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Suppression of miR-199a maturation by HuR
is crucial for hypoxia-induced glycolytic switch
in hepatocellular carcinoma
Ling-Fei Zhang1,2, Jia-Tao Lou3, Ming-Hua Lu1,2, Chunfang Gao4, Shuang Zhao1,2, Biao Li5,

Sheng Liang6, Yong Li7, Dangsheng Li8 & Mo-Fang Liu1,2,*

Abstract

Glucose metabolic reprogramming is a hallmark of cancer. Cancer
cells rapidly adjust their energy source from oxidative phosphory-
lation to glycolytic metabolism in order to efficiently proliferate in
a hypoxic environment, but the mechanism underlying this switch
is still incompletely understood. Here, we report that hypoxia
potently induces the RNA-binding protein HuR to specifically bind
primary miR-199a transcript to block miR-199a maturation in
hepatocellular carcinoma (HCC) cells. We demonstrate that this
hypoxia-suppressed miR-199a plays a decisive role in limiting
glycolysis in HCC cells by targeting hexokinase-2 (Hk2) and
pyruvate kinase-M2 (Pkm2). Furthermore, systemically delivered
cholesterol-modified agomiR-199a inhibits [18F]-fluorodeoxyglu-
cose uptake and attenuates tumor growth in HCC tumor-bearing
mice. These data reveal a novel mechanism of reprogramming of
cancer energy metabolism in which HuR suppresses miR-199a
maturation to link hypoxia to the Warburg effect and suggest a
promising therapeutic strategy that targets miR-199a to interrupt
cancerous aerobic glycolysis.
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Introduction

Hypoxia, one of the most prevalent and fundamentally important

features of solid tumors, contributes to the reprogramming of cancer

metabolism from oxidative to glycolytic metabolism in cancer cells,

thus maintaining redox homeostasis and cell survival under condi-

tions of prolonged hypoxia (Airley & Mobasheri, 2007; Wilson &

Hay, 2011). This anomalous characteristic of glucose metabolism in

cancer cells, known as the Warburg effect, leads to increased

glucose uptake, accelerated glycolysis, and lactate production

(Warburg, 1956). [18F]-Fluorodeoxyglucose ([18F]FDG) positron

emission tomography combined with computer tomography (PET/

CT) imaging effectively detects malignant tumors because it takes

advantage of the increased glucose uptake by cancer cells (Di Chiro

et al, 1982; Mankoff et al, 2007). Moreover, the Warburg effect also

confers advantages to tumor growth (Kroemer & Pouyssegur, 2008;

Vander Heiden et al, 2009) and provides conditions favoring tumor

invasion and metastasis (Swietach et al, 2007) and suppression of

anticancer immune effectors (Fischer et al, 2007). Hexokinase 2

(HK2) and pyruvate kinase M2 (PKM2) are, respectively, the major

hexokinase and pyruvate kinase isozymes in tumors and have been

documented as pivotal players in the Warburg effect and utilized as

metabolic targets in developing new antitumor agents (Mathupala

et al, 2009; Vander Heiden, 2011; Luo & Semenza, 2012).

Previous studies have advanced our understanding of the

mechanisms underlying hypoxia-induced cellular responses in

cancer cells (Majmundar et al, 2010). In particular, transcription

of several glycolytic genes vital to the Warburg effect (including

Hk2 and Pkm2) has been shown to be activated by hypoxia-

inducible factor-1 (HIF-1), an oxygen-sensitive transcription

factor (Semenza, 2010). miRNAs are an emerging class of gene
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regulators that negatively regulate gene expression at the post-

transcriptional level (Wu & Belasco, 2008) and are involved in

virtually all physiological and pathological processes (Guarnieri &

DiLeone, 2008). However, whether and how miRNAs are

involved in regulating the glycolytic switch under hypoxia in

cancer cells remains largely unexplored.

In the present study, we found that repression of miR-199a by

hypoxia is crucial for hypoxic stress to accelerate glycolysis in

hepatocellular carcinoma (HCC) cells. Mechanistically, hypoxic

stress in HCC cells promotes the binding of RNA-binding protein

HuR to the primary transcript of miR-199a (pri-miR-199a), block-

ing its processing into mature miR-199a. Our results showed that

miR-199a inhibited glycolysis in cultured HCC cells and decreased

[18F]FDG uptake in HCC tumors. Interestingly, we identified Hk2

and Pkm2 as novel targets of miR-199a and revealed that miR-

199a suppressed glycolysis in HCC cells by negatively regulating

these two key glycolytic genes. Importantly, systemic delivery of

a miR-199a agonist to mice bearing HCC subcutaneous tumors

markedly reduced both tumor growth and [18F]FDG uptake.

