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Abstract

MicroRNAs (miRNAs) have been recently found in the mitochondria, and were named “mitomiRs”, but their
function has remained elusive. Here, we aimed to assess the presence and function(s) of mitomiRs in tongue
squamous cell carcinoma (TSCC).

Methods: miRNA microarray was performed in paired TSCC cell lines, Cal27 and its chemoresistant
counterpart, Cal27-re. Decreased expression of mitomiRs in chemoresistant cells was characterized. The
functions of mitomiRs were investigated by a series of in vitro and in vivo experiments.

Results: Differential microarray analysis identified downregulation of mitomiR-5787 in Cal27-re cells. We
knocked down mitomiR-5787 in parental cells and upregulated its expression in cisplatin-resistant cells. The
sensitivity of TSCC cells to cisplatin was regulated by miR-5787. The glucose metabolism assay suggested that
reduced expression of miR-5787 changed the balance of glucose metabolism by shifting it from oxidative
phosphorylation to aerobic glycolysis. Xenograft experiments in BALB/c-nu mice further verified the in vitro
results. Reduced expression of miR-5787 contributes to chemoresistance in TSCC cells by inhibiting the
translation of mitochondrial cytochrome c oxidase subunit 3 (MT-CO3). The prognostic analysis of 126 TSCC
patients showed that the patients with low expression of miR-5787 and/or MT-CO3 had poor cisplatin
sensitivity and prognosis.

Conclusions: Mitochondrial miR-5787 could regulate cisplatin resistance of TSCC cells and affect oxidative
phosphorylation and aerobic glycolysis. Downregulation of miR-5787 inhibited the translation of MT-CO3 to
regulate cisplatin resistance of TSCC. Mitochondrial miR-5787 and MT-CO3 can be used as predictive
biomarkers or therapeutic targets for cisplatin chemotherapy resistance.

Key words: mitochondrial miR-5787, oxidative phosphorylation, aerobic glycolysis, cisplatin chemotherapy resistance, MT-CO3,
tongue squamous cell carcinoma
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Introduction

Cancer cells exhibit altered glucose metabolism
compared to normal cells with a preference for
glycolysis. This hallmark of cancer cells was first
described in the 1920s by Otto Warburg and is known
as the “Warburg effect” [1]. Based upon this distinc-
tive characteristic, positron emission tomography-
computed tomography (PET-CT) can be used for the
analysis of cancer cells. It is well recognized that in
cancer cells, oxidative phosphorylation (OXPHOS),
the main metabolic pattern of the normal cells is
decreased. Even under high oxygen tension, cancer
cells favor aerobic glycolysis and generate more
lactate compared to normal cells allowing them to
meet the requirements of rapid growth [2]. OXPHOS
is exclusively regulated by mitochondria and the
enhancement of this mitochondrial function may
endow cancer cells with malignant characteristics.
The metabolism of cancer cells appears to play a
crucial role in the evolution and progression of
tumors. Some cancer cells depend on OXPHOS for
survival which is also responsible for tumor relapse
[3]. It has been reported that both normal and
leukemic stem cells rely on mitochondrial respiration
to generate more energy [4]. Mitochondrion not only
is a cellular powerhouse but is also implicated in
many other essential cellular processes, such as
growth, differentiation, apoptosis, and cell death [5].

MicroRNAs (miRNAs), with a length of 19-25
nucleotides, are a class of endogenous small
noncoding RNAs that exert their functions through
posttranscriptional regulation of gene expression. In
mammalian cells, miRNAs can bind to mRNA
transcripts with complementary sequences, usually in
the 3’ untranslated region (UTR), inhibiting mRNA
translation and/or inducing mRNA degradation [6].
Multiple studies have revealed the critical role of
miRNAs in the development and progression of
tumors. Some of these miRNAs influence cancer
progression by regulating tumor metabolism.
miRNAs can reprogram glucose metabolism to affect
metastasis [7], proliferation [8, 9], cell cycle
distribution [9], and apoptosis [9].

Recently, miRNAs have also been detected in
mitochondria and considered to have an association
with metabolism and other cellular functions.
Nucleus-encoded miRNAs were identified in highly
purified liver-derived mitochondria from adult rats
[10], and some unique miRNAs were specifically
enriched within mouse liver mitochondria [11]; the
functions of these miRNAs, however, remained
elusive. Recently, a study revealed that miR-181c
translocated into the mitochondria, where it inhibited
the translation of mt-COX1, causing electron transport
chain complex IV remodeling and increasing

production of reactive oxygen species (ROS) in
cardiac myocytes [12]. In contrast to the usual
mechanism by which miRNAs function in the
cytoplasm, some reports indicated that mitochondrial
miRNAs (mitomiRs) can enhance mitochondrial
translation, regulating cell differentiation [13] or
blood pressure [14].

In this study, we characterized, for the first time,
mitomiRs in tongue squamous cell carcinoma (TSCC)
cells. Among these mitomiRs, miR-5787 was down-
regulated in cisplatin-resistant TSCC cells, resulting in
the downregulation of mitochondrial cytochrome c
oxidase subunit 3 (MT-CO3), a metabolic shift from
OXPHOS to glycolysis, and chemotherapy resistance
in TSCC cells. Our findings not only demonstrate the
critical role of mitomiRs in the metabolic changes that
occur during chemotherapy in cancer cells but also
identify the involvement of mitomiRs in
chemotherapy resistance of cancer cells.

Methods

Cell culture

The TSCC cell lines Cal27 and Scc25 were
purchased from the American Type Culture Collec-
tion. The stable cisplatin-resistant lines Cal27-re and
Scc25-re were established by treating Cal27 or Scc25
with cisplatin (Sigma, St. Louis, MO, USA) at
concentrations of 107M to 10°M. Cal27 and Cal27-re
cells were cultivated in Dulbecco’s modified Eagle’s
medium (Gibco, Rockville, MD, USA) supplemented
with 10% fetal bovine serum (Biological Industries).
Scc25 and Scc25-re cells were cultivated in Dulbecco’s
modified Eagle’s medium-F12 (Gibco) supplemented
with 10% fetal bovine serum (Biological Industries).

