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Abstract

Aims: MiR126 was found to be frequently lost in many types of cancer, including malignant mesothelioma
(MM), which represents one of the most challenging neoplastic diseases. In this study, we investigated the
potential tumor suppressor function of MiR126 in MM cells. The effect of MiR126 was examined in response to
oxidative stress, aberrant mitochondrial function induced by inhibition of complex I, mitochondrial DNA
(mtDNA) depletion, and hypoxia. Results: MiR126 was up-regulated by oxidative stress in nonmalignant
mesothelial (Met5A) and MM (H28) cell lines. In Met5A cells, rotenone inhibited MiR126 expression, but
mtDNA depletion and hypoxia up-regulated MiR126. However, these various stimuli suppressed the levels of
MiR126 in H28 cells. MiR126 affected mitochondrial energy metabolism, reduced mitochondrial respiration,
and promoted glycolysis in H28 cells. This metabolic shift, associated with insulin receptor substrate-1 (IRS1)-
modulated ATP-citrate lyase deregulation, resulted in higher ATP and citrate production. These changes were
linked to the down-regulation of IRS1 by ectopic MiR126, reducing Akt signaling and inhibiting cytosolic
sequestration of Forkhead box O1 (FoxO1), which promoted the expression of genes involved in gluconeo-
genesis and oxidative stress defense. These metabolic changes induced hypoxia-inducible factor-1a (HIF1a)
stabilization. Consequently, MiR126 suppressed the malignancy of MM cells in vitro, a notion corroborated by
the failure of H28MiR126 cells to form tumors in nude mice. Innovation and Conclusion: MiR126 affects
mitochondrial energy metabolism, resulting in MM tumor suppression. Since MM is a fatal neoplastic disease
with a few therapeutic options, this finding is of potential translational importance. Antioxid. Redox Signal. 21,
2109–2125.

Introduction

M icroRNAs (MiRs) play a crucial role in many bio-
logical processes (4, 15), including tumorigenesis (11),

and their differential expression in tumors and normal tissues
has been documented (10). Switching from profiling studies
to the functional role of MiRs resulted in the notion that the
aberrant expression of MiRs in cancer plays a causal role in
the modulation of the tumorigenic process (10, 58).

We have shown that MiR126 is suppressed in patients with
malignant mesothelioma (MM) (52, 60), which is consistent
with reports that the down-regulation of MiR126 was ob-
served in tumors (16, 67, 70) and cancer cell lines (23). Its
restoration reduced the overall tumor growth and invasive-
ness of tumor cells (23, 38, 52). MiR126 has been proposed to
modulate the PI3K signaling pathway, partly by targeting
p85b during colon carcinogenesis (23) and negatively regu-
lating the insulin receptor substrate-1 (IRS1) (67). As an
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adaptor of the insulin growth factor-1 receptor, IRS1 plays
an important role in cell growth and proliferation, primarily
via the Akt pathway (5). Mitochondrial dysfunction de-
creases the expression of IRS1, and MiR126 mediates the
repression of the IRS1 protein in response to mitochondrial
perturbation (49).

While the molecular mechanism by which MiRs affect the
pathogenesis of MM is virtually unknown, their expression in
MM is inversely correlated with its severity and prognosis
(8). This has been shown, for example, for hsa-MiR29c and
MiR31 (44, 30), and the loss of MiR34b/c conferred reduced
malignancy in MM cells (34). The level of expression of
MiR34b/c is regulated epigenetically (34), a process de-
scribed for MM (42). The loss of MiR126 in MM patients
(52) is in line with the notion of the potential tumor sup-
pressor function of the MiR species (53, 66, 70), and it was
proposed as a potential diagnostic marker of MM, in partic-
ular in combination with mesothelin (29, 42, 52, 60). How-
ever, the molecular mechanism by which MiR126 regulates
malignancy of MM has not been examined. Increasing evi-
dence shows the interplay between MiRs and oncogenes/
tumor suppressors via key metabolic enzyme effectors (21),
and mitochondria play a crucial role in the tumor metabolic
re-programming (18, 56). In addition to converting the in-
coming nutrients into energy in the form of ATP, mito-
chondria generate intermediates for biosynthetic pathways as
well as reactive oxygen species (ROS) that serve as second
messengers to modulate signal transduction and metabolism.

Here, we investigated the tumor suppressor effect of
MiR126 in response to mitochondria-destabilizing stimuli
involved in cancer induction and progression. Our results
document that MiR126 is regulated by stress signaling and
modulates the response of the cell to the stress. MiR126 af-
fects the IRS1 pathway and the mitochondrial function, re-
sulting in cancer metabolic re-programming. Ectopic
MiR126 induced the loss of malignancy and the failure of
MM cells to form tumors. This tumor suppressor function of
MiR126 was not observed in IRS1-nonresponsive malignant
cells. Since MM is a fatal neoplastic disease with hardly any
therapeutic options (17, 48, 57, 59), our findings are of po-
tential clinical importance.

Results

MiR126 is regulated by stress and affects
the mitochondrial function

It has been reported that stress alters MiR biogenesis and
that MiRs regulate important signaling pathways in mito-

chondria (36, 37). To assess whether MiR126 is regulated by
stress signaling, nonmalignant (Met5A) and MM (H28) cells
were exposed to oxidative stress, rotenone, mitochondrial
DNA (mtDNA) depletion, and the hypoxia mimetic CoCl2,
and the expression of MiR126 was evaluated. To determine a
direct relationship between intracellular ROS levels and
MiR126 expression mediated by mitochondrial impairment
induced by the earlier stimuli, the cells were pretreated with
the ROS scavenger N-acetyl cysteine (NAC, 10 mM) or the
superoxide scavenger Tiron (10 mM). The dose-dependent
curves of the ROS inhibitors on MiR126 level are shown in
Supplementary Fig. S1 (Supplementary Data are available
online at www.liebertpub.com/ars). MiR126 was transiently
induced by oxidative stress in both cell lines, peaking at 2 and
16 h of hydrogen peroxide (200 lM) exposure (Fig. 1a).
Rotenone-mediated mitochondrial impairment induced
MiR126 down-regulation, which was inhibited by NAC but
not by Tiron in Met5A cells (Fig. 1b). Up-regulation of
MiR126 caused by mtDNA depletion and by the hypoxia
mimetic CoCl2 was suppressed by NAC and Tiron in Met5A
cells (Fig. 1c, d), indicating a role for ROS. The various
stimuli suppressed the levels of MiR126 in H28 cells, which
was rescued neither by NAC nor by Tiron (Fig. 1b–d).

To evaluate whether MiR126 modulates the response of
cells to stress stimuli, we generated stable cell lines expressing
MiR126 (Met5AMiR126 and H28MiR126 cells) (Fig. 2a, insert),
and the mitochondrial function was evaluated as a response to
stress. MiR126-transfected cells and their empty plasmid-
transfected counterparts (Met5ApCMV-MiR and H28pCMV-MiR

cells) were subjected to rotenone exposure, mtDNA depletion,
and CoCl2 exposure, and the mitochondrial reducing activity
(MRA) was evaluated. Rotenone and mtDNA depletion (q0

cells) increased MRA in both parental Met5A and H28 cells,
which was further increased by MiR126 in q0 H28 cells. MRA
reduced in response to CoCl2 and was slightly increased by
MiR126 (Fig. 2a). The evaluation of DCm,i revealed a negli-
gible effect of MiR126 in the control and stressed cells (Fig.
2b). As illustrated in Figure 2c and d, MiR126 reduced ROS
formation induced by rotenone. Complete loss of mtDNA re-
sulted in higher intracellular levels of ROS in both cell lines,
which was not affected by ectopic MiR126. ROS generated in
response to CoCl2 and mainly consisted of peroxide-related
species, but not superoxide, and their level was reduced in
MiR126-transfected cells. No formation of nitric oxide (NO)
was observed in parental and MiR126-transfected cell lines
exposed to stress (Supplementary Fig. S1d).

