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increases the efficacy of cisplatin-mediated
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Abstract
Gastric cancer (GC) is one of the most common malignancies worldwide. Due to the low rate of early detection, most
GC patients were diagnosed as advance stages and had poor response to chemotherapy. Some studies found that
Fumarate hydratase (FH) participated in the DNA damage response and its deficiency was associated with
tumorigenesis in some cancers. In this study, we investigated the relationship between FH and cisplatin (CDDP)
sensitivity in GC cell lines. We found that FH was the most significant gene which induced by CDDP treatment and the
suppression of FH could enhance the cytotoxicity of CDDP. Miconazole Nitrate (MN) could inhibit FH activity and
enhance the effect of CDDP in vitro and in vivo. We also investigated the significance of expression of FH in GC tissues.
The FH expression, which was higher in GC tissues than in noncancerous tissues, was negatively associated with the
prognosis of patients. Together, these results revealed that FH is a reliable indicator for response to CDDP treatment in
GC and the inhibition of FH may be a potential strategy to improve the effects of CDDP-based chemotherapy.

Introduction
Gastric cancer (GC) is one of the most common human

malignancies. GC is currently the fifth most frequently
diagnosed cancer and it carries the third highest mortality
rate worldwide and is the most common malignancy in
East Asia. China is greatly affected by the high morbidity
rate of GC, which accounts for 13.08% of overall malig-
nancies1,2. Because of the latent biological behavior of GC,
almost 60% of patients are diagnosed in late stages and
exhibit a poor treatment response3,4. Although research-
ers have proposed hypotheses about GC treatments’

models5–7, tumor invasions and nodal metastasis lead to
the poor survival rate. Therefore, discovering new mole-
cular targets for studies to determine proper GC treat-
ment is quite urgent.
Fumarate hydratase (FH), an enzyme participating in

the tricarboxylic acid (TCA) cycle, catalyzes the reversible
hydration of fumarate to generate malate8–10. Researchers
first described FH mutation while studying a tumor sus-
ceptibility syndrome, hereditary leiomyomatosis and renal
cell cancer (HLRCC),whose characteristics are benign
cutaneous and uterine leiomyomas, renal cell carcinomas,
and uterine leiomyosarcomas11–13. However, the roles of
FH in nonmetabolic functions and the possible mechan-
isms underlying these roles attracted our interest, and
some researchers have focused on these topics14,15. Ohad
Yogev et al. and Zhimin Lu et al. investigated the rela-
tionship between FH and DNA damage repair. The pro-
cess is activated by FH and lead to enhance DNA damage
repair16,17. Rui Liu et al. hypothesized that enhancement
of FH inactivation or fumarate accumulation could lead to
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HIF-1α over-expression of observed during their
exploration of the relationship between GC and triio-
dothyronine(T3)18. However, the role of FH in human GC
has not yet been investigated, and the expression of FH in
GC and its effect on GC treatment are unknown.
Miconazole nitrate (MN) is an imidazole antifungal

agent approved for the treatment of yeast infections of the
skin or vagina and some other applications. Previous
investigation showed that miconazole induces apoptosis
via the death receptor 5-dependent and mitochondrial-
mediated pathways in human bladder cancer cells as well
as colon cancer cells19,20. However, the probable
mechanism should be studied.
In this study, we investigated the relationship between

FH and cisplatin (CDDP) sensitivity in GC cell lines. We
found that FH was the most significant gene which
induced by CDDP treatment and the suppression of FH
could enhance the cytotoxicity of CDDP. Miconazole
Nitrate (MN) could inhibit FH activity and enhance the
effect of CDDP in vitro and in vivo. We also investigated
the significance of expression of FH in GC tissues. The FH
expression, which was higher in GC tissues than in non-
cancerous tissues, was negatively associated with the
prognosis of patients. Together, these results revealed that
FH is a reliable indicator for response to CDDP treatment
in GC and the inhibition of FH may be a potential strategy
to improve the effects of CDDP-based chemotherapy.

Materials and methods
Cell culture
RPMI 1640 medium supplemented with 10% fetal

bovine serum (FBS) containing penicillin and streptomy-
cin was used to grow the GC cell lines SGC7901, HGC27
and BGC823 in a humidified atmosphere with 5% CO2 at
37 °C. The GC cell lines were obtained from the Cell Bank
of Chinese Academy of Sciences (Shanghai, China), with
validation of identity based on American Type Culture
Collection standards.

Reagents and antibodies
CDDP, 5-fluorouracil (5-Fu) and MN were purchased

from Selleck Chemicals (Houston, USA). Antibodies
specific for the following proteins were used in this study
were as follow: p-ATM, p-Chk1, p-Chk2, cleaved-PARP,
cleaved-caspase 3, Vinculin (all from Cell Signaling
Technology, Beverly, MA, USA), Lamin B1, FH, ATM,
Chk1, Chk2, γ-H2AX (all from Abcam, Cambridge, UK),
GAPDH (Sigma-Aldrich, St Louis, USA), DNA-PK (Affi-
nity Biosciences, Cincinnati, OH, USA) and Ki-67
(Zhongshan Golden Bridge Biotech, Beijing, China).