Quantification of mtDNA and miR-5787

To quantify the copy number of miR-5787 per
nucleus or mitochondrial genome, we generated a
standard curve by qRT-PCR using a series dilution of
synthetic miR-5787 from Ribobio (Guangzhou, China)
and then performed quantitative analysis of miR-5787
in whole-cell lysate or purified mitochondria.

Apoptosis assay

After the indicated treatments, the cells were
exposed to the IC50 of cisplatin (Sigma) for 24 h for
the apoptosis assay. Transferase dUTP nick end
labeling (TUNEL) assay was performed using a kit
from Roche (Cat. No. 11684795910). The detection
procedures were performed following the kit
instructions. Sections were examined with an
ImagerZ1 microscope (Zeiss, Jena, Germany). An
investigator who was blinded to the treatment
quantified 20 random fields in the samples.
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Mitochondrial respiratory chain complex
activity

The activities of mitochondrial respiratory chain
complexes I, II, III, IV, and V were measured
according to the instructions provided with the
appropriate kits (GMS50007, GMS50008, GMS50009,
GMS50010, and GMS50083) from GENMED (Shang-
hai, China). Briefly, mitochondria were collected from
Cal27, Cal27-re, Scc25, and Scc25-re cells, and the
reagents from 5 GENMED kits were applied. Finally,
optical density (OD) values were measured and
subjected to analysis.

Glucose uptake assay

The glucose consumption rate was assessed with
an assay kit (Nanjing Jiancheng Bioengineering
Institute, FO06). Briefly, the culture medium was
collected after the indicated treatment for 24 h in
parental and chemoresistant TSCC cells. The glucose
consumption rate was calculated and normalized to
that of fresh culture medium.

ATP assay

ATP was measured by an ATP Assay Kit
(Beyotime Biotechnology, S0026). Briefly, protein
extracts were suspended in standard reaction buffer
containing luciferin and luciferase according to the
manufacturer’s instructions, and luminescence was
read at 560 nm.

Lactate production assay

Lactate production was measured with a lactic
acid assay kit (Nanjing Jiancheng Bioengineering
Institute, A019-2). Briefly, the chemoresistant cells
were cultured in 6-well plates and treated with
miR-5787 mimics for 24 h, the culture medium was
collected, and the lactate concentration was measured
according to the manufacturer’s protocols. The lactate
production in parental cells transfected with the
miR-5787 sponge was also compared to that in the
mock and miR sponge-NC in parental cells.

pH measurement

The intracellular pH (pHin) of cells was assessed
by flow cytometry using the pH-sensitive fluorescent
probe BCECF-AM (Beyotime Biotechnology, S1006).
The cell suspension in serum-free culture medium
was washed and labeled with BCECF-AM. The
labeled cells were analyzed at an excitation
wavelength of 488 nm, and the ratio of the
fluorescence at 530 nm to that at 640 nm was plotted
versus pHin. To obtain the calibration curve, a linear
regression within the pHin range 6.2-74 was
obtained. The extracellular pH (pHex) of the cells was

measured by monitoring culture medium pH changes
with a pH meter.

Tumor xenografts

The animal experiments were approved by Sun
Yat-sen University laboratory animal care and use
committee. Male BALB/c-nu mice (4-6 weeks old)
were randomly divided into 6 groups (n=6) and
applied to evaluate the effects of miR-5787 on TSCC
cells in vivo. In total, 5 x 100 cells resuspended in 150
pL of PBS were injected subcutaneously into the
flanks of the nude mice. One week after implantation,
when the tumor became palpable with a diameter of
~2 mm, cisplatin (5 mg/kg) was administered via
intraperitoneal injections every three days from day 8
to 32. On day 35, the primary tumors were carefully
removed, imaged, and analyzed by immunohisto-
chemistry (IHC), in situ hybridization (ISH), Western
blots, and qRT-PCR.

Patients and tissue samples

Specimens of locally advanced TSCC patients (n
= 126) were obtained between Jan 1, 2004, and Dec 31,
2010. The patients were treated with cisplatin prior to
surgery. According to the ‘Response Evaluation
Criteria in Solid Tumors” of the World Health
Organization, TSCC with progressive disease or a
stable disease response were designated cisplatin-
resistant or cisplatin-insensitive TSCC, whereas TSCC
that showed a partial or complete response were
determined to be cisplatin-sensitive TSCC. The tissues
were obtained from the respective pathology
departments, and histological diagnosis and scoring
of all cases were performed by two independent
pathologists. Survival time was calculated from the
date of surgery to the date of death or the last
follow-up. The date of death was obtained from
patient records or through follow-up telephone calls.
This study was approved by the institutional ethical
review boards of our hospital, and written informed
consent was obtained from all patients.

Statistics

All statistical analyses were performed using
SPSS 19.0 (SPSS, Chicago, IL, USA). Student’s t-test
and the Chi-square test were used to analyze the
relationships between miR-5787 or MT-CO3
expression and clinicopathological characteristics. To
measure the associations between pairs of variables,
Spearman’s rank order correlations were performed.
Kaplan-Meier survival curves were plotted, and a
log-rank test was performed. All cell culture
experiments were performed with at least three
independent experiments. The data were expressed as
the mean + the standard error of the mean (SEM).
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P<0.05 was considered a significant difference
statistically.

Additional Materials and Methods are detailed
in Supplementary data.

