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Esophageal squamous cell carcinoma (ESCC) has a worldwide impact on human

health, due to its high incidence and mortality. Therefore, identifying compounds

to increase patients’ survival rate is urgently needed. Mefloquine (MQ) is an

FDA-approved anti-malarial drug, which has been reported to inhibit cellular proliferation

in several cancers. However, the anti-tumor activities of the drug have not yet

been completely defined. In this study, mass spectrometry was employed to profile

proteome changes in ESCC cells after MQ treatment. Sub-cellular localization and

gene ontology term enrichment analysis suggested that MQ treatment mainly affect

mitochondria. The KEGG pathway enrichment map of down-regulated pathways and

Venn diagram indicated that all of the top five down regulated signaling pathways

contain four key mitochondrial proteins (succinate dehydrogenase complex subunit

C (SDHC), succinate dehydrogenase complex subunit D, mitochondrially encoded

cytochrome c oxidase III and NADH: ubiquinone oxidoreductase subunit V3). Meanwhile,

mitochondrial autophagy was observed in MQ-treated KYSE150 cells. More importantly,

patient-derived xenograft mouse models of ESCC with SDHC high expression were

more sensitive to MQ treatment than low SDHC-expressing xenografts. Taken together,

mefloquine inhibits ESCC tumor growth by inducing mitochondrial autophagy and SDHC

plays a vital role in MQ-induced anti-tumor effect on ESCC.

Keywords: esophageal squamous cell carcinoma (ESCC), mefloquine (MQ), mitochondria, autophagy, succinate

dehydrogenase complex subunit C (SDHC)

INTRODUCTION

Esophageal squamous cell carcinoma (ESCC), which accounts for 90% of esophageal cancer, is
the sixth leading cause of cancer-associated mortality, especially in several developing countries
(1). Despite developments in medical and surgical treatment, the 5-year survival rate of ESCC
is only 15–25%, largely because of recurrence of primary treatment and late stage diagnosis
(2, 3). Currently, radiotherapy and chemotherapy are the main methods for ESCC treatment and
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FIGURE 3 | Mefloquine remodels proteome of KYSE150 cells. MS analysis of global protein changes in KYSE150 cells after MQ (10µM) treatment for 24 h compared

with DMSO treatment. (A) Heat map representation of differentially expressed proteins between DMSO and MQ (10µM) groups. The color key shows the log2

transformed protein amount ratios; (B) WoLF PSORT software analysis of the sub-cellular localization of differentially changed proteins; (C) Gene ontology term

enrichment classification of differentially changed proteins according to cellular component and molecular function, with the top 4 related components and functions

shown; (D) KEGG pathway enrichment map of down-regulated pathways (blue bars). Data was shown as -Log10 (Fisher’s exact test p-value); (E) Venn diagram

indicating the overlap between the 5 downregulated signaling pathways. Four overlapping proteins were listed; (F) Averaged quantitative kinase data from the full

proteome, ranked according to their Log2 FC between the DMSO and MQ-treated cells, and the locations of SDHC, SDHD, MTCO3, and NDUFV3 were shown; (G)

Western blot for SDHC, SDHD, MTCO3, and NDUFV3 in KYSE150 cells after DMSO or MQ (10µM) treatment.
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FIGURE 4 | Mefloquine induces mitochondrial autophagy of KYSE150 cells. (A) ROS generation in KYSE150 cells after DMSO and MQ (10µM) treatment for 24 h

was measured with ROS assay kit; (B) KYSE150 cells probed for OXPHOS protein levels (complexes I, II, III, IV, and V) after DMSO or MQ (10µM) treatment for 24 h;

(C) NADH was quantified in KYSE150 cells after DMSO and MQ (10µM) treatment for 24 h by NAD+/NADH assay kit; (D) ATP generation was tested in KYSE150

cells after DMSO and MQ (10µM) treatment for 24 h by ATPlite assay kit; (E) Mitochondrial mass was evaluated with NAD staining in mitochondria after DMSO and

MQ (10µM) treatment for 24 h; (F) KYSE150 cells were photographed by transmission electron microscopy after DMSO or MQ (10µM) treatment for 24 h. Three

electron microscopy pictures were randomly chosen, and the number of autophagic mitochondria was counted. Black boxes indicate the normal mitochondria, and

red boxes indicate the autophagosomes engulfing mitochondria. Scale = 500 nm; (G) LC3-II labeling for autophagic mitochondria after 24 h of DMSO or 10µM MQ

treatment by immunofluorescence analysis; (H) Western blot for LC3A/B in KYSE150 cells after DMSO and MQ (10µM) treatment for 24 h; (I) Co-localization analysis

of MTCO1 and LC3-II in KYSE150 cells after DMSO and MQ (10µM) treatment for 24 h by immunofluorescence analysis.

clearly decreased in case EG59 and EG60 (Figure 6B) after
MQ treatment, while not in case EG84 and EG20 (Figure 6C).
There was almost no difference of body weights amongst the 3
treatment groups in these 4 cases (Figures 6B,C). Furthermore,
IHC analyses demonstrated that SDHC protein levels were also
decreased in MQ treated groups of EG59 and EG60 compared
to solvent control. However, there was no evident difference
between solvent control and MQ-treated group of EG84 and
EG20 (Figure 6D). These results suggest that SDHC may play a
vital role in MQ-induced anti-tumor effect of ESCC.