Ectopic MiR126 caused suppression of mitochondrial
respiration in H28 but not Met5A cells, with no decrease
when the ‘‘routine’’ (R) or ‘‘leak’’ (L) respiration as well as
respiration coupled to ATP production (R-L) was related to
the total capacity of the uncoupled electron transfer system
(ETS, E) (Fig. 3a–d). The reason is due to the fact that
MiR126 strongly suppressed, in particular, the maximum
respiratory capacity as well as respiration coupled to ATP
generation. The lower respiration was not due to different
amounts of mitochondria in MiR126- and empty plasmid-
transfected cells (Fig. 3c, insert).

MiR126 induces a glycolytic shift

Since ectopic MiR126 lowered the mitochondrial respi-
ration in H28 cells, we expected increased glycolytic activity

Innovation

We found that MiR126 expression is regulated by mi-
tochondria-destabilizing stimuli and affects mitochondrial
energy metabolism, reducing mitochondrial respiration
and up-regulating glycolysis-induced energy in malignant
mesothelioma cells. The metabolic re-programming is
associated with the inhibition of tumorigenic effects, re-
sulting in the inhibition of tumor growth in an animal
model. These data strongly support the tumor suppressor
function and therapeutic application of MiR126 in cancers
as hard to treat as mesothelioma.
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FIG. 1. Oxidative stress, mito-
chondrial dysfunction, and hypoxia
modulate MiR126 expression. (a)
Met5A and H28 cells were exposed over
time to hydrogen peroxide (200 lM), and
MiR126 level was expressed as fold
change versus untreated cells. Met5A
and H28 cells were evaluated for
MiR126 level after treatment with rote-
none (20lM, 24 h) (b), deletion of
mtDNA (c), or exposure to the hypoxia
mimetic CoCl2 (100lM, 5 h) (d) in the
presence of NAC (10 mM) or Tiron
(10 mM). HIF1a protein levels in Met5A
cells and H28 cells treated with CoCl2
(100lM, 5 h) are shown in panel (d). The
results are mean values – S.D. of three
experiments performed in duplicate.
Comparisons among groups were deter-
mined by one-way ANOVA with Tukey
post-hoc analysis. The symbol ‘‘*’’ in-
dicates significant differences with
p < 0.05. ANOVA, analysis of variance;
HIF1a, hypoxia-inducible factor-1a;
MiR, microRNA; mtDNA, mitochon-
drial DNA; NAC, N-acetyl cysteine.

FIG. 2. MiR126 expression affects the mitochondrial function. (a) Mitochondrial reducing activity (MRA) of empty
plasmid- and MiR126-transfected Met5A and H28 cells (see inset for MiR126 levels in Met5AMiR126, 1; H28MiR126, 2;
Met5Aanti-MiR126, 3; and H28anti-MiR126, 4, relative to their empty plasmid counterparts) was evaluated as the reduction of MTT.
The cells were exposed to rotenone (20 lM, 5 h), lacked mtDNA (qo cells), or were exposed to the hypoxia mimetic CoCl2
(100 lM, 5 h). Formazan production was assessed at 595 nm, normalized to viable cells by crystal violet staining, and the
activity of the untreated cells was set as 1. Empty plasmid-transfected Met5A and H28 cells and their MiR126-transfected
counterparts treated as described earlier were evaluated for DCm,i using TMRM, expressed as MFI (b), ROS generation using
DHE (relative to control cells) (c) or DCF (relative to control cells) (d). The results are mean values – S.D. of three experiments
performed in duplicate. Comparisons among groups were determined by one-way ANOVA with Tukey post-hoc analysis. The
symbol ‘‘*’’ indicates significant differences, and the symbol ‘‘�’’ significance compared with control with p < 0.05. DCF, 2¢,7¢-
dichlorofluorescein diacetate; DHE, dihydroethidinium; MFI, mean fluorescence intensity; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; ROS, reactive oxygen species; TMRM, tetramethyl rhodamine methyl ester.

MICRORNA-126 AFFECTS MESOTHELIOMA MALIGNANCY 2111



in H28MiR126 cells to meet their demand for ATP. In-
tracellular ATP and lactate levels were evaluated in stress-
exposed cells in the presence and absence of the glycolytic
inhibitor 2-deoxyglucose (2DG). Ectopic MiR126 increased
ATP and lactate in both cell lines, which was inhibited by
2DG in Met5AMiR126 cells, suggesting a shift to glycolysis
(Fig. 4a, b). Although the H28MiR126 cells showed a glyco-
lytic phenotype, the inhibition of glycolysis or oxidative
phosphorylation (OXPHOS) did not affect ATP, which was
reduced when 2DG and rotenone were combined, indicating
a compensatory mechanism. The depletion of mtDNA in-
hibited ATP production, which was associated with increased
lactate in both cell lines. Unlike in empty plasmid-transfected
cells, mtDNA depletion did not completely inhibit ATP in
Met5AMiR126 and H28MiR126 cells, in which ATP was derived
from glycolysis. The hypoxia mimetic CoCl2 increased ATP,
which was generated by glycolysis in Met5A cells. Con-
versely, the ATP level was not affected by the hypoxia mi-
metic in H28 cells (Fig. 4a, b). To further confirm the
glycolytic shift, MRA, evaluated as the reduction of the mi-
tochondrial cytochrome pool (the resazurin assay), was an-
alyzed in empty plasmid- and MiR126-transfected cells with
inhibited OXPHOS or glycolysis. In stark contrast to Met5A
cells, MiR126 significantly increased the MRA in H28 cells,
which was slightly inhibited by rotenone and suppressed
considerably by 2DG (Fig. 4c), suggesting that the mito-
chondrial function is maintained primarily by glycolysis.

MiR126 suppresses the IRS1 pathway and modulates
mitochondrial metabolism

Mitochondrial biogenesis is modulated by IRS1 and IRS2
(49, 50), and MiR126 has been shown to reduce the expres-
sion of IRS1 by directly targeting its 3¢-UTR (5, 49, 67).
Met5AMiR126 and H28MiR126 cells showed strong IRS1 down-
regulation (Fig. 5a–c). Targeting of the IRS1 3¢-UTR was
confirmed using a reporter gene, luciferase, carrying the 3¢-
UTR of IRS1 containing the MiR126-binding site (IRS1
3Uwt). A mutated 3¢-UTR of the IRS1 gene (IRS1 3Umut)
lacking of the MiR126 binding site was used as a control. We
found that MiR126 significantly inhibited the luciferase ac-
tivity in both Met5A and H28 cells transfected with IRS1
3Uwt plasmid, whereas luciferase activity with IRS1 3Umut
was not suppressed (Fig. 5d). The silencing of IRS1 signifi-
cantly suppressed Akt activation, confirming its involvement
(Fig. 5b). A key Akt pathway down-stream effector, the
Forkhead box O1 (FoxO1) transcription factor, is sequestered
in the cytoplasm in response to its phosphorylation by Akt.
Accordingly, in both IRS1 silencing and MiR126 transfection
(Fig. 5b), there was a decrease in the cytoplasm and an in-
crease in the nuclear fraction (Fig. 5c). Restoration of the
IRS1-Akt-FoxO1 pathway was observed by blocking the
function of MiR126 using antisense MiR126 (anti-MiR) (Fig.
5) (cf also insert in Fig. 2a for MiR126 levels), further con-
firming the involvement of MiR126.