Results

Screening for functional mitomiRs in TSCC
cells

We isolated mitochondria from TSCC cells and
confirmed high-purity of this organelle at the DNA,
RNA, and protein levels (Supplementary Table 52-53,
and Supplementary Figure S1A). Isolated mitochon-
dria are often contaminated with cytoplasmic RNA.
To detect the miRNAs that specifically located in the
mitochondria, we used RNase T1 (RN) and
Micrococcal nuclease (MN) to treat the isolated
mitochondria. RN plus MN can degrade both nuclear
U6 small nuclear RNA (snRNA) and cytoplasmic
GAPDH mRNA except the RNAs located inside the
mitochondria such as 125 rRNA and 165 rRNA.
However, RNAs inside the mitochondria are
protected and became sensitive to nucleases only in
the presence of Triton X-100 (Supplementary Figure
S1B). We then performed a miRNA array in paired
Cal27/Cal27-re cell lines. Initially, 73 mitomiRs and
146 cytosolic miRNAs were detected in Cal27 cells,
while 43 miRNAs were detected in both the
mitochondria and the cytoplasm of these cells. On the
other hand, in Cal27-re cells, 63 mitomiRs and 157
cytosolic miRNAs along with 42 miRNAs were found
in both the mitochondria and cytoplasm. Among
these miRNAs, 40 mitomiRs were enriched in Cal27
cells compared to Cal27-re cells, while 66 mitomiRs
were enriched in Cal27-re cells compared to their
parental cells, and 156 mitomiRs had nearly the same
expression levels in both cell lines (Figure 1A). When
we compared the miRNAs in the cytosol and
mitochondria of the paired TSCC cell lines and
considered the miRNAs that were differentially
expressed, we found that five mitomiRs and 28
cytoplasmic miRNAs were downregulated in Cal27-re
cells (Figure 1B).

Furthermore, we analyzed the potential targets
of these mitomiRs in the mitochondrial genome
(Figure 1C and Supplementary Table 4). Target
prediction suggested that miR-3653-3p might target
MT-ND3 or MT-ND5, miR-3653-5p might target
MT-CO3, miR-4499 might target MT-ND5, and
miR-5787 might target MT-CO3. We used quantitative
reverse transcription-polymerase chain reaction
(qQRT-PCR) to confirm the results from mitomiR array.
Six mitomiRs were confirmed to be downregulated in
Cal27-re cells (Figure 1D), which was consistent with
the miRNA array (miR-3653 consists of miR-3653-3p

and miR-3653-5p). As 125 rRNA is located specifically
in the mitochondria, by normalizing the expression of
these miRNAs to that of 12S rRNA, we confirmed that
some miRNAs were enriched in mitochondria (Figure
1E). 55 rRNA is expressed in both the cytosol and
mitochondria; therefore, the detection of different
miRNA levels in the cytosol and mitochondria
suggested that these miRNAs were enriched in
mitochondria (Figure 1F). As a cancer cell may
contain more than one nucleus, we determined the
copy number of nuclear DNA (nDNA) by qPCR to
calculate the number of mitomiR molecules per
nuclear genome (Figure 1G). However, the expression
profiles of the six down-regulated mitomiRs in
Cal27-re cells were different in the other paired cells,
and only miR-4499 did not significantly differ
between the Scc-25 and Scc25-re cells (Supplementary
Figure S1C).

We confirmed the expression levels of the
differentially expressed miRNAs in the mitochondria
and detected that miR-5787 was the most decreased
mitomiR in chemoresistant cells (Figure 1G). We also
determined the ratio of mitochondrial and nuclear
DNAs in our cell models, revealing a ratio of 158 in
Cal27 cells and 385 in Cal27-re cells (Supplementary
Figure S1D) which were consistent with the previous
studies that cisplatin-resistant cells had a greater
number of mitochondria than parental cells [15, 16].
Next, we determined the number of miR-5787 in the
mitochondria, revealing 7.7x10% and 2.5x10°
mitomiR-5787 per nDNA in Cal27 and Cal27-re cells,
respectively. This translated into 7.7x103/158=48.7
mitomiR-5787 per mtDNA in Cal-27 and 2.5x103/385
=6.5 mitomiR-5787 per mtDNA in Cal27-re. Thus, a
total amount of 7.7x103/12.3x10%=62.6% and 2.5x103/
3.2x10%=78.1% of mitomiR were present in Cal27 and
Cal27-re mitochondria, respectively (Figure 1H). As
12S rRNA is in the mitochondria and U6 is expressed
specifically in the nucleus, we further confirmed that
miR-5787 is located in the mitochondria and more
abundant in Cal27 cells than in Cal27-re by Northern
blotting (Figure 11). Fluorescence in situ hybridization
(FISH) also showed the localization of miR-5787 in the
mitochondria (Supplementary Figure S1E). The data
from these experiments demonstrated that mitomiRs
were present in TSCC cells. Compared to the parental
cells, six mitomiRs were downregulated in the
chemoresistant cell lines and four of these had
mitochondrial targets with miR-5787 showing the
most significant downregulation.

miR-5787 regulates chemoresistance by
enhancing mitochondrial OXPHOS in TSCC
cells

We examined six mitomiRs for their potential
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effect on apoptosis in TSCC cells by using flow
cytometry and found that only miR-5787 regulated
apoptosis (Figure 2A and 2B, Supplementary Figure
S2A). miR-5787 has been detected in some cancer cells
[17-21], but its functions remain elusive. It is 20
nucleotides in length and originated from chromo-
some 3. The RNAfold program [22] showed that 55
genomic nucleotides, including the mature miR-5787
sequence, were folded into a stem-loop structure as
the premiR-5787. The miR-5787 sequence is conserved
in anthropoids and partially conserved in some
vertebrates (Supplementary Figure S2B). miRNA
mimics are artificial double-stranded miRNA-like
RNA fragments designed for gene silencing approa-
ches, while miRNA sponges are RNA transcripts
containing multiple high-affinity binding sites that
sequester specific miRNAs to reduce their expression
and prevent them from interacting with their target
mRNAs [13, 23, 24]. As the mitochondrion has a
double-layer membrane structure, a concentration test
showed that 60 nmol miR-5787 mimic could
efficiently increase its level in chemoresistant cells,
and miR-5787 sponge could downregulate the
miR-5787 level in parental cells (Supplementary
Figure S2C and S2D).

In Cal27 and Scc25 TSCC cell lines, we used
miRNA sponge to downregulate miR-5787 expression
and showed that without cisplatin treatment,
downregulation of miR-5787 had almost no effect on
apoptosis (Figure 2A). However, miR-5787 downreg-
ulation induced fewer apoptotic cells when the TSCC
cells were exposed to cisplatin. Overexpression of
miR-5787 caused increased apoptosis in Cal27-re and
Scc25-re cells with or without cisplatin treatment. The
TUNEL assay further confirmed the effect of miR-
5787 on apoptosis in TSCC cells (Figure 2B). CCK-8
assay and modified Boyden chamber assay showed
that miR-5787 had almost no effect on the prolifera-
tion and metastasis of TSCC cells (Supplementary
Figure S2E and S2F).