Real-time PCR and metabolism array
We used TRIzol (Invitrogen, Carlsbad, California, USA)

to extract total RNA. Then, cDNA was generated using a

PrimeScript One-step RT-PCR kit (TaKaRa, Dalian,
China). The cDNA template was amplified by RT-PCR
using GoTaq qPCR Master Mix (Promega, Madison,
Wisconsin, USA). The primer sequences used are listed in
Table S1. The reactions were performed in a
LightCycler480 system (Roche, Mannheim, Germany).
The relative expression of mRNA was calculated by the
2−ΔCt or 2−ΔΔCt method depending on the purpose.
cDNA from the indicated samples was added to a

NuRNA™ Human Central Metabolism PCR Array
(Arraystar Inc., Rockville, USA). The following procedure
was as the description previously.

RNA interference and over-expression plasmid
For RNA interference mediated depletion (knockdown)

of FH, human FH specific and control siRNAs were
synthesized by RiboBio (Guangzhou, Guangdong, China).
GC cells were transfected with siRNAs using Lipofecta-
mine 3000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The sequences targeting
FH were GATCTACGATGAACTTTAA (#1) and
GGATGCTGTTCCACTTACT (#2).
RNA interference in vivo was also synthesized by

RiboBio (Guangzhou, Guangdong, China). The tumors in
nude mice were injected cholesterol-conjugated siRNA
every 3 days21,22 and the following treatment was adopted
as the procedure of ‘Pharmacologic study in vivo’.
FH over-expression (OE) plasmid and empty vectors

(EV) were purchased from Kidan bio. co. Ltd (Guangzhou,
Guangdong, China). After transfection, the cells were
selected by G418 (MedChemExpress, USA). The over-
expression level was confirmed by Western blot.

Rescue test
After the cells were transfected by siRNA of FH, CDDP

and/or Fumarate were treated in the full medium with the
indicated cells for 3 days. MTS assay was used to detect
the cell viability as the procedure described in ‘Cell pro-
liferation and apoptosis assays’.

Immunoblotting and immunofluorescence analysis
Tissue samples and GC cell lines were lysed in RIPA

lysis buffer (Beyotime, Jiangsu, China) at 4 °C for 15min.
Lysates were cleared by centrifugation (12,000 rpm) at
4 °C for 15 min to collect total protein. Protein con-
centrations were estimated using a BCA protein assay
(Thermo Fisher, MA, USA). Equal amounts of protein in
the lysates were resolved on an 8–15% gel by electro-
phoresis and electrotransferred to a polyvinylidene
fluoride (PVDF) membranes. The PVDF membrane was
blocked with 5% skim milk for 1 h and probed with pri-
mary antibody (1:2000 dilution of anti-FH; 1:10,000
dilution of anti-GAPDH) at 4 °C overnight. Antibody
binding was detected with horseradish peroxidase-
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conjugated IgG secondary antibody for 1 h at room tem-
perature. Finally, the membrane was treated with an
enhanced ECL kit for visualization (Thermo Fisher, MA,
USA). Immunofluorescence of c-PARP and γ-H2AX was
detected using a standard protocol.

Cell proliferation and apoptosis assays
We used MTS (Promega, Madison, Wisconsin, USA)

and colony formation assays to detect cell viability and
proliferation. In addition, IC50 values were determined by
an MTS assay. Annexin-V/propidium iodide (PI) (Key-
GEN,Nanjing, China) were used to detect cell apoptosis
induced by MN or CDDP via flow cytometric analysis
(Beckman Coulter, California, USA) according to the
manufacturer’s instructions.

Determination of FH enzymatic activity and fumarate
concentration
GC cell samples were treated with Fumarase Assay Buffer

from a Fumarase Activity Colorimetric Assay Kit (Biovi-
sion, CA, USA). The samples, Fumarase Positive Control
and the NADH Standard were then added to a the 96-well
clear-bottom plate according to the protocols. Absorbance
at 450 nm was measured immediately in kinetic mode for
10–60min at 37 °C. The relative FH activity was calculated
by dividing the values for the agent-treated group by those
for the negative control group.
Another portion of the samples was analyzed by a

Fumarate Assay Kit (Sigma-Aldrich, St Louis, USA) fol-
lowing the manufacturer’s instructions. The results are
shown as fumarate concentrations (ng/μl).

