with optimal cutoff values
determined by the maxstat algorithm; hazard
ratios [HR] and 95% confidence intervals were
calculated using the Cox proportional hazards
model). Drug synergy was quantified by the
Chou-Talalay method (Combination Index, Cl<1
indicates synergy). RNA-seq differential genes
were filtered using thresholds of |[log2 (Fold
Change)| >1 and FDR<0.05 (Benjamini-Hoch-
berg correction). Significance levels were
defined as P<0.05.

Result

High-throughput drug screening found that
DSF enhanced the sensitivity of SCLC cells to
CDDP

In order to find a drug that can increase the
sensitivity of SCLC to CDDP, we used a high-
throughput screening approach. 1092 FDA-
approved drugs were screened when combined
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with CDDP treatment in SCLC cells. We found
that DSF at low dose increased the inhibitory
activity of CDDP on the growth of SCLC cells
(Figure 1A). Therefore, we further studied the
combination effect of DSF and CDDP in various
SCLC cell lines (H69, H82, H446 and H526)
(Figure 1B). In order to select suitable combina-
tion doses, we first examined IC_, values of
CDDP and DSF in SCLC cells (Supplementary
Figure 1). Cell viability assay indicated that the
combination of DSF and CDDP induced more
cellular death in various SCLC cell lines, when
compared with DSF and CDDP treatment alone.
To indicate the synergistic effect of DSF and
CDDP, we calculated the synergistic index in
H69 and H196 cells. As indicated in Tables 1
and 2, the combination of DSF and CDDP
showed synergistic anti-tumor effect as the val-
ues of Cl in both H69 and H196 cells were less
than one. Since previous studies have shown
that the Killing effect of DSF on cancer cells
depends on copper ions, we supplemented
copper ions (1 uM Copper (Il) Gluconate) in cell
culture medium. The results demonstrated that
the synergistic activity of DSF and CDDP was
enhanced when copper ions were supplement-
ed in culture medium of SCLC cells, compared
with culture medium without copper ions sup-
plement (Figure 1C). These results indicate that
DSF synergistically enhances anti-tumor activi-
ty of CDDP in SCLC, dependent on copper ions.

DSF enhanced CDDP-induced apoptosis in
SCLC

Since CDDP induced apoptosis, we next exam-
ined the effect of the combined treatment of
CDDP and DSF on apoptosis. As shown in
Figure 2A, flow cytometry analysis indicated
that CDDP and DSF combination induced more
cellular apoptosis (Annexin V positive cells in
Q2 and Q3) in SCLC HB9 and H446 cells, com-
pared with CDDP and DSF treatment alone.
Furthermore, western blot indicated that co-
treatment of CDDP and DSF induced more
PARP cleavage (apoptotic marker) in SCLC
(Figure 2B). These results indicate that DSF
enhances CDDP-induced cellular apoptosis in
SCLC.

The potential targets of combination treatment
of DSF and CDDP in SCLC

In order to further explore the mechanism con-
tributing to the synergistic anti-tumor effect of
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Figure 1. High-throughput drug screening identifies DSF that can enhance the sensitivity of SCLC to CDDP. A. The
plate map of high-throughput drug screen that identified DSF, which can enhance the anti-proliferative activity of
CDDP in SCLC H196 cells. The growth inhibition of H196 cells by DSF alone or combined with 1 uM CDDP was
indicated. B. DSF significantly increased CDDP-induced growth inhibition in SCLC cells. The SCLC cells (H69, H82,
H446 and H526 cells) were treated with DMSO control, DSF, CDDP or the combination of DSF and CDDP for 72 hr.
After treatment, cell viability was detected by CellTiter-Glo Luminescent assay. C. The supplement of copper ions
increases the synergistic activity of CDDP and DSF in SCLC. The SCLC cells (H69, H82, H446 and H526 cells) were
treated with DMSO control, DSF, CDDP or the combination of DSF and CDDP for 72 hr. Copper (II) Gluconate (1 uM)
was supplemented in the Cu group. After treatment, cell viability was detected by CellTiter-Glo Luminescent assay.
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Table 1. Combination index (Cl) of disulfiram and cisplatin in H69 cells

Disulfiram dose  Cisplatin dose  Mean growth Dose of Disulfiram alone

Dose of Cisplatin alone

(nM) (nM) inhibition (%) with same inhibition (nM)  with same inhibition (nM) Cl
D1 D2 X Dx1 Dx2