Since miRNAs can reprogram glucose metabol-
ism to affect the biological function of the tumors
[7-9], we hypothesized that mitochondrial miR-5787
might also regulate tumor progression via metabolic
pathways. A glucose metabolism PCR array indicated
that compared with Cal27-re cells, overall OXPHOS
activity was enhanced in parental cells while the
overall glycolysis activity was decreased (Supple-
mentary Figure S3A). Interestingly, respiratory
complex activities (RCAs) differed between parental
TSCC cells and chemoresistant TSCC cells. In Cal27-re
cells, RCAs ], IlI, and IV were decreased compared to
those in the Cal27 cells, and RCA I, III, IV, and V were
decreased in Scc25-re cells compared to those in the
Scc25 cells (Supplementary Figure S3B). Knockdown

of miR-5787 reduced RCA IV activity in parental
TSCC cells, whereas overexpression of miR-5787
could partially rescue RCA IV activity in
chemoresistant cells (Figure 2C). As mitochondria are
the main source of ROS, we evaluated ROS generation
in TSCC cells and found that ROS was increased in
chemoresistant cells compared to the levels in
parental cells (Supplementary Figure S3C).
Interestingly, knockdown of miR-5787 contributed to
ROS generation in Cal27 and Scc25 cells, while
overexpression of miR-5787 could inhibit ROS
generation in chemoresistant cells (Figure 2D and
Supplementary Figure S3D).

Generally, mitochondrial activity may be
attenuated if mitochondrial OXPHOS is decreased.
We found that VDAC1, an important molecule for
mitochondrial activity, was downregulated in Cal27
and Scc25 cells when miR-5787 was knocked down,
and upregulated in resistant cells when miR-5787 was
overexpressed  (Figure 2E), suggesting the
mitochondrial activity was increased in parental cells
and decreased in resistant cells. Thus, knockdown of
miR-5787 contributed to chemoresistance in parental
TSCC cells, while overexpression of miR-5787 could
partially reverse chemoresistance, possibly due to
changes in mitochondrial OXPHOS.

miR-5787 attenuates aerobic glycolysis in
TSCC cells

Aerobic glycolysis is a hallmark of cancer that
satisfies the increased demand for growth in cancer
cells [1]. However, aerobic glycolysis levels vary in
different cell types. Glycolysis is characterized by
increased glucose uptake and reduced adenosine
triphosphate (ATP) synthesis. Compared with the
parental TSCC cells, glucose uptake was increased by
>2-fold while ATP generation was reduced by >2-fold
in chemoresistant TSCC cells (Supplementary Figure
S4A and S4B). Downregulation of miR-5787 allowed
parental TSCC cells to take in more glucose and
produce less ATP, while overexpression of miR-5787
in chemoresistant cells decreased glucose uptake and
increased ATP synthesis (Figure 3A and 3B). In
parental TSCC cells, knockdown of miR-5787 enabled
Cal27 and Scc25 cells to produce more lactate, while
upregulation of miR-5787 in resistant cells decreased
lactate production (Figure 3C). Hexokinase (HK2) and
pyruvate kinase isozyme (PKM2) are two critical
rate-limiting enzymes in glycolysis [25, 26]. In
parental TSCC cells, knockdown of miR-5787 could
upregulate the expression of HK2 and PKM2.
Moreover, overexpression of miR-5787 in resistant
cells resulted in the downregulation of the two
markers, suggesting the enhancement of aerobic
glycolysis in resistant TSCC cells (Figure 3D). Lactate
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is a component of the culture medium and can change
its pH level, and pH-induced physiological drug
resistance was reported to play an important role in
cisplatin chemotherapy resistance [27-29]. We,
therefore, examined the effect of miR-5787 on pH
changes inside and outside TSCC cells. As expected,
knockdown of miR-5787 in Cal27 and Scc25 cells
downregulated extracellular pH (pHex), while
intracellular pH (pHin) increased; overexpression of
miR-5787 in chemoresistant cell lines could increase
the pHex and decrease the pHin (Figure 3E). The
abnormal intracellular/extracellular pH gradient may
account for the cisplatin chemotherapy resistance of
TSCC cells. Collectively, these data suggest that a
decrease in miR-5787 may change glucose metabolism
from OXPHOS to glycolysis, change the pH inside
and outside TSCC cells, leading to the chemotherapy
resistance of TSCC cells.

miR-5787 regulates chemoresistance by
enhancing the translation of MT-CO3

Cytoplasmic miRNA can imperfectly bind to
mRNA transcripts with complementary sequences,
usually in the 3'UTR, inhibiting mRNA translation
and/or inducing mRNA  degradation [6].
RNA-induced silencing complex (RISC) proteins are
vital for the effects of miRNA, Western blots and
immunofluorescence analysis indicated that only the
key member AGO2 was present in the mitochondria
(Figure 4A and 4B). However, DICER and TRBP,
which are involved in the processing of mature
miRNA, were scarce in the mitochondria. To
distinguish mitochondrial miR-5787 from cytosolic
miR-5787, we traced the origin of this mitomiR by
qRT-PCR. We observed that premiR-5787 was located
mainly in the cytosol and was barely detected in the
mitochondria or nucleus (Supplementary Figure
S5A). These findings indicated that mitomiRs may be
generated in the same way as cytoplasmic miRNAs,
which originate in the nucleus, mature in the cytosol
and ultimately translocate into the mitochondria.