DNA fragment detection and comet assay
For electrophoretic detection of DNA from GC sam-

ples, 1% agarose gels were prepared. For the comet assay,
GC cells were centrifuged, collected and resuspended at a
density of 1 × 106/ml. The first layer of agarose gel, with a
normal melting point, was flattened on a microscope
slide. After this agarose gel solidified, the second layer of
agarose gel, with a low melting point, was mixed with
cells and placed atop the first layer. After the second
layer solidified, the third layer of agarose gel, with a
normal melting point, was overlaid. The slides were
placed in cold lysis buffer to lyse the cells and were then
placed in the alkaline buffer for 60 min to allow DNA
unwinding. We set a power supply at 25 V and adjusted
the current to 300 mA by slowly raising or lowering the
buffer level for 20 min. After dealing with neutralization
buffer 3 times, 30 μl of PI staining solution was added to
the slides, and the slides were covered with a coverslip.
The slides were then observed under a fluorescence
microscope at 515–560 nm. The result was evaluated by
the tail Moment (pixels), which was calculated by
OpenComet software.

Pharmacologic study in vivo
We constructed SGC7901 GC cell-derived xenograft

(CDX) and patient-derived xenograft (PDX) models to
assess the pharmacological function of the combination of
MN and CDDP. Four- to five-weeks-old female BALB/c
nude mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. We used CDXs
for the experiments, which were designed as follows: A
total of 2 × 106 SGC7901 cells were injected sub-
cutaneously into the flanks of each mouse. Beginning on
the 7th day, the mice were randomly divided into 4 groups:
(1) The control group, which received 200 μl of PBS every
3 days; (2) The MN group, which received 5 mg/kg MN
every 3 days by intraperitoneal (i.p.) injection23; (3) The
CDDP group, which received 4 mg/kg CDDP every 3 days
by i.p. injection24; and (4) The combination group, which
received both MN and CDDP. We measured the tumor
sizes every 3 days during the next 25 days of treatment.
The tumor volumes were calculated using the formula V
= 0.5 × L ×W2. In addition, PDX models were established
in NOD/SCID mice. After the tumors from GC patients
successfully grew to approximately 500mm2 (P1), the
xenografts were transplanted to the other mice (P2). The
same procedure was followed to raise the P3 graft-bearing
mice for therapeutic study. The subsequent steps were
performed as described above. All animal studies were
performed in biological triplicacte and approved by the
Institutional Animal Care and Use Committee of Sun Yat-
sen University.

Patients and samples
We received approval from the Ethics Committee of the

Cancer Center of Sun Yat-sen University (SYSUCC,
Guangdong, China). All GC specimens were collected from
GC patients who received radical gastrectomy without
preoperative treatment between 2007 and 2011. Final
diagnosis was confirmed by pathological examination.
TNM staging was assessed based on the 7th edition of the
International Union Against Cancer (UICC) staging system.

Immunohistochemical (IHC) analysis
Paraffin-embedded tumor samples from patients with

GC were prepared following a standard protocol. The
slides were incubated with rabbit polyclonal antibody
against FH (1:200 dilution), cleaved-caspase 3 (1:400
dilution), γ-H2AX (1:400 dilution) and Ki-67 (according
to the manufacturer’s instructions).
The results were evaluated by two pathologists blinded

to the clinical outcomes of each patient. FH expression
was scored by the combination of staining intensity and
extent. Staining intensity was quantified as follows:
negative (0), weak (1), moderate (2) or strong (3). Staining
extent was scored according to the percentage of positive
cells as follows: none (0), <10% (1), 10–50% (2), 50–80%
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(3) or >80% (4). The product of the intensity score and the
extent score was taken as the final score.

Statistical analysis
We evaluated the differences between each group by the

unpaired Student’s t-test. The χ2 test was used to analyze
the relationships between FH expression and various
clinicopathological parameters. For survival analysis, we
used the Kaplan-Meier method and compared the data by
the log-rank test to calculate the survival curve. The
overall survival (OS) time was defined as the time from
the first treatment to the date of death or last follow-up.
Univariate and multivariate analyses were performed to
explore association between FH expression and clin-
icopathological variables by using the Cox proportional
hazards regression model. All statistical analyses were
performed with GraphPad Prism 7(GraphPad Software
Inc., La Jolla, CA) as well as SPSS 19.0 for Windows (SPSS
Inc., Chicago, IL), and a two-sided P value of less than
0.05 was considered statistically significant.