FIG. 3. MiR126 alters respiration in MM cells. Empty plasmid- and MiR126-transfected Met5A (a) and H28 cells (b) were
evaluated for respiration using intact cells for routine (R), leak (L), uncoupled (E), and residual (ROX) respiration after additions of
succinate (suc; 10 mM), ADP (adp; 3 mM), oligomycin (omy; 1lg/ml), FCCP (fccp; added at 1lM aliquots to reach maximum
respiration), rotenone (rot; 0.5lM), and antimycin (ama; 2.5lM). The individual respiration rates as well as the ‘‘netR’’ value (R-
L) are shown in panel (c) as absolute values and in panel (d), they are related to the maximum uncoupled respiration (ETS, E). The
inset in panel (c) documents the levels of VDAC1, SDHA, and TIM23 in the empty plasmid- and MiR126-transfected cells and the
ratio of mtDNA/nDNA in these cells. The data shown are mean values– S.D. of at least three independent experiments, with the
symbol ‘‘*’’ indicating statistically significant differences between empty plasmid and MiR126-transfected cells with p < 0.05. The
images are representative of three independent experiments. ETS, electron transfer system; MM, malignant mesothelioma; nDNA,
nuclear DNA. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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As a result of nuclear localization, FoxO1 caused increased
expression of gluconeogenesis genes, including phosphoenol-
pyruvate carboxykinase 1 (PCK1) and glucose-6-phosphatase
catalytic (G6PC), which was consistent with a previous report
(68). The elevated expression of PCK1 in MiR126-transfected
and IRS1 knock-down cells was normalized on the silencing of
FoxO1 and/or MiR126. A similar pattern was observed for
G6PC (Fig. 6a). MiR126 as well as knock-down of IRS1 also
caused up-regulation of the ROS detoxification enzymes cat-
alase (CAT) and manganese superoxide dismutase (MnSOD).
The silencing of FoxO1 as well as the transfection with anti-
MiR126 suppressed the MiR126-induced expression of the
anti-oxidant enzymes (Fig. 6b).

FoxO1 contributes to glucose homeostasis and lipid
metabolism (65), with ATP-citrate lyase (ACL), a key en-
zyme of de novo lipogenesis being up-regulated and acti-
vated in cancer tissue (25). As shown in Figure 6c and d, the
ACL protein was expressed more in MM compared with
nonmalignant cells. Increased MiR126 as well as suppres-
sion of IRS1 resulted in the decrease of ACL at the level of
mRNA and protein, as well as its phosphorylation. Anti-
MiR126 increased the level and phosphorylation of ACL.
Consequently, low citrate levels were found in MM com-
pared with nonmalignant cells, and ectopic expression of
MiR126 restored citrate levels, which was associated with

hypoxia-inducible factor-1a (HIF1a) stabilization and ac-
tivation (Fig. 6e, f).

To test the clinical relevance of these results, we analyzed
11 matching pairs of MM tissue and the adjacent normal
tissue from MM patients for the level of MiR126 and IRS1,
ACL, MnSOD, and CAT mRNA expression. We found that
MiR126 levels were inversely correlated with IRS1 and ACL
and positively correlated with MnSOD and CAT in the ma-
lignant tissue, further supporting the effect of MiR126 on
mitochondrial bioenergetics and tumor malignancy (see next)
(Supplementary Fig. S2).

Ectopic MiR126 inhibits tumorigenic properties of MM
cells and suppresses mesothelioma initiation

Given that MiR126 affects mitochondrial metabolism in
MM, it may regulate tumor progression. Indeed, increased
MiR126 expression significantly inhibited H28 cell growth as
well as the level of the proliferation marker Ki67. This was
not observed in the nonmalignant Met5A cells (Fig. 7a, b).
When compared with the empty plasmid-transfected cells,
the percentage of H28MiR126 cells in G0/G1 phase increased
from 45.6% to 65.9% ( p < 0.05), whereas the percentage of
cells in S phase and G2/M phase decreased from 36.2% to
23.1% ( p < 0.05) and from 16.4% to 10.6% ( p < 0.05),

FIG. 4. MiR126 affects the bio-
energetic profile. Empty plasmid-
and MiR126-transfected Met5A and
H28 cells were evaluated for ATP
(nmol/mg protein) (a) and lactate
(nmol/mg protein) (b) in presence of
rotenone (20 lM, 5 h), after mtDNA
depletion (q0 cells) of cells exposed
to the hypoxic mimetic CoCl2
(100 lM, 5 h), and in the presence of
5 mM 2DG for 5 h. (c) MRA of
empty plasmid- and MiR126-trans-
fected Met5A and H28 cells was
evaluated in the presence of rotenone
(20 lM, 5 h) or 2DG (5 mM, 5 h), and
was expressed as MFI per lg protein.
The results are mean values – S.D. of
three individual experiments per-
formed in triplicate. Comparisons
among groups were determined by
one-way ANOVA with Tukey post-
hoc analysis; the symbol ‘‘*’’ indi-
cates significant differences; symbol
‘‘�’’ significance compared with
control with p < 0.05. 2DG, 2-deox-
yglucose.
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respectively. No change in the cell cycle distribution was
found for Met5ApCMV-MiR and Met5AMiR126 cells. The
MiR126-mediated cell growth inhibition correlated with the
reduction in the replication potential, which was evaluated as
the population doubling level (PDL), and was more effi-
ciently suppressed in H28 than Met5A cells (Fig. 7c). Simi-
larly, the ability of the cells to form colonies in soft agar was
reduced by increased MiR126 in H28 cells but not in Met5A
cells (Fig. 7d). In addition, H28MiR126 cells acquired mor-
phological features similar to the nonmalignant Met5A cells
(Fig. 7e). To unequivocally confirm the tumor suppressor
function of MiR126 in mesothelioma, we tested whether
MiR126-transfected cells give rise to tumors in nude mice.
Met5A and H28 cells expressing MiR126 and their empty
plasmid-transfected counterparts were subcutaneously in-
jected into nude mice and tumor formation was monitored by
ultrasound imaging (USI). Figure 7f documents lack of tumor
growth when H28MiR126 cells were grafted in the mice, while
H28pCMV-MiR cells formed tumors with relatively fast kinet-
ics. As expected, neither Met5ApCMV-MiR nor Met5AMiR126

cells gave rise to tumors.

MiR126 is a tumor suppressor in IRS1-responsive
MM cells

To see whether the tumor suppressor function of MiR126
is limited to H28 cells, we tested it in the established MM cell
line H2452 and the immortalized primary Mes-1 cells. Unlike
in the Mes-1 cells, MiR126 increased the level of ATP in the
H2452 cells, also shifting them to the glycolytic phenotype
(Supplementary Fig. S3a, b). The MiR126-transfected H2452
cells exerted a lower level of respiration unlike Mes-1 cells
(Supplementary Fig. S3c, d). MiR126 increased the level of
citrate in H2452 but not in the Mes-1 cells, which was as-
sociated with ACL down-regulation (Supplementary Fig.
S3f) as well as with HIF1a stabilization and activation by
MiR126 in the former (Supplementary Fig. S3g). Similarly as
for H28 cells, MiR126 in H2452 cells suppressed the level of
IRS1, and phosphorylation of Akt as well as of FoxO1
(Supplementary Fig. S4a), Consequently, MiR126 regulated
the level of expression of IRS1, CAT, MnSOD, PCK1, G6PC,
and ACL genes in H2452 cells (Supplementary Fig. S4b),
similarly as observed in H28 cells (cf Figs. 5 and 6). All these