Collectively, our findings indicate that miR-199a is a robust inhi-

bitor of the Warburg effect and a promising therapeutic target for

HCC treatment, adding a new dimension to hypoxia-mediated

regulation of cancer metabolism.

Results

Down-regulation of mir-199a is crucial for the glycolysis-
promoting effect of hypoxia in human HCC cells

To gain new insights into hypoxia-mediated regulation of cancer

metabolism, using qRT–PCR, we compared the expression of 38

cancer-related miRNAs (Garzon et al, 2010; Liu et al, 2010) in

the human HCC cell lines SMMC-7721 and Hep3B with and with-

out hypoxia induction. Six miRNAs (miR-155, miR-210, miR-203,

miR-221, miR-15a, and miR-125b) were commonly up-regulated

in both HCC cell lines during hypoxia (Fig 1A). Among these,

mir-155 was the most markedly up-regulated by hypoxia, consis-

tent with a previous observation in lung cancer cells (Babar et al,

2011). Intriguingly, hypoxia treatment also led to a common

down-regulation of 5 miRNAs (miR-199a, miR-34a, miR-301, miR-

181a, and miR-181c) in both cell lines. miR-199a, among all the

tested miRNAs, had the greatest reduction in both hypoxia-treated

cell lines (Fig 1A), implicating repression of mir-199a as a poten-

tially important mechanism underlying hypoxia-induced cellular

responses.

We next examined whether down-regulation of mir-199a is

involved in the metabolic response to hypoxia in human HCC

cells. As expected, we found that hypoxic stress substantially

increased the rates of glucose consumption and lactate production

in HCC cells (Fig 1B and C). Intriguingly, restoration of mir-199a

expression by transfection of miR-199a mimics at a dosage as

low as 0.5 nmol/l completely reversed the impact of hypoxic

stress on glucose consumption and lactate production in both

Hep3B and SMMC-7721 cells (Fig 1B and C; Appendix Fig S1).

These results together suggest that down-regulation of mir-199a

represents an important mechanism for the glycolysis-promoting

effect of hypoxia in HCC cells.

Hypoxia selectively inhibits the processing of pri-miR-199a in
human HCC cells

We next asked how hypoxia down-regulates mir-199a in human

HCC cells. In the human genome, miR-199a is encoded at two loci,

mir-199a-1 and mir-199a-2. Intriguingly, the pri-miR-199a-2 level

was much higher than that of pri-miR-199a-1 in both SMMC-7721

and Hep3B cells, suggesting that mir-199a-2 is the major source of

miR-199a expression in HCC cells (Appendix Fig S2A). We thus

decided to investigate the regulation of mir-199a-2 in HCC cells.

mir-199a-2, together with mir-214, is located within a long noncod-

ing RNA, DNM3os, in which the binding sites for Drosha are proxi-

mal to the upstream and downstream of two pre-miRNA sequences

(Fukuda et al, 2007; Lee et al, 2009; Fig 2A). We found

that DNM3os in Hep3B and SMMC-7721 cells was significantly up-

regulated by hypoxia (Fig 2B and Appendix Fig S2B). This perhaps

comes as no surprise given a previous study showing that Twist-1, a

transcriptional activator for DNM3os (Lee et al, 2009), is activated

by HIF-1 (Sun et al, 2009). Indeed, Twist-1 was up-regulated in

hypoxic HCC cells (Appendix Fig S2C). Consistently, the level of

miR-214, the other miRNA encoded in DNM3os, also was modestly

increased along with DNM3os expression in hypoxic HCC cells,

despite reduction in the levels of miR-199a and its partner miR-

199a* (Fig 2B and Appendix Fig S2B). These results suggest that

hypoxia likely selectively inhibited the processing of miR-199a in

HCC cells.