Results
FH was related to CDDP sensitivity in GC
To compare the differences in gene expression between

CDDP-treated GC cells and untreated GC cells, we uti-
lized a metabolic PCR assay to examine alterations in
mRNA levels in two GC cell lines, SGC7901 and HGC27
(Fig. 1a). As shown in Fig. 1b and Fig. S1A, 23 genes were
significantly different in both groups, indicating that these
genes were associated with CDDP sensitivity. As expected,
FH was among these genes. To confirm these results,
these 23 genes were analyzed by qPCR; FH was the most
significantly differentially expressed gene of the top 10
most highly expressed transcripts among the 23 genes.
Next, we considered whether the alteration in FH

expression at the protein level was consistent with that at
the mRNA level. After treatment with the same con-
centration (10 μM) of CDDP for the indicated durations or
treatment for the same duration (24 h) with different con-
centrations of CDDP, FH protein expression increased
gradually following the concentration or time gradient of
CDDP exposure (Fig. 1c). As FH is an enzyme, its activity
should also be considered. FH activity was significantly
higher in the selected GC cell lines treated with CDDP than
in the control cell lines (Fig. 1d). Although the expression of
FH varied among the common GC cell lines and the normal
gastric cell line (Fig. 1e), it was positively correlated with the
CDDP IC50 value (Fig. 1f). These results suggested that FH
was related to CDDP sensitivity in GC cell lines.

FH expression and enzymatic activity were induced by
CDDP and reduced CDDP cytotoxicity
Furthermore, we knocked down FH expression to

examine the relationship between FH and CDDP.

Knockdown of FH expression not only reduced the
expression of FH but also decreased its enzymatic activity.
Interestingly, FH expression and enzymatic activity
increased after CDDP treatment, although FH expression
had been knocked down (Fig. 2a, b). Moreover, the IC50
of CDDP in SGC7901 cells with FH knockdown was lower
than that in negative control cells (Fig. 2c).
Because of the pharmacological function of CDDP in

tumor cells, annexin-V/PI assays were used to evaluate the
apoptotic effects of FH knockdown in cells treated with
this cytotoxic agent. The results, as shown in Fig. 2d,
indicated that FH knockdown promoted the cytotoxicity
of CDDP to induce GC cell apoptosis. Although different
siRNAs were used to treat the cells, the apoptosis rates
were not significantly different between the siRNA-treated
groups. Immunofluorescence staining of c-PARP recon-
firmed the consequence of the more effective proapoptotic
function of CDDP after FH knockdown (Fig. 2e). After FH
was inhibited, exogenous fumarate could rescue the inhi-
bition and reduce the cytotoxicity of CDDP (Fig. 2f and
Fig. S2). The over-expression of FH (OE) made no dif-
ference in the c-PARP expression with the cells transfected
by empty vector (EV) after CDDP treated (Fig. 2g). Cell
viability between the indicated groups didn’t reveal the
significant difference either (Fig. S3).

MN influenced the activity of FH to promote the
proapoptotic effect of CDDP
A previous study and data from a database (Gene-

Cards®) revealed that MN targets FH in some species25.
Because of the evolutionary conservation of FH, we tried
to verify whether MN effectively affected the FH pro-
moted CDDP cytotoxicity in human GC cell lines. First,
we used different concentrations of MN to verify the
appropriate concentration for further procedures. At an
MN concentration of 6 μM, the enzymatic activity of FH
decreased dramatically, to nearly 20% (Fig. S4). Therefore,
we selected this concentration for further analysis.
The FH activity in SGC7901 or HGC27 cells treated with

MN or with MN in combination with CDDP was much
lower than that in cells treated with CDDP alone and in
negative control cells (Fig. 3a). Fumarate, one of the factors
participating in the enzymatic reaction, exhibited the same
trend as that described in the above result (Fig. 3b).
Compared with CDDP or MN alone, as well as the

negative control, the combination of MN and CDDP
significantly inhibited GC cell colony formation and
growth (Fig. 3c, d). Moreover, the combination group
expressed more c-PARP than the single-agent groups (Fig.
3e), indicating a higher level of apoptosis. In addition, the
apoptosis rates in the combination group in both GC cell
lines (SGC7901 and HGC27) were significantly higher
than those in the corresponding single-agent groups or
negative control groups (Fig. 3f).
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Fig. 1 FH was related to CDDP sensitivity in GC. a The Metabolism Array workflow to identify differentially expressed genes between CDDP-
treated SGC7901 and HGC27 cells and negative control cells. b Venn diagram of the differentially expressed genes (P < 0.05) between control cells
and two CDDP-treated GC cell lines, demonstrating that FH was the most differentially expressed among the 23 genes that were differentially
expressed in both groups. FH was reconfirmed as the most significantly differentially expressed gene among the 23 differentially expressed genes in
SGC7901 cells. Data are presented as the mean ± s.d. (n= 3). c FH expression gradually increased along the time or concentration gradient of CDDP
in GC cell lines. d FH activity was increased in the indicated cells after CDDP treatment (*P < 0.05, **P < 0.01, Student’s t-test). Data are presented as
the mean ± s.d. (n= 3). e qPCR and immunoblotting analysis of FH expression in one gastric epithelial cell line and eight GC cell lines (**P < 0.01,
Student’s t-test). Data are presented as the mean ± s.d. (n= 3). f The IC50 values for CDDP in three GC cell lines increased following the trend in the
FH expression level
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Fig. 2 FH expression and enzymatic activity were induced by CDDP and reduced CDDP cytotoxicity. a Western blot of FH expression in
CDDP-treated SGC7901 cells with FH knockdown. b FH enzymatic activity in cells treated with or without CDDP after FH knockdown (**P < 0.01,
Student’s t-test). Data are presented as the mean ± s.d. (n= 3). c IC50 of CDDP in SGC7901 cells with FH knockdown. d An annexin-V/PI assay
detected the apoptosis of FH knockdown and control cells treated with CDDP (**P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n
= 3). e Representative images (left) and quantification (right) of immunofluorescence staining of c-PARP in SGC7901 and HGC27 cells treated with
CDDP after FH knockdown (scale bar: 100 μm, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n= 3). f CDDP and/or exogenous
fumarate (5 mM) were utilized to the GC cell lines with FH knockdown or control. MTS assay determined the viability of the indicated groups (72 h, *P
< 0.05, Student’s t-test). Data are presented as the mean ± s.d. (n= 3). g FH and c-PARP expression in FH over-expression cells with or without CDDP
treated
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Fig. 3 (See legend on next page.)
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FH contributed to CDDP sensitivity via affecting DNA
damage repair
DNA damage repair is a mechanism by which tumor