Bioinformatic analysis indicated that miR-5787
might interact with MT-CO3 (Figure 4C). qRT-PCR
suggested that the RNA levels of MT-ND2, MT-CO1,
MT-ND4, MT-ND5, and MT-CYB were decreased in
Cal27-re compared to those in Cal27, and the RNA
levels of MT-CO1, MT-CO2, MT-ND3, MT-ND4, and
MT-CYB were decreased in Scc25-re compared to
those in Scc25 (Supplementary Figure S5B).
Downregulation of miR-5787 in parental TSCC cells
or its overexpression in chemoresistant TSCC cells
had no effect on MT-CO3 RNA levels (Supplementary
Figure S5C). However, downregulation of miR-5787
could decrease MT-CO3 expression, and the
overexpression of miR-5787 could increase MT-CO3

expression at the protein level (Figure 4D), implying
its regulation at the posttranscriptional level.
Mutations in the 3" or 5 regions of miR-5787 could
abolish this effect on MT-CO3 protein levels (Figure
4C, E). To confirm whether miR-5787 targets MT-CO3
in TSCC cells, we cloned the target sites into the
3’UTR of a luciferase reporter. Overexpression of the
wild type miR-5787 decreased the reporter activity,
while the mutant miR-5787 lost this effect, but the
repressive effect recurred when we changed the target
sequences to be paired with mutant miR-5787 in the
reporter (Figure 4F, G). RNA immunoprecipitation in
the mitochondria confirmed that miR-5787 but not
miR-5100 (enriched in the cytosol) might target
MT-CO3 (Figure 4H).

To eliminate the effects of cytosolic targets of
miR-5787 on chemoresistance of TSCCs, we searched
for cytosolic targets and evaluated their effects. Based
on target prediction (miRDB [30] and TargetScan [31])
and top target ranking, we hypothesized that
miR-5787 may target the 3'UTRs of PACS1 and
NDST1 (Supplementary Figure S5D). Knockdown of
miR-5787 in Cal27 and Scc25 cells enhanced the
translation of PACS1 and NDST1, while over-
expression of miR-5787 in Cal27-re and Scc25-re cells
reversed this effect (Supplementary Figure S5E). To
determine the direct effect of miR-5787 on the 3"UTRs
of the PACS1 and NDST1 mRNAs, we cloned the
3UTRs of PACS1 (PACS1-wt-3'UTR) and NDST1
(NDST1-wt-3'UTR) into the firefly luciferase reporter
construct pG13. Mutant 3’'UTRs were also constructed
for PACS1 (PACSl-mut-3’UTR) and NDST1
(NDST1-mut-3'UTR) as controls. We transfected these
constructs into HEK293T cells, along with a scrambled
short RNA sequence or miR-5787 and evaluated
luciferase  activity. Upregulation of miR-5787
significantly decreased the activity of wild-type
3’UTR but had almost no effect on the reporter
activity of mutant 3'UTR (Supplementary Figure S5F).
Next, siRNAs were applied to determine the effects of
knockdown of PACS1 and NDST1 on apoptosis and
the chemoresistance of TSCC cells (Supplementary
Figure S5G). Flow cytometry and TUNEL assays
showed no effect on apoptosis in TSCC cells which
excluded the possibility that miR-5787 targets PACS1
and NDST1 to regulate the chemoresistance of TSCC
cells (Supplementary Figure SSH and S5I). However,
knockdown of MT-CO3 decresed the RCA 1V activity,
increased the glucose uptake, decreased the ATP
synthesis and increased the lactate generation, so the
attenuation of OXPHOS and the enhancement of
aerobic glycolysis eventually led to chemoresistance
(Supplementary Figure S6A-6E). Altogether, these
results suggested that miR-5787 acted through the
mitochondrial target MT-CO3 rather than its cytosolic
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targets PACS1 and NDST1. Furthermore, Zhang et al.
showed that GW182, a key factor for RISC function,
was absent in the mitochondria, which might explain
how mitomiRs could enhance rather than downregu-
late the expression of target genes [13]. We assessed
GW182 expression in TSCC cells and obtained
comparable results (Figure 4I). GW182 knockdown

of its cytoplasmic targets PACS1 and NDST1 in two
TSCC cell lines (Figure 4]). However, GW182 RNAi-
treated TSCC cells exhibited enhanced MT-CO3
translation by miR-5787 mimics (Figure 4]). These
data demonstrated that miR-5787 targeted MT-CO3
upregulating its expression at the protein level and
partially reversing chemoresistance of TSCC cells.