We next asked at which step miR-199a processing is inhibited

in hypoxic HCC cells. Northern blot analysis showed that both

mature and precursor forms of miR-199a were significantly

reduced with a concomitant increase of pri-miR-199a in hypoxic

Hep3B cells compared with that in normoxic cells (Fig 2C). In

sharp contrast, the primary form of miR-214 was barely detected

in hypoxic Hep 3B cells by Northern blot (Appendix Fig S2D, lane 6),

suggesting that this miRNA is rapidly processed in these cells

whereas pri-miR-199a is not. These results strongly suggest that

miR-199a expression is blocked at the pri-miRNA processing step

under hypoxic conditions. To further corroborate this, we

constructed a pri-mir-199a/214 expression vector, containing the

H1 promoter-driven mir-199a-2 (~1 kb) and mir-214 sequences

(~2 kb) (as shown in Fig 2A, bottom). Transfecting this vector into

Hep3B cells led to about a threefold increase of mature miR-199a

compared with control vector, but under hypoxia this increase was

strongly attenuated (Fig 2D, left). In sharp contrast, in synthetic

pre-miR-199a-transfected cells, the increase of mature miR-199a

was no longer modulated by hypoxia treatment, indicating that the

processing step by Dicer is not disturbed by hypoxia. Of note,

transfection of the pri-mir-199a/214 vector also resulted in about a

fourfold increase of miR-214, while this increase was not modu-

lated by hypoxia stress (Fig 2D, right). These results together indi-

cate that hypoxia selectively inhibits pri-miR-199a processing in

human HCC cells.

Hypoxia enhances HuR binding to pri-miR-199a and
consequently represses its processing in human HCC cells

We next asked how hypoxia inhibits pri-miR-199a processing. The

expression of Drosha and DGCR8, two key components of the

microprocessor, was unaltered in hypoxic cells (Appendix Fig S2E).
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Notably, several microprocessor inhibitors, including Lin28

(Viswanathan et al, 2008), NF90-NF45 (Sakamoto et al, 2009),

MSI2 and HuR (Choudhury et al, 2013), and YAP (Mori et al, 2014),

have been reported to repress the processing of distinct subsets of

pri-miRNAs by binding to their specific sequence motifs. We thus

knocked down these microprocessor inhibitors in HCC cells

(Appendix Fig S2F) and found that depletion of HuR, but not Lin28,

NF90-NF45, MSI2, or YAP, completely overrode the repressive effect

of hypoxia on miR-199a expression in both Hep3B and SMMC-7721

cells (Fig 2E and Appendix Fig S2G), indicating that HuR is required

for hypoxia-mediated blockade of pri-miR-199a processing.

Interestingly, by searching for HuR-binding motifs (Ray

et al, 2009) in human DNM3os transcript, we found 4 putative

HuR-binding motifs juxtaposed to pre-miR-199a, but none near

pre-miR-214 sequences (Fig 2A). Importantly, our RNA immuno-

precipitation combined with qRT–PCR showed that pri-miR-199a

was significantly enriched by antibodies against HuR compared to

IgG control, and this enrichment was greatly increased in hypoxic

HCC cells (Fig 2F and Appendix Fig S2H). In contrast, pri-miR-214,

as well as negative control GAPDH mRNA, was barely detected in

anti-HuR immunoprecipitates in either normoxic or hypoxic cells.

These results together support that hypoxia potentiates the binding

of HuR to pri-miR-199a in HCC cells.

We next asked whether binding of HuR is essential for hypoxia-

mediated blockade of pri-miR-199a processing. To this end, we

generated two HuR-binding mutants by deleting two sites

juxtaposed to the upstream and downstream ends of pre-miR-199a

sequences (Mut-1) or two sites at ~300 nt downstream of

pre-miR-199a (Mut-2) in the pri-mir-199a/214 expression vector

(Fig 2G, top). Electrophoresis mobility assays showed that both

Mut-1 and Mut-2 transcripts had a severely compromised ability

to bind HuR (Appendix Fig S2I). Interestingly, transfection of the

mutated vectors into Hep3B cells led to an increase of mature

miR-199a similar to that in wild-type expression vector, but

miR-199a overexpression in the mutated vector-transfected cells

was no longer attenuated by hypoxia or modulated by HuR

knockdown (Fig 2G), supporting the idea that HuR binding is crit-

ical for hypoxia-mediated inhibition of pri-miR-199a processing. In

contrast, either HuR knockdown or depletion of HuR-binding sites

in the expression vector had little impact on miR-214 over-

expression in transfected cells (Appendix Fig S2J). Collectively,

these results suggest that hypoxia promotes HuR binding to pri-

miR-199a and consequently inhibits its processing in human HCC

cells.