cells become resistant to cytotoxic agents. First, we con-
sidered the localization of FH in cells. After CDDP trea-
ted, FH appeared more in cell nucleus while it was
expressed less in cytoplasm (Fig. 4a). Then DNA damage
was detected in GC cells by agarose gel electrophoresis
and a comet assay. As Fig. 4b to Fig. 4c and Fig. S5 show,
more DNA fragments appeared in the group treated with
the combination of MN and CDDP, than in the group
treated with the single-agent and the negative control
group. The number of γ-H2AX foci was greatly increased
in the combination group (Fig. 4d, e). Moreover, Western
blot analysis revealed that ATM, a biomarker of homo-
logous recombination (HR), was phosphorylated after
CDDP treatment. However, downstream ATM-Chk2
pathway components26 and the Chk1 kinase in the HR
pathway did not exhibit the same trend in any groups in
both GC cell lines (Fig. 4f). Nonhomologous end joining
(NHEJ), another type of DNA damage repair, was sup-
pressed by the combination of MN and CDDP, as DNA-
PK expression was downregulated, but c-PARP expres-
sion was upregulated. DNA-PK expression was higher in
the CDDP group than in the other groups, but the
expression of c-PARP was lower in the CDDP group than
in the combination group (Fig. 4g). In summary, MN
influenced the contribution of FH to CDDP sensitivity via
affecting DNA damage repair.

The combination of MN and CDDP inhibited GC growth
in vivo
Before we determined the pharmacological effect of MN

on CDDP sensitivity in vivo, the relationship between FH
and CDDP sensitivity in vivo should be considered. First,
we established a model for SGC7901 injected sub-
cutaneously in nude mice. RNA interference of FH in vivo
and CDDP were adopted to treated the tumors. As shown
in Fig. S6, siRNA of FH with CDDP demonstrated the
significant inhibition of tumor growth compared to the
control cells with CDDP. Then, the pharmacological effect
of MN on CDDP sensitivity in vivo would verify from the
following experiments. We tested SGC7901 cells, which

exhibit high FH expression. Like the negative control
xenografts, xenografts treated with MN showed no growth
inhibition, while those treated with CDDP exhibited
decreases in weight and volume. Encouragingly, cotreat-
ment with both agents induced marked suppression of
tumor growth. The weights and volumes of the tumors in
mice treated with the combination of these two agents
were the lowest among the groups (Fig. 5a, b).
To emulate realistic experimental and preclinical con-

ditions, we adopted PDX models to evaluate the effec-
tiveness of cotreatment with CDDP and MN. Like CDXs,
PDXs in the combination group exhibited markedly
reduced weights and volumes (Fig. 5c), while the body
weight loss in the combination group mice was not sig-
nificantly different from that in the MN group and control
group mice. The adverse effect of CDDP was the appre-
ciably reduced body weight of the mice, but combination
with MN ameliorated this adverse effect; the body weight
loss was reduced (Fig. 5d). Excised CDX and PDX tumor
sections were further analyzed by IHC staining. The IHC
score for Ki-67 was significantly lower in the combination
group than in the single-agent-treated group. The IHC
scores of cleaved caspase-3 and γ-H2AX, however,
demonstrated the opposite trend from Ki-67 (Fig. S7A
and Fig. 5e). The relative γ-H2AX level in the combina-
tion group was the highest among the four groups, indi-
cating increased DNA damage in that group (Fig. S7B and
Fig. 5f). In the combination group, the apoptosis index
dramatically increased, and the proliferation index
decreased, suggesting that the combination treatment
effectively repressed growth (Fig. S7C and Fig. 5g).