100 500 86.4 244 102589 0.41
100 1000 87.7 240 109370 0.43
100 2500 85.9 218 87902 0.49
200 500 96.5 263 239883 0.76
200 1000 96.4 271 239221 0.74
200 2000 95.6 251 187254 0.81
200 2500 96.1 271 221615 0.74
200 5000 95.1 251 173340 0.82

Table 2. Combination index (CI) of disulfiram and cisplatin in H196 cells

Disulfiram dose Cisplatin dose Mean growth Dose of Disulfiram alone Dose of Cisplatin alone with

(nM) (nM) inhibition (%) with same inhibition (nM) same inhibition (NM) Cl
D1 D2 X Dx1 Dx2

100 10000 92 3286 45248 0.25
100 5000 90 1707 36872 0.19
100 500 82 189 25445 0.54

DSF and CDDP co-treatment in SCLC, we per-
formed RNA-seq analysis of HE9 cells treated
by DMSO control, 0.025 yM DSF, 2 uM CDDP
and combination treatment. All detected RNAs
were showed in the heatmap (Figure 3A).
Firstly, we analyzed the differentially expressed
genes (CDDP vs DMSO, LogFC>1 and FDR<
0.05). We identified 94 up-regulated and 59
down-regulated genes by CDDP treatment,
compared to DMSO control treatment. The ex-
pression changes of these genes may cause
the resistance of SCLC cells to CDDP (Figure
3B). Secondly, we analyzed the differentially
expressed genes (Combination vs CDDP,
LogFC>1 and FDR<0.05). We identified 72 up-
regulated and 146 down-regulated genes by
combination treatment, compared to CDDP
treatment (Figure 3B). Finally, the Venn dia-
grams showed the intersections of the differen-
tially expressed genes (up-regulation and down-
regulation) in the two comparisons. The results
indicated that 30 genes were significantly up-
regulated in the CDDP group compared with
DMSO group, while these genes were signifi-
cantly down-regulated in the combination treat-
ment compared with CDDP treatment. 14
genes were significantly down-regulated in the
CDDP group compared with DMSO group, while
these genes were significantly up-regulated in
the combination treatment compared with
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CDDP treatment (Figure 3B). The 44 genes may
be targets of DSF to reverse CDDP resistance
in SCLC. Subsequently, we screened the 44
genes by KM survival analysis using GSE60052
dataset. Seven genes were identified to be sig-
nificantly associated with the survival of SCLC
patients, including CBS, CHKB.CPT1B, PCDHA1,
GNB3, ICAM3, CEP170P1 and ZNF157 (Figure
3C and Supplementary Figure 2). Previous stud-
ies have demonstrated that cystathione-beta
synthase (CBS) promoted tumor progression
and therapeutic resistance [25]. DSF-Cu com-
plex effectively inhibited the enzymatic activity
of CBS [26]. Based on these previous studies,
we hypothesized that CBS was the target of
DSF synergized with CDDP in killing SCLC cells.
Furthermore, we validated that CBS expression
was elevated by different doses of CDDP treat-
ment in HE9 and H446 cells (Figure 3D). The
elevation of CBS expression was down-regulat-
ed by the co-treatment of DSF and CDDP in
H69 and H446 cells (Figure 3E). These results
suggest that CBS is a potential target of combi-
nation treatment of DSF and CDDP in SCLC.