Additionally, HuR knockdown effectively attenuated the stimu-

latory impact of hypoxia on glucose metabolism in Hep3B cells,

whereas inhibition of miR-199a function by anti-miR-199a partially

restored the glucose consumption and lactate production rates

(Appendix Fig S3A). This is consistent with our above finding that

mir-199a down-regulation has an essential role in the glycolysis-

promoting effect of hypoxia (Fig 1), strongly supporting our

hypothesis that the HuR:miR-199a axis is critical to regulating the

A B C

Figure 1. Hypoxia promotes glucose metabolism in hepatocellular carcinoma (HCC) cells through down-regulating mir-199a.

A The effect of hypoxia on expression of 38 cancer-related miRNAs in HCC cell lines Hep3B and SMMC-7721. The heatmap represents differentially expressed miRNAs
at 24 h post-hypoxia treatment, with the up-regulated miRNAs in red and down-regulated ones in green.

B, C Restoration of mir-199a expression overrode the glycolysis-promoting effect of hypoxia in Hep3B (B) and SMMC-7721 cells (C). The average values � SD of three
separate experiments are plotted. Statistics: Student’s t-test; *P < 0.05, **P < 0.01.
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Figure 2. Hypoxia promotes HuR binding to pri-miR-199a and blocks miR-199a maturation in HCC cells.

A Schematic representation of the DNM3os (miR-199a/214 cluster) transcript (top) and construction of pri-miR-199a/214 expression vector (bottom). The qRT–PCR
primer sets, Northern blot probes, predicted HuR-binding sites, and Drosha binding sites are indicated in DNM3os (top).

B qRT–PCR analyses of DNM3os, miR-199a, miR-199a*, or miR-214 expression in Hep3B cells under normoxic or hypoxic conditions.
C Northern blot assays of miR-199a processing in Hep3B cells under normoxic or hypoxic conditions.
D qRT–PCR analyses of miR-199a and miR-214 levels in pri-miR-199a/214 vector- or synthesized pre-miR-199a-transfected Hep3B cells under normoxic or hypoxic

conditions.
E RNAi knockdown of HuR, but not other indicated factors, completely restored miR-199a expression in hypoxic Hep3B cells. The cells were transfected with the

indicated siRNAs for HuR, NF90, MSI2, Lin28, or YAP, with scrambled siRNA (Scr siR) serving as a negative control.
F RNA immunoprecipitation combined with qRT–PCR assays of HuR binding to pri-miR-199a or pri-miR-214 in normoxic or hypoxic Hep3B cells. Left, relative

enrichment of pri-miRNAs in HuR IP compared with IgG IP and normalized to negative control GAPDH mRNA level in IP beads; right, visualization of qRT–PCR
products using ethidium bromide-stained agarose gels.

G qRT–PCR analyses of miR-199a levels in wild-type or HuR-binding-site-mutated pri-miR-199a/214 vector (Mut-1 or Mut-2)-transfected Hep3B cells under indicated
conditions.

Data information: The average values � SD of three separate experiments are plotted. Statistics: Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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glycolytic switch under hypoxia. Moreover, HuR knockdown

significantly reduced cell proliferation and transwell migration in

Hep3B cells cultured under hypoxia condition as well as the rate

of Hep3B tumor growth in nude mice, while transfection of anti-

miR-199a effectively restored HCC tumorigenesis in vitro and

in vivo (Appendix Fig S3B). These results together suggest that

hypoxia-induced suppression of miR-199a maturation by HuR is

important for both glucose metabolism and tumorigenesis in

human HCC cells.

miR-199a directly targets Hk2 and Pkm2

Our above results suggest miR-199a suppresses hypoxia-induced

glycolysis in HCC cells (Fig 1). We next explored how miR-199a

achieves this in HCC cells. Interestingly, using computational

prediction programs (Krek et al, 2005; Lewis et al, 2005), we found

that Hk2 and Pkm2, two key glycolytic genes in the Warburg effect

(Mathupala et al, 2009; Luo & Semenza, 2012), were predicted to be

targets of miR-199a (Fig 3A, top). To experimentally test whether

A

D

B

E

C

Figure 3. Hk2 and Pkm2 are suppressed by miR-199a in HCC cells.

A Hk2 and Pkm2 were predicted as miR-199a targets. Top, predicted miR-199a regulatory elements (seed sequences in upper case) in the Hk2 and Pkm2 30 UTRs;
bottom, sequences of wild-type (pRL-HK2 30 UTR, pRL-PKM2 30 UTR) and mutated 30 UTR-Renilla luciferase reporters (pRL-HK2 30 UTR Mut, pRL-PKM2 30 UTR Mut).