FH expression was an independent prognostic factor in GC
patients
To examine the clinical significance of FH expression,

we investigated the expression status of FH in human GC
tissues. The mRNA level was significantly increased in
human GC tissues in 43 pairs of patient samples from our
hospital (SYSUCC), as evidenced by qPCR analysis, and in
a microarray data set available from Oncomine (Fig. 6a,
b). Moreover, protein was extracted from eight pairs of
GC and adjacent nontumor tissues, and FH expression
assessed by Western blotting. The protein expression

(see figure on previous page)
Fig. 3 MN influenced the activity of FH to promote the proapoptotic effect of CDDP. a Relative FH activity in SGC7901 and HGC27 cells after
treatment with MN (6 μM), CDDP (10 μM) or the combination of the agents described above (*P < 0.05, **P < 0.01, Student’s t-test). Data are
presented as the mean ± s.d. (n= 3). b Fumarate concentrations in the indicated groups of SGC7901 and HGC27 cells (**P < 0.01, Student’s t-test).
Data are presented as the mean± s.d. (n= 3). c Images (left) and quantification (right) of colony formation in the indicated cells cultured for 14 days
with MN (6 μM), CDDP (10 μM) or the combination (*P < 0.05, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n= 3). d MTS assay
to determine the viability of the indicated cells exposed to MN, CDDP or the combination (48 and 72 h, **P < 0.01, Student’s t-test). Data are
presented as the mean ± s.d. (n= 3). e FH and c-PARP expression in the indicated groups of cells were detected by Western blotting. f Images (left)
and quantification (right) of the percentage of apoptotic cells in the indicated cells treated for 48 h with MN (6 μM), CDDP (10 μM) or the
combination (*P < 0.05, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n= 3)
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levels were consistent with the mRNA levels determined
in our previous experiment (Fig. 6c).
Next, we further analyzed the clinical relevance of FH

expression. Tissue samples from 130 GC patients were

examined by IHC methods. The IHC staining results
suggested that FH expression was sharply increased in
human paraffin-embedded GC tissues (Fig. 6d). More-
over, the immunoblotting results suggested that FH

Fig. 4 FH contributed to CDDP sensitivity via affecting DNA damage repair. a FH expression in GC cells’ cytoplasm (cyt) or nucleus (nuc) with or
without CDDP treated. Total FH expression was also shown. Lamin B1 was the nucleus internal reference and GAPDH was the cytoplasmic internal
reference. b Agarose gel electrophoresis to detect DNA fragments in the MN (6 μM), CDDP (10 μM), combination or negative control groups of
SGC7901 and HGC27 cells. c Representative images from the comet assay for the indicated groups in GC cell lines (left). DNA damage, expressed as
the tail moment (pixels) in the comet assay, for the indicated groups (right, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.e.m. d
Representative images of immunofluorescence staining of γ-H2AX foci in GC cells treated with the indicated agents (scale bar: 100 μm). e
Quantification of γ-H2AX foci in GC cells treated with the indicated agents (*P < 0.05, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.
d. (n= 3). f Immunoblotting for HR pathway components in the indicated groups. g Immunoblotting for NHEJ pathway components in the
indicated groups
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expression was significantly higher in GC tissues than in
adjacent normal tissues (Fig. 6d).
We divided the patients into two groups according to

the IHC score: the high FH expression group and the low
FH expression group, based on a cutoff score of 6. By the
criteria described above, 62 patients (51.67%) were as
assigned to the high FH expression group. Additionally,
based on the clinicopathological parameters, we found
that FH expression was correlated with age (P= 0.01) and
distant metastasis (M stage, P= 0.02), but not with sex,
depth of tumor infiltration (T stage), local lymph node
metastasis (N stage), TNM stage or treatment with
adjuvant chemotherapy (Table S2).
Finally, we tried to evaluate the prognostic value of FH

in GC patients. We compared survival status among GC
patients with high and low FH expression. The median OS
times of patients with high and low FH expression were
21.71 months and 28.65 months, respectively. The OS
time of patients with high FH expression was shorter than
that of patients with low expression (P= 0.036, log-rank
test), based on assessment of the Kaplan-Meier curves. In
addition, the disease-free survival (DFS, P= 0.034, log-
rank test) time was also assessed. Furthermore, FH
expression could predict the prognoses of GC patients
without metastasis (Fig. 6e). According to the univariate
and multivariate Cox regression analysis for each variable,
distant metastasis (P= 0.03), TNM stage (P < 0.001) and
FH expression (P= 0.02) were independent prognostic
factors for OS in patients with GC. Patients with low FH
expression had a significantly lower relative risk of death
than those with high FH expression (hazard ratio (HR)=
0.56, Table S3).