The down-regulation of CBS increased the sen-
sitivity of SCLC cells to CDDP

Next, to indicate whether CBS affects the sen-
sitivity SCLC cells to CDDP, we knocked-down
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Figure 2. DSF promotes CDDP-induced apoptosis in SCLC. A. DSF enhanced CDDP-induced cellular apoptosis in SCLC
cells. HB9 cells were treated with DMSO control, CDDP (2 uM), DSF (0.025 uM), and the DSF-CDDP combination for
24 hr. H446 cells were treated with DMSO control, CDDP (0.5 yM), DSF (0.1 uM), and the DSF-CDDP combination
for 12 hr. Copper (Il) Gluconate (1 uM) was supplemented in the all treatment. After treatment, cell apoptosis was
detected by Annexin V apoptotic assay. B. DSF and CDDP co-treatment induced stronger apoptosis as indicated
by PARP cleavage. H69 cells were treated with DMSO control, CDDP (2 uM), DSF (0.025 pM), and the DSF-CDDP
combination for 24 hr. H446 cells were treated with DMSO control, CDDP (0.5 uM), DSF (0.1 uyM), and the DSF-CDDP
combination for 12 hr. Copper (II) Gluconate (1 uM) was supplemented in the all treatment. PARP and cleaved PARP
were detected by western blot. B-Actin was used as loading control. Intensity of cleaved PARP band was quantified
by ImageJ, and then normalized by the expression of 3-Actin.
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Figure 3. RNA-seq identifies the potential target of DSF and CDDP combination. A. The heatmap of all RNAs de-
tected in HB9 cells after treatments. H69 cells were treated by DMSO control, CDDP (2 uM), DSF (0.025 uM),
and the combination treatment of CDDP (2 yM) and DSF (0.025 uM) for 24 hr. Copper (Il) Gluconate (1 uM) was
supplemented in the all treatment. B. Venn diagrams show the intersections of the differentially expressed mRNA
among the two comparisons. C. KM curve shows the association of CBS expression with overall survival in 48 SCLC
patients from the GSE60052 dataset. D. Western blot shows that CDDP induces the expression of CBS in H69 cells
and H446 cells. B-actin was used as loading control. E. Western blot shows that CDDP and DSF co-treatment de-
creases CBS expression induced by CDDP in H69 and H446 cells. B-actin was used as loading control.

CBS by transfecting CBS siRNA in SCLC cells CDDP treatment increased H,S level, which

(Figure 4A). Western blot indicated that CDDP
induced more cleaved PARP (apoptotic marker),
when CBS was knocked-down in H446 cells
(Figure 4B). Flow cytometry assay demonstrat-
ed that CDDP induced more Annexin V positive
cells (apoptotic marker), when CBS was kno-
cked-down in H446 cells (Figure 4C). These
results indicate that CBS is involved in the regu-
lation of SCLC cells to CDDP sensitivity.
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was reduced by the combination treatment of
DSF and CDDP

CBS is a critical enzyme in the transsulfur path-
way and can produce H,S [27]. Firstly, we exam-
ined the production of H,S after the treatment
in H446 cells. The data indicated that CDDP
increased the level of HQS, while the combina-
tion treatment of DSF and CDDP inhibited

Am J Cancer Res 2025;15(4):1647-1661



The sensitizer of chemotherapy in small cell lung cancer

PARP S s ‘oanas St
Cleaved PARP G T W —

A B v
& &
‘0\ \é 98' .S 2.0- *okok
v & TR .2 oK ?
é\qﬁ \\7‘ OOQ ® 00 OQ% OQ’OOQ %& 154 s
&o\ fo\q. . e g &
oo\, @9 CBS w—?, ._§81°_

¢ (& [
a0
i

2

B-actin — ——

B-actin T —

eY' é?' é?' e?’
& & & &
& T P P
g EL
& £ O
[ 8w) X
O
C Control siRNA Control siRNA CBS siRNA CBS siRNA
A +CDDP +CDDP
1" Ia1 Q2 1 a1 Q2 10" a1 Q2 Q2
1084122 6.27 1064 15.1 6.89 5130 7.20 8.87
10° 4 10°4 10° 4
o
104‘ 104‘ 104'
10% 5 10° 10° 5
o dQ4 G Q3 o qQ4 7 Q3 o 4Q4 Q3 Q3
10°475.2 6.37 10°471.6 6.40 10°472.7 714 7.56
' TJ 106 '1":)7 :Os 1III ' ¥ 1!‘0s I“:)T 1l'ls 1":77
>

Annexin V -FITC

Figure 4. The down-regulation of CBS increases CDDP-induced cell apoptosis in SCLC. A. Western blot indicates
that CBS is knocked down in H446 cells. B. Western blot indicates that PARP cleavage is increased in H446 cells
with CBS knock-down. H446 cells were transiently transfected with CBS and control siRNA for 24 hr, and then
transfected cells were treated with DMSO and CDDP (1 uM) for 24 hr. Intensity of cleaved PARP band was quanti-
fied by Imagel, and then normalized by the expression of B-Actin. C. Flow cytometry indicates that CBS knock-down
increases the apoptosis of H446 cells induced by CDDP treatment. H446 cells were transiently transfected with
CBS and control siRNA for 24 hr, and then transfected cells were treated with DMSO and CDDP (1 uM) for 24 hr.