B Luciferase reporter assays. Renilla luciferase activity (relative luminescence); Ctrl RNA was set to 1.0 in each experiment, and the luciferase activity for each miR-199a
mimic was normalized relative to its respective control.

C Immunofluorescence analyses of endogenous HK2 and PKM2 protein expression (green) in Cy3-labeled miR-199a mimic- or Ctrl RNA-transfected SMMC-7721 cells
(red). Nuclei were counterstained with DAPI (blue). Scale bar, 50 lm.

D Western blot (left) or qRT–PCR analyses (right) of Hk2 and Pkm2 expression in miR-199a mimic- (top) or anti-miR-199a-transfected Hep3B cells (bottom).
E miR-199a repressed transcription of Hk2 and Pkm2 in hypoxic HCC cells via targeting HIF1a. Western blot of HK2, PKM2, and HIF1a protein levels (left) and qRT–PCR

analyses of Hk2 and Pkm2 mRNA levels in Hep3B cells (right) were performed under indicated conditions.

Data information: The average values � SD of three separate experiments are plotted. The relative levels of HK2, PKM2, and HIF-1a proteins are indicated in (D) and (E)
(the one in mock is set as 1.0). Statistics: Student’s t-test; *P < 0.05, **P < 0.01.

Source data are available online for this figure.
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miR-199a regulates Hk2 and Pkm2, we constructed luciferase repor-

ters by cloning the wild-type 30 UTRs of Hk2 and Pkm2 or their

mutant versions downstream of the Renilla luciferase cDNA in the

pRL-TK vector (Fig 3A, bottom). We found that co-transfection of

miR-199a mimics significantly decreased luciferase activity of the

reporters in the wild-type but barely affected the reporters in the

mutants (Fig 3B), suggesting that Hk2 and Pkm2 are the targets of

miR-199a. To further corroborate this, we transfected Cy3-labeled

miR-199a mimics into SMMC-7721 cells (which show a low level of

endogenous mir-199a expression; Appendix Fig S4A), and found

that both HK2 and PKM2 staining signals were greatly reduced in

miR-199a-transfected cells compared with control cells (Fig 3C).

Western blot further confirmed that HK2 and PKM2 protein levels

were dramatically reduced in both Hep3B and SMMC-7721 cells

transfected with miR-199a mimics, while qRT–PCR analyses showed

that their mRNA levels were moderately reduced (Fig 3D and

Appendix Fig S4B). In contrast, inhibition of miR-199a by anti-miR-

199a in Hep3B cells (which have higher endogenous mir-199a

expression; Appendix Fig S4A) led to enhanced Hk2 and Pkm2

expression (Fig 3D, bottom). These results together reveal Hk2 and

Pkm2 as authentic and direct targets of miR-199a.

miR-199a represses Hk2 and Pkm2 in hypoxic HCC cells via two
distinct mechanisms

We further examined the effect of miR-199a on Hk2 and Pkm2

expression in hypoxic HCC cells. Hypoxia treatment strongly

increased both protein and mRNA levels of Hk2 and Pkm2 in

Hep3B cells (Fig 3E, left, lane 2), whereas transfection of miR-

199a mimics completely overrode this effect of hypoxia on HK2

and PKM2 protein expression (lane 4). Intriguingly, we observed

that miR-199a overexpression also robustly reduced Hk2 and

Pkm2 mRNAs in hypoxic HCC cells (Fig 3E, right, blue column),

suggesting that miR-199a may employ an additional mechanism to

regulate Hk2 and Pkm2 in hypoxic cells. Of note, HIF-1a, which

encodes the O2-regulated subunit of HIF-1, is a known target of

miR-199a (Yeligar et al, 2009), implying that miR-199a may inhibit

the transcription of Hk2 and Pkm2 in hypoxic HCC cells through

targeting HIF-1a. Indeed, under hypoxic condition, the protein

level of HIF-1a was significantly decreased along with reduction of

HK2 and PKM2 proteins in miR-199a mimic-transfected Hep3B

cells (Fig 3E, right, lane 4), supporting that HIF-1a is targeted by

miR-199a in HCC cells. As expected, co-transfection of a miR-

199a-resistant form of HIF-1a (its 30 UTR is missing) completely

restored Hk2 and Pkm2 mRNA levels in cells overexpressing miR-

199a (Fig 3E, right). However, ectopic HIF-1a expression had little

effect on HK2 and PKM2 protein expression in these cells (Fig 3E,

left, lane 5), further supporting that miR-199a also controls HK2

and PKM2 production at the posttranscriptional level. These

results thus reveal that miR-199a employs two distinct mecha-

nisms to repress Hk2 and Pkm2 expression in hypoxic HCC cells.