prevented miR-5787-induced translational repression
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Figure 1. RNA isolation and identification of miRNA in TSCC-derived mitochondria (A) Log2-fold change of the relative miRNA probe distribution showed differential miRNA
expression in the mitochondrial (Mito)/cytosolic (Cyto) fractions of Cal27 cells (left panel) and the Mito/Cyto fractions of Cal27-re cells (middle panel) as well as miRNAs enriched in Cal-27
cells compared to the levels in Cal27-re cells (right panel). Five mitomiRs downregulated in Cal27-re cells compared with Cal27 cells are highlighted. (B) Venn diagram showed mitomiR
intersections among three pairs: Cal27 cytosolic miRNAs versus Cal27 mitomiRs, Cal27-re cytosolic miRNAs versus Cal27-re mitomiRs, and Cal27 total miRNAs versus Cal27-re total
miRNAs. Five mitomiRs and 28 cytosolic miRNAs decreased in Cal27-re cells compared to the levels in Cal27 cells were identified. (C) Screen for target genes of mitomiRs. miR-3653-3p
might target MT-ND3 or MT-ND5, miR-3653-5p might target MT-CO3, miR-4499 might target MT-NDS5, and miR-5787 might target MT-CO3. (D) qRT-PCR verified that six mitomiRs were
downregulated in Cal27-re cells compared to Cal27 cells. U6 was chosen as an internal control. (E) Comparable expression of six mitomiRs in the mitochondrial fractions and the total cell
fractions of Cal27 and Cal27-re cells, with 12S rRNA as the internal control. (F) qRT-PCR showed that six mitomiRs were located mainly in the mitochondria in both Cal27 and Cal27-re cells,
with 5S rRNA as an internal control for both mitochondria and cytoplasm. (G) Quantification of six mitomiRs in Cal27 and Cal27-re nuclei. **P<0.001. (H) Quantification of miR-5787 in Cal27
and Cal27-re nuclear or mitochondrial genomes. (I) Northern blots (NB) demonstrated the intramitochondrial localization of miR-5787. 12S rRNA and U6 were used as specific mitochondrial
and nuclear markers, respectively.
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Figure 2. miR-5787 regulates chemoresistance by enhancing mitochondrial OXPHOS in TSCC cells (A) Flow cytometry showing Cal27 or Scc25 cells with stable
expression of miR-5787 sponge could resist cisplatin-induced apoptosis, while Cal27-re or Scc25-re cells transfected with miR-5787 mimics were sensitive to cisplatin-induced
apoptosis. *P<0.01, **P<0.001. (B) TUNEL assay showed that Cal27 or Scc25 cells with stable expression of miR-5787 sponge could resist cisplatin-induced apoptosis, while
Cal27-re or Scc25-re cells transfected with miR-5787 mimics were sensitive to cisplatin-induced apoptosis. *P<0.01, **P<0.001. (C) miR-5787 sponge could downregulate
mitochondrial respiratory chain complex IV, while miR-5787 mimics could restore mitochondrial respiratory chain complex IV. ¥P<0.01, **P<0.001. (D) miR-5787 sponge
increased ROS generation in Cal27 and Scc25 cells, and miR-5787 mimics decreased ROS generation in Cal27-re and Scc25-re cells. (E) Western blots showed the changes in
VDACI at the protein level. B-actin was used as an internal control.
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Figure 3. miR-5787 attenuates aerobic glycolysis in TSCC cells (A) miR-5787 sponge increased glucose uptake in Cal27 and Scc25 cells, while miR-5787 mimics
decreased glucose uptake in Cal27-re and Scc25-re cells. *P<0.01, **P<0.001. (B) miR-5787 sponge decreased ATP synthesis in Cal27 and Scc25 cells, while miR-5787 mimics
increased ATP synthesis in Cal27-re and Scc25-re cells. *P<0.01, **P<0.001. (C) Cal27 and Scc25 cells transfected with miR-5787 sponge generated more lactate, while Cal27-re
and Scc25-re cells transfected with miR-5787 mimics generated less lactate. ¥P<0.01, **P<0.001. (D) Western blots showed that the protein levels of HK2 and PKM2 were
enhanced when miR-5787 was downregulated in Cal27 and Scc25 cells, while miR-5787 mimics attenuated the protein levels of HK2 and PKM2 in Cal27-re and Scc25-re cells.
[B-actin was used as an internal control. (E) miR-5787 sponge increased pHin and decreased pHex in Cal27 and Scc25 cells, while miR-5787 mimics decreased pHin and increased

pHex in Cal27-re and Scc25-re cells. *P<0.01, **P<0.001.

Effects of miR-5787 on the chemoresistance of
TSCC cells in xenografts

To further explore the effect of miR-5787 on
TSCC cells in wvivo, we performed xenograft
experiments in BALB/c-nu mice. Parental TSCC cells

in which miR-5787 was stably knocked down showed
less apoptosis when exposed to cisplatin, as indicated
by tumor growth curves, weight, and volume (Figure
5A, 5B and 5C). On the other hand, chemoresistant
TSCC cells in which miR-5787 was upregulated
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became sensitive to cisplatin, as shown by increased
apoptosis, lighter weight, and smaller xenograft sizes
(Figure 5A, 5B and 5C). Xenografts with high
expression of miR-5787 showed enhanced expression
of MT-CO3 and were more sensitive to cisplatin
therapy compared to cells with normal miR-5787

expression (Figure 5D, 5E) which was consistent with
the results obtained in vitro. TUNEL staining showed
that xenografts with high expression of miR-5787 and
MT-CO3 had more apoptotic cells (Figure 5E). These
results further confirmed the effects of miR-5787 on
the chemoresistance of TSCC cells in vivo.
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Figure 4. miR-5787 regulates chemoresistance by enhancing the translation of MT-CO3 (A) Western blots showed that DICER, TRBP, and B-actin were present
only in the cytosol, and TOMM20 was present only in the mitochondria, while AGO2 existed both in the cytosol and the mitochondria. (B) Immunofluorescence showed the
colocation of AGO?2 in the nucleus and mitochondria of Cal27 and Cal27-re cells. (C) Target prediction suggested that miR-5787 might target MT-CO3 with the calculated free
energy for base pairing as indicated. The 5’ and 3’ regions of miR-5787 were mutated to further confirm the base pairing. (D) Western blots showed that miR-5787 enhanced the
expression of MT-CO3 in Cal27 and Scc25 cells, and its downregulation attenuated the expression of MT-CO3 in Cal27-re and Scc25-re cells. TOMM20 was used as an internal
control. (E) Western blots showed that miR-5787 had almost no effect on the translation of MT-CO3 when its 5’ or 3’ region was mutated. TOMM20 was used as an internal
control. (F, G) miR-5787 repressed a cytoplasmic reporter containing three miR-5787 target sites from MT-CO3. The mutant miR-5787 site in the reporter lost its effect, which
could be restored with the corresponding mutant miR-5787, which reestablished the required base-pairing interactions. **P<0.001. (H) RNA immunoprecipitation showed that
miR-5787 but not miR-5100 might interact with MT-CO3, and miR-5787 interacted with MT-CO3 but not MT-ND5. *P<0.01, **P<0.001. (I) Western blots show that GW182
existed only in the cytosol and was absent from the mitochondria. 3-actin was used as a cytosolic control, and TOMM20 was used as a mitochondrial control. (J) Effects of
miR-5787 on the translation of MT-CO3, PACSI and NDST1 with the miRNA machinery selectively inactivated by knocking down GW182 in the cytoplasm.
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Figure 5. miR-5787 regulates the chemoresistance of TSCC cells in xenografts in BALB/c-nu mice. (A) Tumor growth curves for Cal27 and Cal27-re tumors
treated with cisplatin. miR-5787 was stably downregulated in Cal27 cells, while miR-5787 was stably upregulated in Cal27-re cells; Cal27 or Cal27-re cells without any treatment
or Cal27 or Cal27-re cells that were stably transfected with miR-control (NC) were used as control groups. n=6 in each group. #P<0.05, *P<0.01. (B) Tumor weights showed
the effects of miR-5787 on the indicated two groups. (C) Tumor xenograft images on day 35. (D) MT-CO3 expression was analyzed using Western blots (upper), and miR-5787
expression was determined by qRT-PCR (below). *P<0.01**, P<0.001. (E) miR-5787 and MT-CO3 were expressed in xenografts in each group, and apoptosis was detected by
TUNEL assays. miR-5787 and MT-CO3 expression was analyzed by in situ hybridization and immunohistochemistry, respectively (200%). n=24 slices from six xenograft tumors
per group. The scale bar for in situ hybridization and immunohistochemistry represents 40 um, and the scale bar for TUNEL assays represents 20 ym.
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Table 1. Correlation among clinicopathological status and the
expression of miR-5787, MT-CO3 in TSCC patients.