Discussion
Platinum-mediated chemotherapy, especially CDDP, is

the main therapeutic strategy for GC. Researchers pri-
marily seek to optimize therapeutic strategy by improving
the effectiveness of CDDP. The anticancer mechanism of
CDDP operates by the promotion of platinum-DNA
adduct-induced cell death27. Therefore, CDDP sensitivity
can be increased through this mechanism.

DNA double-strand breaks (DSBs) are the main type of
DNA damage by which cytotoxic agents defeat tumor
cells28,29. DNA damage repair pathways respond to such
damage to protect cells from this damage30. As mentioned
in a literature review, DNA damage repair pathways,
including HR, nucleotide excision repair (NER), and
nonhomologous end joining (NHEJ), are well-known
mechanisms31. In mammalian cells, NHEJ pathway
activity dramatically increases to reduce harm from
cytotoxic agents after DNA damage occurs32. Therefore,
inhibiting the NHEJ pathway could accelerate cytotoxic
cell death33.
In this study, we suggest a new approach to increase the

sensitivity of GC cells to CDDP via FH inhibition. The
metabolism assay verified that FH activity was sig-
nificantly different after CDDP treatment in two GC cell
lines. Thus, FH might play an important role in mediating
CDDP sensitivity.
Then, we used CDDP or 5-Fu to treat GC cells, and the

effect was quite consistent in CDDP-treated cells. How-
ever, cells treated with 5-Fu showed no change in FH
expression (Fig. S1B). CDDP induced DSBs, while 5-Fu
induced the inhibition of thymidine synthesis34,35. The
trend in FH expression levels between the normal gastric
cell line (GES1) and GC cell lines was the same as that
between normal tissues compared with GC tissues. These
results indicate that the upregulation of FH is related to
tumorigenesis and CDDP sensitivity in GC.
Apoptosis levels in cells with FH knockdown alone were

not different than those in negative control cells. In
addition, FH knockdown alone did not affect cell growth
(data not shown). A possible explanation for this simi-
larity might be that FH itself was not the main factor
maintaining the malignant biological properties of tumor
cells. In combination with CDDP, FH knockdown
enhanced CDDP cytotoxicity, but FH expression, as well
as activity rose. These results provided further confirma-
tion that FH is involved in regulating CDDP sensitivity.
Exogenous fumarate could partly rescue the function of
FH after FH was knocked down. But the over-expression
of FH didn’t improve cell survival in response to CDDP

(see figure on previous page)
Fig. 5 The combination of MN and CDDP inhibited GC growth in vivo. a SGC7901 cells (2 × 106) were injected subcutaneously into nude mice.
After the tumor volumes in the control group reached 100mm3, the mice were treated with MN, CDDP or the combination (M+P). Images of tumors
derived from the groups described above are shown. b The tumor weights and tumor growth curves of the indicated groups of mice were measured
and generated, respectively (*P < 0.05, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n= 8). c The tumor weights and tumor
growth curves of PDX model mice treated with MN, CDDP or the combination were measured and recorded for 26 days (*P < 0.05, **P < 0.01,
Student’s t-test). Data are presented as the mean ± s.d. (n= 5). d The body weights of PDX model mice in the indicated groups were measured and
recorded for 26 days (*P < 0.05, **P < 0.01, Student’s t-test). e Paraffin-embedded tumor sections derived from PDX tumors were stained with H&E,
and antibodies specific for γ-H2AX, cleaved caspase-3 and Ki-67 (scale bar: 20 μm). f The relative γ-H2AX level was measured by quantification of γ-
H2AX (**P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n= 5). g The apoptosis index and proliferation index were measured by
quantification of cleaved-caspase 3 and Ki-67 levels respectively (*P < 0.05, **P < 0.01, Student’s t-test). Data are presented as the mean ± s.d. (n= 5).
The animal studies were performed in biological triplicate
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treatment. Because of the better prognosis for patients
with low expression of FH, the possible explanation for
the phenomenon was that the basal expression of FH
dictated CDDP sensitivity.
Targeting FH is a possible approach to sensitize GC

cells to CDDP. Zhimin Lu et al. investigated the rela-
tionship between FH and histone H3 in the osteosarcoma
cell line U2OS and found that in the nucleus, p-FH
(Thr236) combined with the histone complex under
exposure to DNA damaging agents. However, the com-
bination of DNA-dependent protein kinase (DNA-PK)
and FH abrogated the conversion of malate to fumarate
catalyzed by Thr236-phosphorylated FH, and the accu-
mulation of fumarate repressed the expression of Lysine