FIG. 5. MiR126 affects IRS1 signaling. Empty plasmid-transfected Met5A and H28 cells, and their IRS1-silenced
(IRS1 -), MiR126-transfected (MiR), and antago-MIR126-transfected (anti-MiR) counterparts were analyzed for the relative
level of IRS1 mRNA (a); expression of pIRS1 (S307), IRS1, pAkt, Akt, pFoxO1 (T24), and FoxO1 (b). Lower part of panel
(b) documents densitometric evaluation of the bands shown in its upper part related to the level of actin. Cytoplasmic and
nuclear expression of the FoxO1 protein (upper panels: western blots of FoxO1, lower panels: their densitographic evalu-
ation) (c) is shown for the different cell types. IRS1-3Uwt or IRS1-3Umut construct was co-transfected with empty plasmid
(control) or MiR126 expression plasmid (MiR126) into Met5A and H28 cell lines. Reporter gene assay was performed using
dual-luciferase assays kit as described in Methods. The relative luciferase activities were plotted against that of the control,
which was set at 1 (d). The data shown are mean values – S.D. of three independent experiments. Comparisons among groups
were determined by one-way ANOVA with Tukey post-hoc analysis; the symbol ‘‘*’’ indicates significantly different values
compared with empty plasmid-transfected cells with p < 0.05. FoxO1, Forkhead box O1; IRS1, insulin receptor substrate-1.
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changes invoked in H2452 cells by MiR126 cells caused a
loss of their malignant phenotype, which was not observed in
Mes-1 cells (Supplementary Fig. S4c, d).

To evaluate whether MiR126-induced tumor suppression
was linked to binding of the MiR to 3¢-UTR of IRS1, Ist-Mes2
MM cells with truncated IRS1 lacking its MiR126 binding site
(see sequence in Supplementary Fig. S4e) were transfected
with MiR126 plasmid and the tumorigenic effect was evalu-
ated. Small interfering RNA (siRNA) was used as a control to
show that the truncated protein was down-regulated by IRS1
siRNA. MM cells carrying IRS1 without the MiR126-binding
site at the 3¢-UTR were not sensitive to MiR126-induced cell
growth arrest and tumor suppression (Supplementary Fig. S4e).

MiR126-induced tumor suppressor is regulated
by citrate levels through HIF1a activation

We observed that citrate levels were depleted in MM cells,
and MiR126 overexpression rescued citrate by inhibiting

ACL, which was associated with HIF1a activation and tumor
suppression. To examine the impact of citrate production,
HIF1a activation, and glucose metabolism on MiR126-
mediated tumor growth inhibition, MiR126- and empty
plasmid-transfected MM cells were silenced for ACL, FoxO1
and for both ACL/FoxO1, and the citrate/lactate levels,
HIF1a nuclear translocation, HIF1a-responsive vascular en-
dothelial growth factor-A (VEGF-A) gene expression, and
cell growth were evaluated. Knocking down ACL (Fig. 8a,
insert) induced citrate production in empty-plasmid H28
cells, which was further increased in MiR126-transfected
cells (Fig. 8a). The inhibition of FoxO1 (Fig. 8a, insert) did
not affect the levels of citrate, even on ACL knockdown (Fig.
8a). Conversely, the silencing of FoxO1 suppressed lactate
production induced by inhibiting ACL (Fig. 8a), suggesting
its involvement in the MiR126-induced glycolytic shift. The
increased levels of citrate mediated by the silencing of ACL
induced HIF1a nuclear translocation in both MiR126- and
empty plasmid-transfected cells (Fig. 8b). Activation of

FIG. 6. MiR126 alters the IRS1
pathway-dependent mitochondrial
function, expression of FoxO1-
dependent genes, citrate levels, and
HIF1a activation. Empty plasmid-
transfected Met5A and H28 cells and
their counterparts with silenced IRS1
(IRS1 -), and transfected with MiR126
(MiR) and antisense MiR126 (anti-
MiR) were evaluated for the level of the
mRNA of the gluconeogenesis genes
PCK1 and G6PC (a) and oxidative de-
fense genes CAT and MnSOD (b). These
cells were further evaluated for the level
of ACL mRNA (c) and protein as well as
pACL (d; upper panel, western blots,
lower panel, densitometric evalua-
tion). Empty plasmid- and MiR126-
transfected Met5A and H28 cells were
evaluated for intracellular citrate levels
(nmol/mg protein) (e) and HIF1a pro-
tein level and its DNA binding (f). The
data shown are mean values – S.D. de-
rived from three independent experi-
ments; the symbol ‘‘*’’ indicates
significant differences compared with
empty plasmid-transfected cells, with
symbol ‘‘�’’ significance between
Met5A and H28 cells with p < 0.05.
ACL, ATP-citrate lyase; CAT, catalase;
G6PC, glucose-6-phosphatase catalytic;
MnSOD, manganese superoxide dis-
mutase; PCK1, phosphoenolpyruvate
carboxykinase 1.
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HIF1a resulted in increased expression of the HIF-responsive
VEGF-A gene (Fig. 8c), which was associated with increased
cell proliferation in empty plasmid H28 cells (Fig. 8d).
Conversely, the accumulation of HIF1a in the nucleus of
MiR126 H28 cells resulted in the reduction of the VEGF-A
gene expression and cell growth (Fig. 8c, d).

It is established that HIF transactivates several enzymes
that are involved in glucose uptake and glycolysis (32). In
addition, HIF1a exerts an anti-proliferative effect, and its
expression in vitro leads to rapid death of human renal cell
carcinoma (32). To gain insights into the role of HIF and the
molecular mechanisms underlying the tumor suppression by
MiR126, we knocked down HIF1a in MiR126- and empty
plasmid-transfected H28 cells, and evaluated the production
of citrate and lactate, VEGF-A expression, and cell growth.
Silencing HIF1a (Fig. 9a, insert) induced citrate production
in both MiR126- and empty plasmid-transfected H28 cells
(Fig. 9a) without affecting the lactate levels (Fig. 9b). As

expected, HIF1a knock-down considerably reduced VEGF-A
gene expression. Likewise, MiR126 overexpression signifi-
cantly reduced VEGF-A level, which was restored by si-
lencing HIF1a (Fig. 9c). The increased VEGF-A level
observed in HIF1a-silenced MiR126-transfected cells leads
to increased proliferation of the cells and their ability to form
colonies in soft agar (Fig. 9d, e).

Discussion

Although MiR126 has been found down-regulated in dif-
ferent types of cancer, the detailed role of its deregulation in
oncogenic transformation remains to be elucidated. Specific
MiRs can act as tumor suppressors or oncogenes, depending
on the cellular environment (53). Accordingly, it has been
reported that MiRs modulate the responses of tissues to
physiological and pathological stress (36). In this study, we
investigated the role of MiR126 in stress signaling involved