CDDP-induced H,S production in H446 cells
(Figure 5A). CDDP is able to induce apoptosis
through the generation of ROS. H,S is a reduc-
ing agent that can scavenge ROS. Therefore,
we hypothesized that CDDP-induced H,S
reduced ROS level, which could lead to the
insensitivity of cancer cells to CDDP treatment.
Indeed, when H_S level was reduced by the co-
treatment of DSF and CDDP, ROS level was
elevated in H446 cells (Figure 5B). In order to
indicate that the combination of CDDP and DSF
induce apoptosis of SCLC cells via the inhibition
of H,S, we conducted H_S rescue experiment.
H446 cells were cultured in the medium with
10 pM NaSH to supplement H,S. As shown in
Figure 5C, the elevation of H_S level significant-
ly reduced the growth inhibition of H446 cells
by CDDP and DSF co-treatment. These results
indicate that DSF sensitizes SCLC cells to CDDP
via the inhibition of H_S.
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Combination of DSF and CDDP exhibited sig-
nificant anti-tumor activity in vivo

Next, we determined the in vivo antitumor effi-
cacy of DSF and CDDP combination in an SCLC
model. Mice were subcutaneously inoculated
with H69 SCLC cells. When the tumor size
reached 4-5 mm in diameter, the mice were
randomized into four groups for vehicle control,
CDDP (2 mg/kg), DSF (50 mg/kg), and combi-
nation treatment. Treatments were given every
3 days for 33 days, and all treatments were
supplemented with copper ions (3 mg/kg
Copper (Il) Gluconate). As shown in Figure 6A,
CDDP single agent resulted in the growth inhibi-
tion. However, the addition of DSF significantly
reduced the tumor size, compared with CDDP
treatment alone. At the end of the experiment,
we dissected the tumors from the mice. We
found that tumors’ weight from the combined
treatment group was significantly reduced,
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Figure 5. Combination of DSF and CDDP decreases the level of H,S, and increases ROS. A. The combination of DSF
and CDDP inhibits intracellular H,S generation. H446 cells were treated with DMSO control, CDDP (0.5 uM), DSF
(0.1 uM), or the combination of CDDP and DSF for 4 hr. After treatment, cells were stained with WSP-5, and then
H,S (green fluorescence) was detected by fluorescence microscopy. B. The combination of DSF and CDDP induces
more intracellular ROS generation. H446 cells were treated with DMSO control, CDDP (0.5 pM), DSF (0.1 pM), or
the combination of CDDP and DSF for 4 hr. After treatment, cells were stained with DCFH-DA, and then ROS (green
fluorescence) was detected by fluorescence microscopy. C. The elevation of H,S reverses the growth inhibition
induced by the combined treatment of DSF and CDDP in H446 cells. NaSH (10 uM) was added to culture medium
to produce H,S. In the culture medium with or without NaSH (10 uM), H446 cells were treated with DMSO control,
CDDP, DSF, or the combination CDDP and DSF for 72 hr. After treatment, growth inhibition was determined by
CellTiterGlo Luminescent assay.

compared with CDDP treatment alone (Figure tions in vivo (Figure 6D). Furthermore, by immu-
6B and 6C). The combination treatments did nohistochemical staining, the tumors of the
not appear to affect the weights of the mice, combination group displayed a remarkable
indicating minimal toxicity of these combina- reduction in Ki-67 proliferation marker staining
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Figure 6. Combination of DSF and CDDP inhibits SCLC tumor growth in vivo. A. The combination of DSF and CDDP
remarkably suppresses tumor growth in mouse model with SCLC H69 xenografts. Mice with H69 xenografts were
treated by DMSO control, 50 mg/kg DSF, 2 mg/kg CDDP, or the combination of DSF and CDDP every three days for
5 weeks. All treatments were supplemented with Copper (ll) Gluconate (3 mg/kg). The mean tumor size + SEM is
shown. B. At the end of the experiment, tumor weight in combination group was significantly decreased compared
to CDDP group. The mean tumor weight £ SEM is shown. C. Imaging of tumors from each group. The tumors were
excised at the end of the experiment. D. Body weights of the nude mice during treatment. E. H&E staining and im-

munohistochemistry detection of Ki67.

compared with single agent treatment alone,
demonstrating that the combination could
markedly halt SCLC tumor cell proliferation in
vivo (Figure 6E). These results indicate that
DSF is able to enhance anti-tumor activity of
CDDP in SCLC in vivo.
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Discussion

Chemotherapy resistance is a major issue for
SCLC treatment in the clinic. In this study, we
screened FDA-approved drugs to seek a drug
which can enhance the sensitivity of SCLC to
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CDDP. We found that DSF was able to increase
the anti-tumor activity of CDDP in SCLC, depen-
dent on copper ions. We found that CDDP
induced the CBS expression, and the addition
of DSF decreased CDDP-induced CBS expres-
sion. Furthermore, the co-treatment of DSF and
CDDP reduced the production of H,S, and
whereas increased the level of ROS. The study
suggests that CBS is a potential target of the
combination treatment of DSF and CDDP in
SCLC.