Characteristic miR-5787 expression P MT-CO3 expression P

Low, n High, n Low, n High, n

(%) () (%) (%)
Sex 0.979 0.119
Male 28 (40.5) 41 (59.5) 35(50.7) 34 (49.3)
Female 23 (40.3) 34 (59.7) 21 (36.8) 36 (63.2)
Age 0.291 0.262
<50 21 (46.7) 24 (53.3) 23 (51.1) 22 (48.9)
=50 30 (37.0) 51 (63.0) 33 (46.5) 48(53.5)
Clinical stage 0.699 0.293
I 31(41.9) 43 (58.1) 30 (40.5) 44 (59.5)
v 20 (38.5) 32 (61.5) 26 (50.0) 26 (50.0)
Node metastasis 0917 0.550
NO 27 (40.9) 39 (59.1) 31 (47.0) 35 (53.0)
N+ 24 (40.0) 36 (60.0) 25(41.7) 35(58.3)
Cisplatin <0.001 <0.001
Sensitive 13 (18.1) 59 (81.9) 11 (15.3) 61 (84.7)
Resistant 38 (70.4) 16 (29.6) 45(83.3) 9 (16.7)
Status <0.001 <0.001
Survival 19 (264) 53 (73.6) 22 (30.6) 50 (69.4)
Death 32(59.3) 22(40.7) 34 (63.0) 20 (37.0)

Table 2. Univariate and multivariate analysis of factors associated
with overall survival of patients with TSCC.

Variable Cases number  HR(95%CI) P
Univariate analysis

Sex

Male vs Female 69/57 0.851(0.464-1.562) 0.557
Age(years)

<50 vs 250 45/81 0.759(0.519-1.109) 0.692
Node metastasis

NO vs N+ 66/60 1.383(1.015-1.885) 0.036
Clinical stage

nIvsiv 74/52 2.742(1.658-4.535) <0.001
Cisplatin

Sensitive vs Resistant ~ 72/54 0.695(0.561-0.861) 0.032
miR-5787

Low vs High 51/75 1.976(1.359-2.873) 0.008
MT-CO3

Low vs High 56/70 1.568(1,126-2.184) 0.017
Multivariate analysis

Node metastasis

NO vs N+ 66/60 1.836(1.178-2.861) 0.005
Clinical stage

Mvs IV 74/52 2.563(1.689-3.889) <0.001
Cisplatin

Sensitive vs Resistant ~ 72/54 0.694(0.569-0.846) 0.039
miR-5787

Low vs High 51/75 1.543(1.106-2.153) 0.015
MT-CO3

Low vs High 56/70 1.862(1.395-2.485) 0.011

Low expression of miR-5787 in TSCC cells
predicts poor patient survival outcome

To determine the clinical significance of
miR-5787 and its target gene MT-CO3, we performed
a retrospective analysis on TSCC samples from 126
patients. The clinical data suggested no significant
correlation between either miR-5787 or MT-CO3 and
age, sex, clinical stage, or lymph node metastasis
(Table 1). However, miR-5787 and MT-CO3 levels
were closely associated with chemoresistance status
of the patients. ISH and IHC demonstrated that

cisplatin-sensitive TSCC patients had high expression
of miR-5787 and MT-CO3 compared to cisplatin-
resistant patients (Figure 6A and 6B). Furthermore,
Spearman order correlation analysis indicated that
miR-5787 was positively associated with MT-CO3
(Figure 6C). We also evaluated the correlations
between miR-5787 or MT-CO3 expression with
patients” overall survival (OS). Univariate Cox
regression analysis indicated that TSCC patients with
low miR-5787 expression levels or low MT-CO3 levels
had a shorter OS (Table 1 and Figure 6D). The
cumulative survival rates at 60 months were 70.67%
and 71.43% in patients with high miR-5787 and
MT-CO3 expression, respectively, while only 37.25%
and 39.29% in patients with low miR-5787 and
MT-CO3 expression, respectively (Table 1). Further-
more, multivariate Cox regression analysis revealed
that low-level expression of miR-5787 and MT-CO3
were independent prognostic factors for poorer OS in
patients with TSCC (Table 2). Interestingly, TCGA
RNA sequencing data also identified an association of
higher MT-CO3 expression levels with increased
overall survival in four cancer types, including
adrenocortical carcinoma (ACC), kidney chromo-
phobe (KICH), low-grade glioma (LGG), and
pancreatic adenocarcinoma (PAAD) (Figure 6E).
Collectively, these data suggested that miR-5787 and
its mitochondrial target MT-CO3 correlated with
cisplatin sensitivity and patient OS in patients with
TSCC. A graphic model of this study is displayed in
Figure 6F.