FIG. 7. MiR126 suppresses the malignant phenotype. Empty plasmid-transfected H28 and Met5A cells and their
MiR126-transfected counterparts were evaluated for cell growth by the MTT assay (a), cell proliferation expressed as Ki67-
positive cells (b), PDL (c), and the colony-forming activity (upper panels: microscopic evaluation, lower panels: number of
colonies) (d). (e) Empty plasmid- and MiR126-transfected cells were inspected by microscopy for morphology after their
staining with crystal violet. (f) Nude mice were injected subcutaneously with H28pCMV-MiR, H28MiR126, Met5A pCMV-MiR, and
Met5AMiR126 cells (5 · 106 cells per mouse in 100ll of sterile saline). The tumor progression was visualized and quantified by USI
(left panel: tumor kinetics, right panels: visualization of a representative tumor). The results are mean values– S.D. of three
experiments performed in duplicate; images are representative of three independent experiments. Comparisons among groups were
determined by one-way ANOVA with Tukey post-hoc analysis. The symbol ‘‘*’’ indicates significantly different values with
p < 0.05. Data of tumor volume are mean values– S.E.M. (n = 7); the symbol ‘‘*’’ indicates significantly different values with
p < 0.05. Images are representative of at least three independent experiments. PDL, population doubling level; USI, ultrasound
imaging. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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in MM development and progression. We have identified a
novel link between MiR126, mitochondrial metabolism, and
tumor suppression. MiR126 level was induced by oxidative
stress in malignant and nonmalignant mesothelioma cells.
MiR126 expression increased rapidly after exposure to oxi-
dative insult, with a second rise at prolonged times of expo-
sure. Two oxidation phases have been previously described.
A first, an increase of ROS levels was observed in cardio-
myocytes after exposure to angiotensin II-induced ROS
(phase 1 oxidation), which was followed by phase 2 oxida-
tion, a result of impaired flux through the electron transport
chain (46). This raises the hypothesis that the modulation of
MiR126 expression by oxidative stress reflects the level of
ROS production. Complete loss of mtDNA or exposure to a
hypoxia mimetic induced ROS-dependent MiR126 expres-
sion in nonmalignant cells while inhibiting MiR126 expres-
sion in MM cells, pointing to different cell phenotypes.
Conversely, the inhibition of mitochondrial complex I (CI)
by rotenone suppressed MiR126 expression in both cell lines
(cf Figs. 1 and 2).

A recent study revealed a complex pleiotropic response to
rotenone that affects a variety of cellular events, including the
modulation of DNA damage response (DDR)-associated

genes and the up-regulation of epigenetic regulatory mech-
anisms. Rotenone induced a DDR repair pathways involving
both ROS-dependent and -independent mechanisms (9). In
response to damaged chromatin, DNA methyltransferase 1
(DNMT1) was recruited at the site of damage (43); it was
reported that methylation of MiR-199a and MiR-125b pro-
moter genes by ROS-mediated DNMT1 was involved in their
inhibition (27). Since MiR126 suppression in cancers has
been linked to aberrant DNA hypermethylation of its host
gene EGFL7 (51), we can postulate that DDR induced
by rotenone may inhibit MiR126 expression by DNMT-
mediated DNA hypermethylation.

Since MiR126 expression is regulated by mitochondria-
destabilizing stimuli (cf Fig. 1), we asked whether MiR126 is
able to affect the mitochondrial function. Surprisingly, ec-
topic MiR126 efficiently reduced ROS generation induced by
CI inhibition and hypoxia. In contrast to previous studies, the
inactivation of mitochondrial activity (q0 cells) led to in-
creased intracellular level of ROS in control and MiR126-
transfected cells. It was reported that cells lacking the
mitochondrial genome resulted in lower intracellular levels
of both superoxide and hydrogen peroxide (28, 45). However,
nonmitochondrial sources may also contribute to ROS

FIG. 8. Involvement of ACL,
FoxO1, and HIF1a in MiR126-in-
duced metabolic changes and MM
cell proliferation. MiR126- and
empty plasmid-transfected H28 cells
were silenced for ACL (ACL -),
FoxO1 (FoxO -) or both (ACL -/
FoxO -), and citrate/lactate levels (a),
HIF1a nuclear translocation (b),
HIF1a-responsive VEGF-A gene ex-
pression (c), and cell growth evaluated
(d). The results are mean values – S.D.
of three experiments performed in
duplicate; images are representative of
three independent experiments. Com-
parisons among groups were deter-
mined by one-way ANOVA with
Tukey post-hoc analysis; the symbol
‘‘*’’ indicates significant differences
compared with control (scrambled
sequences) with p < 0.05. VEGF-A,
vascular endothelial growth factor-A.
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production, with an example being NADPH oxidases. These
enzymes generate superoxide by transferring electrons from
NADPH inside the cell across the membrane and coupling
them to molecular oxygen to produce superoxide. The in-
creased ROS formation in H28MiR126 q0cells was associated
with increased MRA and enhanced ATP production (cf Figs.
2 and 4). The mitochondrial dysfunction stimulated 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction that occurs inside the cells mainly by the
intracellular FMNH2, FADH2, and NADH/NADPH (7).
These intracellular reductants are produced by aerobic
glycolysis, and their consumption in the mitochondrial
matrix is a consequence of altered homeostasis. It was re-
ported that NADH accumulates in the mitochondrial matrix
of highly glycolytic cells in which OXPHOS is dormant
(39). This indicates that the increased MRA found in cells
with dysfunctional mitochondria could be the result of
NADH/NADPH produced via the mitochondrial TCA cycle

as a consequence of impaired OXPHOS and/or increased
glycolysis.

Constitutively redox-active mitochondria were found in
Met5A and H28 cells. However, H28 cells showed higher
respiration associated with the glycolytic phenotype com-
pared with Met5A cells. MiR126 suppressed the respiratory
activity in MM cells and stimulated glycolysis in response to
the inhibition of mitochondrial oxygen consumption by ro-
tenone, indicating a compensatory process. H28MiR126 cells
shifted to a more glycolytic phenotype, resulting in the
generation of ATP largely via glycolysis, as documented
earlier (40). The process is coupled to the glycolytically de-
rived pyruvate that enters a truncated TCA cycle, where
citrate is preferentially exported to the cytosol via the tri-
carboxylate transporter (3, 31). Once in the cytosol, citrate is
cleaved by ACL and produces cytosolic acetyl-CoA (Ac-
CoA) that is used for endogenous synthesis of fatty acids,
cholesterol, and isoprenoids, as well as for acetylation of

FIG. 9. Silencing of HIF1a restores
MiR-126-induced MM cell growth sup-
pression. MiR126- and empty plasmid-
transfected H28 cells were silenced for
HIF1a (HIF1a- , insert) and citrate/lactate
levels (a, b), VEGF-A expression (c), cell
growth (d), and soft agar colony forming (e)
were evaluated. The results are mean val-
ues – S.D. of three experiments performed
in duplicate; images are representative of
three independent experiments. Comparisons
among groups were determined by one-way
ANOVA with Tukey post-hoc analysis; the
symbol ‘‘*’’ indicates significant differences
between silenced and nonsilenced (empty)
genes, and the symbol ‘‘�’’ indicates signif-
icance between MiR126- and empty plas-
mid-transfected cells with p < 0.05.
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proteins. To complete the substrate cycle, ACL-generated
oxaloacetate is reduced to malate, which enters mitochon-
dria, recycling carbon units and generating reducing equiv-
alents (65). The coupled conversion of NAD + to NADH
provides a mechanism to preserve the mitochondrial mem-
brane potential and sustain high mitochondrial NADH/
NAD + ratio that maintains the TCA cycle in a repressed
state. In our study, we found that MiR126 reduced mito-
chondrial respiration in MM cells and induced the MRA,
which was considerably suppressed by glycolysis inhibition,
suggesting that MiR126 modulates the malignant phenotype
with maximum ATP synthesis through the TCA cycle cou-
pled to mitochondria (cf Figs. 3 and 4).