Additionally, depleting HuR protein in these cells effectively atten-

uated the stimulatory effect of hypoxia on HK2 and PKM2 protein

expression (Appendix Fig S4C, lane 4), despite little association

between HuR and their mRNAs (Appendix Fig S4D). This is

consistent with our above finding that HuR is required for inhibit-

ing mir-199a maturation (Fig 2), further supporting that miR-199a

is critical to repressing Hk2 and Pkm2. Taken together, these

results support the idea that mir-199a down-regulation is required

for hypoxia-activated HK2 and PKM2 expression in HCC cells.

The miR-199a:Hk2/Pkm2 axis is functionally important for
regulating glycolysis in HCC cells

We next examined whether this newly discovered miR-199a:Hk2/

Pkm2 axis is involved in regulating glucose metabolism in HCC

cells. Transfection of miR-199a mimics in either Hep3B or SMMC-

7721 cells significantly reduced the rates of glucose consumption

and lactate and ATP production (Fig 4A and Appendix Fig S5A).

Correspondingly, microPET/CT imaging assays showed that [18F]

FDG uptake (as normalized to tumor mass) was significantly lower

in engrafted miR-199a-overexpressing Hep3B or SMMC-7721 tumors

than in control RNA-transfected tumors (Fig 4C and Appendix Fig

S5B). We then performed the reciprocal experiment by using anti-

miR-199a to inhibit miR-199a in Hep3B cells and found that trans-

fection of anti-miR-199a dramatically accelerated glycolysis in

cultured cells and enhanced [18F]FDG uptake in xenograft tumors

(Fig 4B and D). These results together indicate that miR-199a is a

repressor for glucose metabolism in HCC cells.

We next examined whether miR-199a exerts its inhibitory

effects on glucose metabolism by targeting Hk2 and Pkm2. In

line with the pivotal roles of HK2 and PKM2 in cancer cell

metabolism (Mathupala et al, 2009; Luo & Semenza, 2012),

either Hk2 or Pkm2 knockdown by siRNA robustly decreased

glucose metabolism in cultured SMMC-7721 cells (which have

higher endogenous HK2 and PKM2 expression; Appendix Fig

S4A) and significantly decreased glucose metabolism in cultured

cells and [18F]FDG uptake in xenograft tumors (Appendix Fig

S6). These results indicate that RNAi-mediated silencing of Hk2

or Pkm2 recapitulates the inhibitory effect of miR-199a on

glycolysis in HCC cells. To verify the functional role of the

miR-199a:Hk2/Pkm2 axis in regulating glucose metabolism in

▸Figure 4. miR-199a inhibits glucose metabolism in HCC cells and tumors by targeting Hk2 and Pkm2.

A, B The effect of miR-199a on glucose metabolism in cultured Hep3B cells. The rates of [18F]FDG uptake (upper left), lactate production (upper right), and ATP
production (lower left) in miR-199a mimic- (A) or anti-miR-199a-transfected Hep3B cells (B) were determined 24 h post-transfection. Lower right, Western blot of
HK2 and PKM2 proteins in transfected cells.

C, D The effect of miR-199a on [18F]FDG uptake in xenograft Hep3B tumors. MicroPET/CT imaging of mice for determining [18F]FDG uptake in miR-199a mimic- (C) or
anti-miR-199a-transfected Hep3B tumors (D) at 2–3 weeks after tumor cell inoculation. Left, representative microPET/CT images; arrowheads indicate xenograft
HCC tumors; right, quantification of [18F]FDG uptake in tumors (in % ID/g tumor) (n = 4–5 mice per group).

E, F Restoration of Hk2 or Pkm2 expression overrode the inhibitory effects of miR-199a on glucose metabolism in cultured Hep3B cells (E) and [18F]FDG uptake in Hep3B
tumors (F).

Data information: The average values � SD of three separate experiments are plotted. Statistics: Student’s t-test; *P < 0.05, **P < 0.01.