CBS catalyzes homocysteine to produce H,S
[25]. Recent studies have demonstrated that
CBS plays an important role in cancer develop-
ment and therapeutic resistance. Bhattachary-
ya et al. indicated that the silence of CBS
decreased level of GSH and H,S production,
thereby promoting an increase of ROS and
CDDP-induced apoptosis in ovarian cancer
[28]. High levels of CBS and endogenous H,S
were detected in tumor tissues in NSCLC, and
H,S promotes tumor angiogenesis by stimulat-
ing the expression of VEGF through HIF-1x [29].
CBS was highly expressed in esophageal squa-
mous cell carcinoma, and CBS/H,S promoted
lymph node metastasis by activating SIRT1 sig-
naling pathway [30]. In colon cancer, H,S pro-
duced by CBS was able to maintain biological
energy of cancer cells and promote tumor
growth and angiogenesis [31]. At the same
time, it has been indicated that the inhibition of
CBS expression could reverse 5-Fu resistance
in colon cancer [32]. It has been reported that
CBS was highly expressed in breast cancer,
and the high CBS expression was associated
with the progression of breast cancer [33].
Cysteine in tumors was limited, so CBS-me-
diated cysteine synthesis was critical for tumor
growth [34]. In Triple-negative breast cancer,
HIF-1-induced CBS upregulation provided an
alternative source of cysteine for glutathione
synthesis and protects cells from Ferroptosis
[35]. In prostate cancer, HSF1 regulated the
conversion of homocysteine to cystathionine in
the transsulfuration pathway by inducing CBS.
CBS knock-down reduced the growth of pros-
tate cancer cells and induced tumor cell death
[36]. Our study found that CDDP induced CBS
expression and H,S elevation in SCLC, which
could promote CDDP resistance. However, the
co-treatment of DSF and CDDP reduced CBS
and H,S. Therefore, our study suggests that
CBS is a potential target of the combination
treatment of DSF and CDDP in SCLC.
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H,S has a wide range of effects on tumor
growth, such as cell proliferation, energy pro-
duction, apoptotic signaling, angiogenesis and
so on. It has been reported that low doses of
H,S could promote the phosphorylation of AKT
and stimulate the growth of liver cancer cells
[37]. H,S sulfhydrated MEK, which interacted
with PARP-1, thus promoting DNA damage
repair [38]. In addition, H,S facilitated the
repair of mitochondrial DNA and promoted
mitochondrial function in cancer cells [39].
Endogenous H_S could also promote the sulfhy-
drylation of p65 and increase the transcription-
al activity of p65, thereby enhancing the expres-
sion of anti-apoptotic proteins [40]. H,S regu-
lated the redox state of thioredoxin (Trx) and
inhibited the redox damage of cells [41].
Wahafu et al. indicated that H,S contributed to
CDDP resistance in urothelial cell carcinoma of
the bladder [42]. Depletion of endogenous H,S
production significantly inhibited the growth of
nasopharyngeal carcinoma through ROS/MAPK
pathway [43]. H,S level also affected tumor
immune microenvironment. Yue et al. have
demonstrated that reducing H_S levels increa-
sed the CD8" T-cell/Treg ratio in tissues of
colorectal cancer [44]. Our study showed that
CDDP treatment increased the level of H.S,
which may reduce ROS level, thereby promoting
CDDP resistance. The combination treatment
of CDDP and DSF decreased the level of HZS,
and increased the level of ROS. Therefore, our
study suggests that H,S is a mediator of CDDP
resistance in SCLC.

Our study showed that DSF synergistically
enhances anti-tumor activity of CDDP in SCLC.
CBS/H,S is the targets of DSF and CDDP co-
treatment in SCLC. Our study provides a ratio-
nal basis for further clinical study to re-purpose
DSF as a sensitizer of cisplatin-based therapy
in SCLC patients.
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Supplementary Figure 1. The IC,, values of CDDP and DSF in SCLC cells (H69, H82, H446 and H526 cells).
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Supplementary Figure 2. By KM survival
analysis in GSE60052 dataset, 7 genes
were identified to be significantly associ-
ated with the survival of SCLC patients.