The activation of Akt has been shown to alter cellular
metabolism and promote the flow of precursors into anabolic
pathways (6, 25). Akt activates ACL, promoting the con-
version of mitochondria-derived citrate to AcCoA for lipid
synthesis. Therefore, the re-programming of mitochondrial
citrate metabolism is a central aspect of the PI3K/Akt activity
(69). Here, we show that MiR126 repressed Akt activation as
a down-stream effector of the adaptor protein IRS1 (cf Fig. 5),
a direct target of MiR126 (5, 49, 67). Based on these no-
tions, we can postulate that MiR126 may affect the mito-
chondrial citrate metabolism by inhibiting the Akt pathway to
restore the TCA cycle for the synthesis of ATP via OXPHOS.
Indeed, low citrate levels were found in MM, suggesting that
these cells use glutamine metabolism via reductive carbox-
ylation (RC) to support efficient carbon utilization for ana-
bolic pathways and growth. Ectopic expression of MiR126
elevated citrate levels by inhibiting ACL (cf Fig. 6). Thus,
this mechanism favors glucose oxidation and produces cel-
lular energy rather than converts it to other macromolecules
for cellular biosynthesis, as previously reported (20). As a
result, a loss of malignancy ensues, featuring the acquisition
of a nonmalignant-like cell morphology, lack of anchorage-
independent growth, and suppression of tumor initiation and
promotion, all results of an increased level of MiR126 (cf Fig. 7
and Supplementary Fig. S4).

A downstream target of Akt is FoxO1, identified as func-
tionally inactive due to its phosphorylation by Akt in a variety
of cancers. FoxO1 inactivation favors enhanced cell survival,
cell proliferation, and susceptibility to stress, while its acti-
vation leads to apoptosis, cell cycle arrest, and stress resis-
tance in various tissues (69). Recent evidence documents that
IRS1 is a strong inhibitor of FoxO1 via its Akt-mediated
phosphorylation (14, 24). Ectopic MiR126 was found to re-
activate FoxO1 via the inhibition of the IRS1/Akt pathway (cf
Fig. 5). MiR126 induced nuclear translocation of FoxO1 in
Met5A and H28 cells, resulting in the cell cycle blockage and
increased expression of genes involved in the glucose me-
tabolism and the mitochondrial function (69). We observed
that due to active FoxO1, H28MiR126 cells showed increased
expression of genes involved in gluconeogenesis (cf Fig. 6
and Supplementary Fig. S4), which needs to be operational
for fast release and utilization of glucose for energy pro-
duction (14). In MM cells, MiR126 induced the expression of
PCK1, which is the main control point for the regulation of
gluconeogenesis. Further, MiR126-mediated FoxO1 activa-
tion induced the expression of the antioxidant enzymes
MnSOD and CAT (cf Fig. 6 and Supplementary Fig. S4),
which is consistent with the literature (33, 41). A relationship
between MiR126 and the level of expression of the genes it

modulates was found in MM patient biopsies (cf Supple-
mentary Fig. S2), further supporting the regulatory role of
MiR126.

It is likely that the over-expression of MnSOD and CAT
contributes to the reduction of mitochondria-derived ROS
induced by mitochondria-destabilizing agents (cf Fig. 2).
Enhanced ROS production in cancer drives the onset of
aerobic glycolysis, with lactate and ketone production pro-
moting mitochondrial biogenesis and anabolic processes in
tumor cells. The alleviation of mitochondrial oxidative stress
via enhanced expression of CAT targeted to mitochondria
was found to be sufficient to lower tumor severity and to
considerably reduce the metastatic tumor burden (55).
MnSOD modulates the cellular redox environment and sup-
presses hypoxia-induced accumulation of the HIF1a protein
in MCF7 breast cancer cells. The induction of VEGF due to
hypoxia was also suppressed by elevated MnSOD activity,
which was paralleled by the HIF1a protein levels (62).

HIF1a plays a key role in the re-programming of cancer
metabolism by activating the transcription of genes encoding
glucose transporters and glycolytic enzymes, which convert
glucose to lactate (32). Several miRNAs that mediate me-
tabolism re-programming can contribute to HIF1a expression
and stabilization, including MiR126 (21). The stability and
transcriptional activity of HIF1a is regulated by prolyl
4-hydroxylases (PHDs), and certain TCA cycle intermediates
and related compounds have recently been reported to inhibit
the activity of PHDs (54). Here, we found that the restored
citrate levels, induced by ACL inhibition, were linked to
HIF1a activation and were not affected by FoxO1 (cf Fig. 8).
HIF1a nuclear translocation induced VEGF-A transcription,
which resulted in increased cell proliferation. As a conse-
quence of ACL inhibition, higher citrate levels were found in
MiR126-transfected cells with regard to their parental cells.
The silencing of ACL further increased intracellular citrate,
which was associated with HIF1a nuclear translocation, but
not with increased VEGF-A gene expression. Although
HIF1a affects tumor progression by directly regulating an-
giogenic target genes, recent evidence indicates that HIF1a
also regulates tumor progression by exerting distinct, often
opposing effects on critical oncoproteins and tumor sup-
pressors, including MYC, p53, and mTOR (32).

It has been reported that VEGF-A is a target gene of
MiR126 (we observed a low level of VEGF-A in H28MiR126

cells; cf Fig. 9C), and down-regulation of MiR126 increases
VEGF-A expression in cancer (70). However, other reports
indicated that MiR126 is an inducer of angiogenesis by en-
hancing the pro-angiogenic activity of VEGF-A (19, 63).
MiR126 may, therefore, function differently in tumor and
stromal cells. Knocking down HIF1a reduced VEGF-A in
empty plasmid-transfected MM cells, while restoring VEGF-
A levels in MiR126 MM cells. Increased VEGF-A gene
expression resulted in enhanced MM cell proliferation and
tumorigenesis, supporting the hypothesis that HIF is neces-
sary for MiR126-induced MM cell growth suppression. It is
well established that HIF orchestrates and up-regulates sev-
eral enzymes, ensuring the diversion of pyruvate to lactate
production. Indeed, HIF regulates citrate levels, and its in-
creased levels strongly reduce intracellular citrate levels by
modulating the reductive flux (20). According to these no-
tions, increased citrate levels were found in HIF1a-silenced
MiR126- and empty-plasmid transfected MM cells, and the
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silencing of HIF1a did not affect lactate levels. Conversely,
the inhibition of FoxO1 partially contributed to the reduction
of lactate production induced by ACL silencing (cf Fig. 8a),
suggesting its involvement in the glycolytic shift.

In this study, we found that the suppression of IRS1
through a direct interaction of MiR126 with the consensus
sequences in the 3¢-UTR of the IRS1 mRNA is fundamental
for tumor inhibition. The suppression of IRS1 as a result of
the activity of MiR126 appears pivotal for the regulation of
malignancy of MM cells. This is supported by the reporter
gene assay showing that MiR126 directly regulates the ex-
pression of IRS1 in Met5A and H28 cells. In addition, another
MM cell line, H2452, behaves similarly to H28 cells, with
strong suppression of IRS1 on MiR126 transfection. On the
other hand, Mes-1 cells did not change their malignant status
when transfected with MiR126, which is most likely due to
the lack of the effect of the MiR on IRS1. This may be rec-
onciled with a previous report documenting that cancer cells
may maintain their growth by expressing IRS1 lacking the 3¢-
UTR (35). This hypothesis was confirmed by using an MM
cell line (Ist-Mes2) with truncated IRS1 lacking the MiR126-
binding site in the 3¢-UTR of IRS1. The transfection of these
MM cells with MiR126 did not alter cell growth and tu-
morigeneis (cf Supplementary Fig. S4e).

Taken together, we show that MiR126 induces pleiotropic
effects in MM cells via the IRS1-Akt axis, branching to
FoxO1 and ACL (Fig. 10). The scheme indicates a novel link
between MiR126-dependent suppression of IRS1 and the
resulting metabolic re-programming that includes the inhi-
bition of RC by ACL and citrate level modulation, with en-

suing lack of efficient lipid synthesis, promotion of the TCA
cycle, enhanced gluconeogenesis, a glycolytic shift, and en-
hanced oxidative stress defense. Collectively, these changes,
involving HIF1a activation (20), result in the acquisition of a
less malignant phenotype that is documented by the loss of
the propensity of H28MiR126 cells to form tumors. These data
strongly support the therapeutic use of MiRs with the goal to
improve the disease response to therapy. Targeting mito-
chondria as an invariant target by MiRs, as epitomized by
MiR126 in MM, is accentuated by recent findings of pro-
found differences in intra- and inter-tumoral mutations,
complicating the established therapies (22, 26). A key role of
MiR126 in the control of mesothelioma is corroborated by
the findings that it is suppressed in MM patients (52, 60).