Discussion

The mitochondrion has been regarded as a
cellular powerhouse. But recently, accumulating
studies revealed its crucial role in other essential
biological processes, such as apoptosis, calcium
homeostasis, and the production of ROS [32-34].
Cancer cells possess a distinctive characteristic related
to glucose metabolism, described as the “Warburg
effect”. Thus, as an organelle of metabolism, the
mitochondria may exert specific effects on glucose
metabolism in malignant cells. Although miRNAs are
typically found in the cytoplasm, recent studies
showed that miRNAs also exist in the mitochondria
[10-14, 35, 36]. In this study, we showed that among
the mitomiRs found in the mitochondria of TSCC
cells, miR-5787 was downregulated in chemoresistant
cells, potentially playing a role in glucose metabolism
and chemoresistance of TSCC cells.

miRNAs can affect glucose metabolism in tumor
cells by directly enhancing or attenuating glycolysis
and impacting the development and/or progression
of tumors. In hepatocellular carcinoma (HCC),
TARDBP-PFKP-miR-520 axis enhanced glycolysis to
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inhibit the growth of HCC cells [37]. Recent studies  and metastasis [38, 39]. In this study, we observed that
revealed that miRNAs, including miR-124, miR-137,  mitomiRs could also regulate glucose metabolism.
miR-340, miR-143, and miR-155, regulated glycolysis = The downregulation of mitochondrial miR-5787
by directly targeting the 3'UTR region of HK2 and  attenuated OXPHOS and enhanced aerobic glycolysis.
PKM?2, thereby affecting cell proliferation, apoptosis,
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Figure 6. miR-5787 and MT-CO3 expression correlates with cisplatin chemoresistance and patient survival in TSCC patients. (A) miR-5787 and MT-CO3
expression and apoptosis was evaluated in cisplatin-sensitive and cisplatin-resistant TSCC patients. miR-5787 was analyzed using in situ hybridization, and MT-CO3 expression
was analyzed via immunohistochemistry (200%). Apoptosis was detected using the TUNEL assay. The scale bar for in situ hybridization and immunohistochemistry represents 40
Um, and the scale bar for TUNEL assays represents 20 um. (B) Quantification of miR-5787 and MT-CO3 expression in cisplatin-sensitive versus cisplatin-resistant TSCC patients.
*P<0.01, **P<0.001. (C) The correlation between miR-5787 and MT-CO3 expression in TSCC patients was analyzed by Spearman order correlation. (D) Kaplan-Meier survival
curves for TSCC patients were plotted for miR-5787 and MT-CO3 expression, and survival differences were analyzed using a log-rank test. (E) Association of MT-CO3 mtRNA
expression levels with patients’ overall survival in multiple types of human cancers based on TCGA RNA sequencing data. (ACC, adrenocortical carcinoma; KICH, kidney
chromophobe; LGG, low-grade glioma; PAAD, pancreatic adenocarcinoma). (F) Graphic model of this study.
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Numerous miRNAs are involved in chemore-
sistance of cancer cells which is one of the main causes
of tumor recurrence. Some miRNAs, such as miR-141,
miR-200¢, and miR-21, contribute to the chemoresist-
ance of cancer cells [40-42]. For instance, in our
previous studies, we have shown that miR-593-5p
targeted the MFF and miR-483-5p targeted FIS1 to
regulate chemoresistance [43, 44]. On the contrary,
some miRNAs have been reported to sensitize cancer
cells to chemotherapy [45-49]. However, the function
of mitomiRs in the regulation of chemosensitivity has
remained mostly unexplored. In this study, for the
first time, we demonstrated that mitomiR-5787 could
regulate cisplatin resistance of TSCC. We showed that
knockdown of miR-5787 could down regulate the
expression of VDAC1 and up regulate the expression
of PKM2 and HK2, resulting in the attenuation of
OXPHOS and the enhancement of aerobic glycolysis.
Other studies have indicated that overexpression of
VDAC1 could induce apoptosis [50], inhibiting
expression of PKM2 could increase cisplatin
sensitivity of osteosarcoma stem cells and esophageal
squamous cell carcinoma cells [51,52], and
up-regulation of HK2 conferred resistance to cisplatin
in ovarian cancer cells, which were in accordance with
our results [53]. Furthermore, Numerous studies
revealed that enhancement of aerobic glycolysis
contributes to cisplatin resistance while stimulation of
OXPHOS can reverse cisplatin resistance [54,55]. We
demonstrated that miR-5787 regulated cisplatin
induced apoptosis through manipulation of OXPHOS
and aerobic glycolysis.

miRNAs have been demonstrated to exist in
mitochondria, but their significance remains obscure.
Recently, Das et al. revealed the role of mitomiRs in
myocardial pathophysiology [12]. These authors
showed that the nucleus-originated miR-181c could
inhibit translation of MT-COX1 to regulate
mitochondrial energy metabolism. Another study
revealed that miR-1 efficiently entered mitochondria
to stimulate the translation of specific mitochondrial
genome-encoded transcripts [13]. Our present study
demonstrated mitochondrial miR-5787 targeted
MT-CO3 and enhanced rather than repress its
translation to reverse chemoresistance.

The human mitochondrial genome consists of a
16-kb circular double-stranded DNA that encodes 13
proteins, including four enzyme complexes (complex
L, I, and IV and ATPase synthetase) of the respiratory
chain, as well as 2 rRNAs and 22 tRNAs [56]. Changes
in mitochondrial DNA have been reported in cancer
cells [57]. However, previous studies focused mainly
on mtDNA polymorphisms [58]. In this study, using a
cancer model, we showed that miR-5787 enhanced the
translation of MT-CO3 in a posttranscriptional

manner.

The pHex value of malignant tumor cells is
lower than the corresponding pHin value, and the
intracellular/extracellular pH gradient is opposite to
that of normal cells [59]. Low pH values cause nega-
tive effects on tumor cells; thus, Na*/H* exchange
proteins in the cytomembrane of tumor cells are
upregulated [60, 61]. pH-induced physiological drug
resistance is clinically significant. When the environ-
mental pH value is lower than the pKa of the drug,
the OH- of cisplatin and other weakly alkaline drugs
is neutralized by H* from the environment. Simultan-
eously, the high pHin value prevents the activation of
cisplatin inside the cells resulting in chemotherapy
resistance. We confirmed that pHin is high and pHex
is low in chemoresistant cells, and the abnormal
intracellular/extracellular pH gradient may partially
explain the chemotherapy resistance in TSCC.

In summary, the results of our study revealed
that when miR-5787 concentration is low in the
mitochondria, the translation of MT-CO3 is inhibited,
resulting in the attenuation of OXPHOS and enhance-
ment of glycolysis. More lactate is then produced
causing cisplatin to lose efficacy in a low-pH
environment and developing cisplatin resistance.
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