Source data are available online for this figure.
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HCC cells, we constructed miR-199a-resistant expression vectors

(p3xFlag-HK2 and p3xFlag-PKM2; without their 30 UTRs) for

ectopic expression of HK2 or PKM2 proteins. Co-transfection of

these vectors largely rescued the impact of miR-199a on glyco-

lysis in cultured Hep3B or SMMC-7721 cells as well as [18F]FDG

uptake in xenograft tumors (Fig 4E and F, and Appendix Fig

S7), supporting the idea that targeting Hk2 and Pkm2 is an

important mechanism of miR-199a-mediated suppression of

glycolysis in HCC cells. Collectively, these results indicate that

the miR-199a:Hk2/Pkm2 axis is of functional importance in regu-

lating glucose metabolism in HCC cells.

The miR-199a:Hk2/Pkm2 axis plays a functional role in
controlling tumorigenesis in HCC cells

In addition to their established roles in cell metabolism, both HK2

and PKM2 are also oncogenic proteins that are important for

cancer progression (Mathupala et al, 2009; Luo & Semenza, 2012).

We thus asked whether the miR-199a:Hk2/Pkm2 axis plays a role

in regulating tumorigenesis of HCC cells. As expected, transfection

of miR-199a mimics in Hep3B or SMMC-7721 cells strongly

reduced cell proliferation, cell survival, anchorage-independent

growth, and transwell cell migration as well as the rate of xeno-

grafted tumor growth in nude mice (Appendix Fig S8A and B).

Conversely, inhibition of miR-199a function by anti-miR-199a in

Hep3B cells markedly increased cell proliferation and migration in

cultured cells and tumor growth in nude mice (Appendix Fig S8C),

indicating that miR-199a negatively regulates HCC tumorigenesis.

We next examined whether miR-199a exerts its tumor-suppressive

effects in HCC cells by targeting Hk2 and Pkm2. RNAi knockdown

of Hk2 or Pkm2 reproduced the phenotype observed with miR-

199a overexpression in SMMC-7721 cells (Appendix Fig S9).

Importantly, co-transfection of miR-199a-resistant Hk2 or Pkm2 in

miR-199a-transfected Hep3B or SMMC-7721 cells strongly overrode

the effects of miR-199a on HCC tumorigenesis in vitro and in vivo

(Fig 5 and Appendix Fig S10). Collectively, these results indicate

that the miR-199a:Hk2/Pkm2 axis plays important roles in regulat-

ing tumorigenesis of HCC cells.

The hypoxia-miR-199a-Hk2/Pkm2 regulatory axis functions in
HCC tumors

We next asked whether the miR-199a-HK2/PKM2 axis is indeed

regulated by hypoxia in HCC tumors. To address this, we first exam-

ined intratumoral hypoxia in xenografted SMMC-7721 tumors at 14,

21, and 28 days after tumor cell inoculation. Immunohistochemical

assays of tumor sections for pimonidazole hydroxychloride

(Hypoxyprobe-1) showed that intratumoral hypoxia increased over

time (Appendix Fig S11A). Interestingly, as intratumoral hypoxia

increased, miR-199a level decreased as revealed by FISH (Appendix

A B

D E

C

Figure 5. The miR-199a-Hk2/Pkm2 axis is of functional importance in regulating tumorigenesis in HCC cells.

A–E Ectopic expression of Flag-HK2 or Flag-PKM2 in Hep3B cells transfected with miR-199a mimics significantly attenuated the effects of miR-199a on cell proliferation
(A), cell apoptosis (B), soft agar colony formation (C), transwell cell migration (D), and xenograft tumor growth in nude mice (E). (A) Left, MTT assays; right, Western
blot analyses of HK2, PKM2, and PCNA proteins. (E) Left, the time course of tumor growth (n = 4–5 mice per group); right, representative xenograft tumors at
35 days after inoculation. The average values � SD of three separate experiments are plotted. Statistics: Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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Fig S11B) and there was a concomitant increase in HK2 and PKM2

proteins as shown by immunostaining (Appendix Fig S11C),

supporting that the hypoxia-miR-199a-HK2/PKM2 regulatory axis is

functional in vivo.

Systemic agomiR-199a delivery effectively inhibits tumor growth
and [18F]FDG uptake in HCC tumor-bearing mice

We next performed a treatment study, asking whether restoration

of miR-199a expression has a therapeutic effect on HCC tumors.

To this end, we injected a cholesterol-modified and Cy3-labeled

miR-199a oligo (agomiR-199a) formulated with a lipid-based

delivery reagent into the tail veins of NOD-SCID mice 2 weeks

after subcutaneous SMMC-7721 cell implantation, with one injec-

tion every 3 days for seven cycles (Fig 6A; n = 5–6). Two nega-

tive control (NC) groups received Cy3-labeled agomiR-NC or PBS

treatments.