Materials and Methods

Cell culture and induction of mitochondrial dysfunction

Nonmalignant mesothelial cells (Met5A), sarcomatoid
MM cells (H28), and epithelioid MM cells (H2452) were
obtained from the ATCC. Immortalized and human primary
MM cells (Ist-Mes2 and Mes-1, both epithelioid) were es-
tablished from a patient and were identified morphologically
by a phenotypic analysis (47). All cell lines were grown in the
RPMI-1640 medium with antibiotics and 10% FBS. Oxida-
tive stress was induced at different time points by the addition
of hydrogen peroxide (200 lM). Mitochondrial dysfunction
was induced by the CI inhibitor rotenone (20 lM, 5 or 24 h,
mtDNA depletion) (2-week incubation with 0.2 lg/ml of
EtBr and 50 lg/ml uridine, resulting in > 90% mtDNA

FIG. 10. Molecular mecha-
nism of tumor suppressor
activity of MiR126. MiR126
suppresses IRS1 by binding to
its 3¢-UTR, with ensuing inhi-
bition of Akt. This causes the
failure of inhibition of FoxO1,
which results in the increase in
the oxidant defense genes
MnSOD and CAT as well as the
gluconeogenesis genes G6PC
and PCK1 yielding increased
glucose accompanied by a gly-
colytic shift. The TCA cycle is
promoted by a lower level and
activity of ACL, a result of de-
creased activity of Akt, and in-
creased activity of FoxO1. The
Akt-mediated ACL down-reg-
ulation restored citrate levels,
which induce the activation and
stabilization of HIF1a. HIF1a
nuclear translocation is in-
volved in tumor suppression by
lowering VEGF-A expression.
Collectively, these effects of
MiR126 cause a switch of the
MM cells to a nonmalignant
phenotype. OAA, oxaloacetic
acid. To see this illustration in
color, the reader is referred to
the web version of this article at
www.liebertpub.com/ars
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depletion) and hypoxia (CoCl2, 100 lM, 5 h). The general
ROS scavenger NAC and the superoxide scavenger Tiron
(both Sigma) were added at 10 mM 2 h before treatment.

Establishment of stable cell lines expressing MiR126
and siRNA transfection

Cells (2 · 105) were stably transfected with 1 lg of the
pCMV-MiR and/or pRS (OriGene) empty plasmid or with
the plasmid carrying the MiR126 sequence 5¢-UCG UAC
CGU GAG UAA UAA UGC G-3¢ (OriGene) and/or shRNA
pRS plasmid, with the ACL targeting sequence of CCA TCA
CTG AGG TCT TCA AGG AAG AGA TG and the HIF1a
targeting sequence of ACA AGA ACC TAC TGC TAA TGC
CAC CAC TA using the TransIT-LT1 reagent (Mirus). Se-
lection was carried out with G418 (Sigma) and/or with pu-
romycin (Sigma) added to the cell culture media after
transfection at 0.6 mg/ml and 1 lg/ml for 48 h, respectively.
G418- and/or puromycin-resistant clones were analyzed for
MiR126, ACL, and HIF1a expression. Selected clones were
maintained in RPMI with 0.6 mg/ml G418 and/or 1 lg/ml
puromycin.

Anti-IRS1 sequence 5¢-AGA CCA UCA GCU UCG UGA
ATT-3¢ (Ambion) and antiFoxO1 sequences 5¢-AGC AGU
AAA UCA AUG GAA-3¢ and 5¢-UGG GAU GUU CCA
UUG AUU-3¢ or scrambled control were used to transiently
silence the IRS1 and FoxO1 genes. MiR126 function was
blocked with the anti-sense oligonucleotide 5¢-GCA UUA
UUA CUC ACG GUA CGA-3¢ (IDT, Tema Ricerca). Cells
(2 · 105) were transfected with the oligonucleotide (1 lg/
well) using TransIT-LT1. After 48 h, the levels of IRS1 and
FoxO1 mRNA were evaluated by quantitative RT-PCR (qPCR)
and/or western blot analysis.

MTT, cell proliferation, and cell cycle assays

Cells were incubated with 10 lM MTT (5 mg/ml in phos-
phate-buffered saline [PBS]) at 37�C for 3 h. After removing
the media, 200 ll of isopropanol was added to dissolve the
crystals. Absorbance was read at 550 nm in an ELISA plate
reader (Tecan). For long-term studies, cells were evaluated
by the MTT assay at 24, 48, and 72 h. Proliferation was as-
sessed in permeabilized cells using the anti-Ki67 IgG and
confocal microscopy (Zeiss; Axiocam MRc5, magnification
60 ·). The proliferation index was expressed as a percentage
of Ki67-positive cells. Cell cycle analysis was performed
using the standard propidium iodide assay and flow cytom-
etry (FACS Calibur; Becton Dickinson).

Soft agar colony formation and PDL assay

Cells were seeded in 0.7% low melting point agar in 24-
well plates, overlaid with 0.35% low melting point agar, and
cultured at 37�C in 5% CO2 for 1 month. Every 7 days, 0.5 ml
of fresh medium was added to each well. Colonies containing
> 50 cells were counted. For the PDL assay, cells were cul-
tured for 6 weeks and counted every week. The PDL value
was calculated as log2(D/D0), where D and D0 are cell num-
bers at the time of harvesting and seeding, respectively (2).

Mitochondrial-reducing activity

The MRA was assessed in live cells as the reduction of MTT
or resazurin, with both being based on the mitochondrial met-

abolic activity (1, 2, 61). The MTT assay was performed as
described earlier, and the values were normalized to viable cells
evaluated by crystal violet assay (2% crystal violet in 2% eth-
anol). For the resazurin assay, cells were incubated with re-
sazurin (6lM) in the presence and absence of rotenone (20 lM,
5 h) and 2-deoxy-glucose (2DG, 5 mM, 5 h). Fluorescence in-
tensity was read at 0–240 min, and the results were normalized
to the total protein using the BCA assay (Pierce Biotechnology).

Assessment of ROS/NO generation and mitochondrial
membrane potential (DJm,i)

Intracellular superoxide anion and hydrogen peroxide levels
were estimated using dihydroethidinium (DHE) and 2¢,7¢-
dichlorofluorescein diacetate (DCF), respectively. Treated and
untreated empty plasmid and MiR126-transfected cells were
incubated with 20 lM DHE or DCF for 30 min and analyzed
by flow cytometry. The level of ROS was expressed as mean
fluorescence intensity. NO levels were evaluated in treated and
untreated empty plasmid- and MiR126-transfected cells using
a kit according to the manufacturer’s protocol (Sigma). For
DCm,i assessment, cells were incubated with 200 nM tetra-
methyl rhodamine methyl ester (TMRM; Invitrogen) for
30 min at 37�C and analyzed by flow cytometry for red fluo-
rescence intensity.

Evaluation of lactate, intracellular ATP, citrate,
and mitochondrial respiration

Lactate was evaluated using a colorimetric kit (Abcam)
according to the manufacturer’s protocol. ATP was deter-
mined using a luciferase-based assay (CellTiter-Glo� Lu-
minescent Assay; Promega). Citrate was evaluated using a
colorimetric kit (Sigma) according to the manufacturer’s
protocol. The results were normalized to the total protein.
Mitochondrial respiration was evaluated using the Oxygraph
instrument (Oroboros) according to the manufacturer’s in-
structions. The results were related to the number of cells.