Demethylase 2B (KDM2B), which participates in histone
demethylation. This process eventually led to enhanced
promotion of DNA repair. The results indicated that the
enzymatic activities of FH and its product, fumarate, were
responsible for the DNA damage response and that FH
deficiency promoted tumorigenesis due to the impair-
ment of DNA repair17. Valery Barillaro et al. noted that
MN could combine with fumaric acid via hydrogen
bonding25. These results suggested that MN could inhibit
the enzymatic activity of FH in converting fumaric acid to
malic acid. In fact, the following study also verified this
hypothesis. At a concentration of 6 μM (Supplementary
Fig. 3), MN inhibited FH activity to 20% of the baseline
activity and led to a decrease amount in fumarate. Alone,

Fig. 6 FH expression was an independent prognostic factor in GC patients. a–b FH was overexpressed in GC tissues, as determined by qPCR
analysis of 43 pairs of patient samples from our hospital (SYSUCC) and a microarray data set available from Oncomine (https://www.oncomine.com/,
**P < 0.01, Student’s t-test). c Immunoblotting of FH for eight pairs of GC and adjacent nontumor tissues. GAPDH was used as the internal reference.
d IHC images (left) of tumor(T) and adjacent nontumor tissues (N) from two representative GC patients of. The scale bars represent 100 μm for 400×
images. IHC score for 120 tumor tissues and 104 adjacent nontumor tissues from GC patients (right, **P < 0.01, Student’s t-test). e The OS (P= 0.0357)
and DFS (P= 0.0339) curves for patients with low and high levels of FH expression were generated using the Kaplan-Meier method. Compared with
patients with metastasis, patients without metastasis in the indicated groups showed a significant difference in OS time (P= 0.0108). P values were
calculated using the log-rank test. The median survival time for each group in different situations is shown by the numbers on the curves
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MN exerted almost no influence on GC cell growth.
However, when MN was combined with CDDP, apoptosis
increased because the cytotoxicity was augmented. Fur-
thermore, we preliminarily discussed the mechanism by
which FH mediates CDDP sensitivity. After CDDP trea-
ted, FH expression in total protein was increased, which
was consistent with the results described above. In the cell
nucleus, FH expression was higher than the control group
while the opposite trend was occurred in the cytoplasm. It
is possible that FH plays a role in DNA damage repair
which occurs in cell nucleus. The work of Zhimin Lu and
colleagues indicated that FH participates in the NHEJ
DNA damage repair pathway17. We examined both the
HR and NHEJ pathways. ATM was phosphorylated after
CDDP treatment, but neither Chk1 nor Chk2 were
noticeably phosphorylated. As the initial marker of NHEJ
repair, DNA-PK expression indicated that repair occur-
red36. The higher the DNA-PK expression, the more
NHEJ repair occurred37. The combination group exhib-
ited downregulated DNA-PK expression, while the CDDP
group exhibited upregulated DNA-PK expression, indi-
cating that the NHEJ pathway and not the HR pathway
was the main pathway mediating CDDP sensitivity. MN
inhibited NHEJ repair after CDDP damaged tumor cell
DNA. Additional evidence from agarose gel electrophor-
esis and the comet assay revealed the generation of DNA
fragments via the DSB DNA damage. In addition, the
number of γ-H2AX foci increased dramatically in the
combination group, indicating that MN could promote
the cytotoxicity of CDDP38. In summary, FH contributed
to CDDP sensitivity via affecting DNA damage repair.
In order to consider the influence factor for the off-

target effects of miconazole In vivo, RNA interference was
adopted. The results suggested that FH was still effective
in CDDP sensitivity in vivo. The combination of MN and
CDDP demonstrated an inhibitory effect on CDX growth.
The growth of patient-derived xenografts (PDXs), which
were consistent with the patients’ actual tumor statuses39–41,
was also inhibited. The combination of MN and CDDP was
less toxic than CDDP alone, as evidenced by the reduction

in body weight loss. Although both DNA damage and
apoptosis were enhanced, the proliferation index was
reduced, demonstrating that GC growth was inhibited via
molecular mechanisms. Further analysis of clinical sam-
ples suggested that the FH expression level was sig-
nificantly increased in GC tissues compared with that in
adjacent normal tissues. As an independent prognostic
factor, the FH expression level showed excellent pre-
dictive value for the prognosis of GC patients, especially
for those in the early stage of disease.
In summary, our study suggested a possible approach

using MN to pharmacologically inhibit FH enzymatic
activity via the DNA damage repair pathway. MN-
mediated inhibition of FH enzymatic activity increased
the sensitivity of cells to CDDP in vitro and in vivo (Fig. 7).
Moreover, the combination of MN and CDDP showed
lower toxicity and higher effectiveness than CDDP alone.
Furthermore, the FH expression level could predict GC
patients’ prognoses. Our data suggest that the combination
of MN, an enzymatic inhibitor of FH, with CDDP may be a
unique therapeutic approach in GC. The FH expression
level could guide the treatment strategy, especially for GC
patients without distant metastasis.
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