DISCUSSION

With the current treatment, the 5-year survival rate of ESCC
is still low worldwide (27, 28), especially in developing
countries. One major reason is lacking recurrence prevention
drugs (29, 30). According to retrospective studies, many
drugs marketed for other diseases have shown an anti-tumor
effect, which make them probably can be used for cancer
recurrence prevention (31–33). Due to time-saving, lower cost,
and streamlined approval processes, screening FDA-approved
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FIGURE 5 | SDHC is highly expressed in ESCC tissues and knocking SDHC down suppresses proliferation of ESCC cells. (A) ESCC tissue spots were incubated with

SDHC antibody, then stained with DAB and DAB density was analyzed for ESCC and normal tissues. The asterisks (***) indicate a significant change (p < 0.001); (B)

Short hairpin RNA (shSDHC) in vector plko.1 was used to transduce KYSE150 and KYSE450 cells, with knock-down efficiency tested by Western blot in KYSE150

and (C) KYSE450 cells; (D) Cell count for KYSE150 and (E) KYSE450 cells at 0, 24, 48, 72, and 96 h; (F) Colony formation for KYSE150 and KYSE450 cells after 10

days. All data are shown as means ± S.D. The asterisks (*, **, ***) indicate a significant decrease (p < 0.05, p < 0.01, p < 0.001, respectively).
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FIGURE 6 | Mefloquine inhibits tumor growth of ESCC PDX models. (A) SDHC protein level was detected in cases of ESCC tissues by Western blot; (B,C) Effect of

MQ treatment on tumor growth. MQ significantly suppressed tumor growth of case EG59 and EG60, while not in case EG20 and EG84; (D) Immunohistochemistry

analysis of SDHC with DAB staining in case EG59, EG60, EG20, and EG84 after MQ treatment. All data are shown as means ± S.D. The asterisks (*, **, ***) indicate a

significant decrease (p < 0.05, p < 0.01, p < 0.001, respectively).
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non-anti-tumor drugs for cancer prevention or recurrence
prevention is attractive (34, 35). Through such a strategy, we
found that MQ, released as an anti-malarial drug, suppressed
the proliferation and clone formation of ESCC cells ex vivo,
which was consistent with reports that MQ played a vital role
in inhibiting tumor cell proliferation in other cancer types
(9, 10, 36).

Mitochondrial autophagy has been reported to play a vital
role in human diseases, including cancer (37). However,
the relationship between autophagy and cancer is still
obscure (38, 39). The role of autophagy in cancer may
depend on the environment and the stage of tumorigenesis
(40). In our study, global proteome analysis disclosed
a more detailed picture of the protein changes in MQ-
treated KYSE150 cells compared with control cells, and
we found that MQ could induce mitochondrial autophagy
in KYSE150 cells. Although it has been reported that MQ
suppressed cancer cells proliferation (41, 42), our experiment
firstly profiled the global proteome and validated that MQ
mainly affected mitochondria and induced autophagy in
ESCC cells.

Succinate dehydrogenase is an important tricarboxylic-acid-
cycle-related enzyme in the mitochondria, and mutations to
this enzyme frequently occur in cancer (43, 44). It has
also been reported that the mutation rate of SDHC was
higher among the succinate dehydrogenase complex subunits
in cancer (26). Therefore, when we showed that SDHC was
downregulated in MQ-treated ESCC cells, we hypothesized
that SDHC may play an important role in ESCC tumor
growth. Indeed, we found that SDHC protein level was higher
expressed in ESCC tissues compared with normal tissues
(Figure 5A). Moreover, knocking down SDHC inhibited cell
proliferation and clone formation in KYSE150 and KYSE450
cells (Figures 5B–F). Based on the ex vivo studies, a PDX
mouse model was used to explore the anti-tumor effect of
MQ in vivo. Interestingly, MQ significantly suppressed tumor
growth of PDXs with high level of SDHC, while not having
the same effect in PDXs with low level of SDHC. These data
indicated that SDHC probably plays an important role in MQ-
induced mitochondrial autophagy. Further studies about the
relationship of SDHC, SDHD, MTCO3, and NDUFV3 in MQ-
induced anti-tumor effect will be applied. It’s reported that
mefloquine has been seen to cause serious neuropsychiatric
adverse effects on rare occasions (45). In our study, mice
with xenografts from case EG59 were a little irritability in
mental state after MQ administration, while this was not
the case for the other xenograft groups. Further evaluation
is required to determine if this is an effect of MQ or an
outlying event.

CONCLUSIONS

Collectively, this study showed that MQ treatment induced
mitochondrial autophagy and suppressed tumor growth of
ESCC. Moreover, SDHC may play an important role in the
MQ-induced anti-tumor effect of ESCC.
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