Quantitative RT-PCR analysis

Total RNA from cells and the formalin-fixed, paraffin-
embedded (FFPE) tissue samples (10 lg) were obtained
using the RNeasy Mini Kit (Qiagen) and the RecoverAll total
nucleic acid isolation kit (Ambion), respectively, according
to the manufacturer’s instructions. The MiR126 first-strand
cDNA was synthesized using TaqMan MicroRNA reverse
transcription kit (Applied Biosystems). Quantitative RT-PCR
(qPCR) was performed using the TaqMan MicroRNA assay
(Applied Biosystems) with U6 as the housekeeping gene. The
qPCR analysis of mRNA was performed using Prime Time
qPCR assay (IDT) and TaqMan gene expression master mix
(Applied Biosystems) for IRS1, FoxO1, ACL, MnSOD, CAT,
G6PC, PCK1, and VEGF-A. GAPDH was used as the
housekeeping gene. The qPCR assays were performed using
the Mastercycler EP Realplex (Eppendorf). The results were
expressed as DCt, and fold changes in relative mRNA ex-
pression were calculated using the equation 2 -D(DCt).

Luciferase assay

DNA fragments of IRS1 3¢-UTR containing predicted
MiR126 binding site (IRS1-3¢Uwt) were cloned into the
pGL3-promoter plasmid (Promega), and the MiR126 binding
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sites were replaced with a 4 nt fragment to produce mutated
3¢-UTR pGL3 report plasmid (IRS1-3¢Umut) as described
(49). Briefly, Met5A and H28 cells were plated onto 12-well
plates and grown to a 70% confluence. The cells were
co-transfected with IRS1-3Uwt or 3Umut and MiR126 ex-
pression plasmid along with pRL-SV40 for constitutive ex-
pression of Renilla luciferase as an internal control. At 48 h
post-transfection, the cells were lysed and the Renilla lucif-
erase activity was assessed by the TECAN Infiniti reader. The
results were expressed as firefly luciferase activity to Renilla
luciferase activity ratio.

mtDNA copy evaluation

DNA was extracted from empty plasmid- and MiR126-
transfected cells using the AquaPure Genomic DNA isolation
kit (BioRad). The amount of mtDNA relative to nuclear DNA
was determined by qPCR using primers for mitochondrial
genes MTRT1, MRT2, MRT3, and MRT4 and nuclear genes
MTAIB, MTB2M, and MTBA. The primers are listed in
Supplementary Figure S5.

Subcellular fractionation and Western blot analysis

Cells were lysed in the RIPA buffer containing Na3VO4

(1 mM) and protease inhibitors (1 lg/ml). For preparation of
the cytoplasmic and nuclear fractions, the cells were washed
twice with ice-cold PBS and re-suspended in the cytoplasmic
extract (CE) buffer containing 10 mM HEPES, 60 mM KCl,
0.075% NP40, and 1 mM DTT, pH 7.6, and supplemented
with protease inhibitors. After 20 strokes in a Dounce ho-
mogenizer, the unbroken cells were spun down at 2500 g for
10 min at 4�C, and the supernatant cytoplasmic fraction was
collected. The nuclear fraction was washed with the CE
buffer and re-suspended in ice-cold hypertonic buffer
(20 mM Tris-HCl, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 1 mM PMSF, and 25% glycerol, pH 8.0), mixed, and
incubated on ice for 10 min. After centrifugation at 15,000 g
for 10 min at 4�C, the supernatant was collected.

The cell lysate proteins were separated using SDS-PAGE
and transferred onto nitrocellulose membranes (Protran).
After blocking with 5% nonfat milk in PBS-Tween (0.1%),
the membranes were incubated with anti-IRS1, anti-HIF1a
(both Bethyl), anti-p(S307)-IRS1, anti-Akt, anti-pAkt, anti-
FoxO1, anti-p(T24)-FoxO1 (all Cell Signaling), TIM23,
VDAC1, SDHA (all Santa Cruz), anti-b-actin, and lamin IgG
(both Bethyl). After incubation with the HRP-conjugated
secondary IgG (Sigma), blots were developed using the ECL
detection system (Pierce Biotechnology). The band intensi-
ties were visualized and quantified with ChemiDoc using the
Quantity One software (BioRad Laboratories).

HIF1a DNA-binding assay

The binding of HIF1a to DNA was quantified using the
TransAM kit (Active Motif) according to the manufacturer’s
protocol.

Tumor xenograft model

Nude mice (6–7 per group) were injected subcutaneously
with H28pCMV-MiR, H28MiR126, Met5ApCMV-MiR, and Met5A-
MiR126 cells (5 · 106 cells per mouse in 100 ll of sterile sa-
line). Once tumors appeared, they were visualized and

evaluated using the Vevo770 (VisualSonics) USI instrument
that was fitted with a 30-lm resolution scan-head as reported
(12, 13, 64). Animal studies were performed according to the
guidelines of the Australian and New Zealand Council for the
Care and Use of Animals in Research and Teaching and were
approved by the local Animal Ethics Committee.

Human MM biopsies

FFPE tissue of the subjects affected by MM (n = 11) was
collected from the Archive of the Pathological Anatomy Unit
of the Hospital University of Ancona, Italy. The FFPE sam-
ples were cut into 5 lm sections and stored at room temper-
ature until analysis. The adjacent noncancerous tissue was
used as normal mesothelium. The patients were not treated
with any adjuvant chemotherapy or radiation therapy. The
sample collection was carried out according to the Helsinki
Declaration, and the samples were processed under the ap-
proval of the written consent statement by the ethics com-
mittee of the University Hospital of Marche, Italy.

Statistics

All results are expressed as mean – S.D. Comparisons
among groups of data were made using one-way analysis of
variance with Tukey post-hoc analysis. The two-tailed Stu-
dent’s t-test was used to compare two groups. The associations
between MiR126 and gene expression were evaluated by the
Spearman’s rank correlation test. Differences with p < 0.05
were considered statistically significant. All data generated in
this study were analyzed using the SPSS software.
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Abbreviations Used

2DG¼ 2-deoxyglucose
AcCoA¼ acetyl-CoA

ACL¼ATP-citrate lyase
CAT¼ catalase

CI¼ complex I
DCF¼ 2¢,7¢-dichlorofluorescein diacetate
DHE¼ dihydroethidinium

DNMT1¼DNA methyltransferase 1
ETS¼ capacity of the electron transfer system

FFPE¼ formalin-fixed, paraffin-embedded
FoxO1¼ Forkhead box O1
G6PC¼ glucose-6-phosphatase catalytic
HIF1a¼ hypoxia-inducible factor-1a

IRS1¼ insulin receptor substrate-1
MFI¼mean fluorescence intensity
MiR¼microRNA
MM¼malignant mesothelioma

MnSOD¼manganese superoxide dismutase
MRA¼mitochondrial reducing activity

mtDNA¼mitochondrial DNA
MTT¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NAC¼N-acetyl cysteine

nDNA¼ nuclear DNA
OAA¼ oxaloacetic acid

OXPHOS¼ oxidative phosphorylation
PCK1¼ phosphoenolpyruvate carboxykinase 1

PDL¼ population doubling level
qPCR¼ quantitative RT-PCR

RC¼ reductive carboxylation
ROS¼ reactive oxygen species

siRNA¼ small interfering RNA
USI¼ ultrasound imaging

VEGF-A¼ vascular endothelial growth factor-A
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