Systemic delivery of agomiR-199a effectively inhibited tumor

growth compared with agomiR-NC or PBS controls (Fig 6B). More-

over, concurrent microPET/CT imaging showed that [18F]FDG

uptake in HCC tumors from the agomiR-199a-treated group was

dramatically reduced at day 21, but this reduction was not observed

in the agomiR-NC- or PBS-treated groups (Fig 6C and D). Notably,

[18F]FDG microPET/CT imaging further confirmed that the growth

of agomiR-199a-treated tumors was greatly attenuated compared

with controls (Fig 6C). At day 24, we euthanized all mice and

harvested xenografted tumors for further analyses. Again, we found

that agomiR-199a strongly reduced tumor burden (by > 50%)

compared with agomiR-NC or PBS controls (Fig 6E). qRT–PCR

showed that the miR-199a levels in agomiR-NC- or PBS-treated

SMMC-7721 tumors were significantly reduced relative to that in

cultured cells, but agomiR-199a delivery effectively augmented miR-

199a expression in HCC tumors (Fig 6F). Consistently, Cy3 signals

were readily detectable in tumors from agomiR-treated mice but not

in PBS-treated controls (Fig 6G, left panels), indicating successful

uptake of Cy3-labeled oligos into tumors. Immunohistochemical

staining showed that HK2 and PKM2 protein levels were signifi-

cantly reduced in HCC tumors from agomiR-199a-treated mice

compared with controls (Fig 6G, middle panels). We further found

that the cell proliferation marker PCNA declined in tumors from

agomiR-199a-treated mice compared with those in controls (right

panels), supporting the idea that miR-199a inhibits cell proliferation

in HCC tumors. These results together indicate that miR-199a has

therapeutic efficacy against HCC tumors.

We also assessed the potential toxicity of agomiR treatment on

tested mice. We found that all mice remained healthy and similarly

gained weight during the course of the therapeutic experiments

(Appendix Fig S12A). ELISA of cleaved caspase-3 activity showed

that agomiR administration did not have obvious toxic effects on

the liver or other organs (Appendix Fig S12B), although immuno-

staining of liver sections for F4/80 showed a moderate increase in

Kupffer cell macrophages in agomiR-treated mice (Appendix Fig

S12C). Clinical blood chemistry further confirmed that agomiR

administration does not affect the physiology of tested mice

(Appendix Fig S12D). Taken together, these results indicate that

agomiR-199a treatment at the dosage and frequency used in our

study showed little toxic effect on the overall health of tested

animals.

The expression of HuR, mir-199a, HK2, and PKM2 is correlated in
human HCC specimens

To test whether our above findings in HCC cells are clinically rele-

vant, we examined the miR-199a levels as well as the levels of HuR,

Hk2, and Pkm2 mRNAs in 65 human HCC primary tumor and

paired adjacent normal tissue specimens. qRT–PCR showed that

mir-199a was significantly down-regulated in HCC tumors

compared to normal tissues (Fig 7A), while expression of HuR,

Hk2, and Pkm2 was significantly up-regulated (Fig 7B and C;

Appendix Fig S13A). Importantly, we observed significantly lower

miR-199a expression and significantly greater Hk2 and Pkm2

expression in HCC tumors with higher HuR expression (Appendix

Fig S13B). We found a significant inverse correlation between miR-

199a and Hk2 mRNA levels (Pearson’s R = �0.564, P < 0.05;

Fig 7D), or Pkm2 mRNA levels in tumor specimens (R = �0.452,

P < 0.05; Fig 7E). We further found that HCC tumors with higher

miR-199a levels showed weaker HK2 and PKM2 immunohisto-

chemical staining (Fig 7F; left), whereas tumors with less miR-199a

expression showed stronger HK2 and PKM2 staining (right). Collec-

tively, these results strongly suggest that the HuR-miR-199a:Hk2/

Pkm2 regulatory axis that we have discovered is clinically relevant

in HCC.

Discussion

The causative roles of intratumoral hypoxia in reprogramming

cancer cell metabolism have been well established, with HIF-1-

mediated transcriptional regulation being important as it controls

several genes crucial to deregulated metabolism in cancers, that

is, the Warburg effect (Semenza, 2010). However, the role of

miRNAs in hypoxia-altered cancer cell metabolism remains poorly

understood. We have shown that the miR-155/miR-143 cascade

controls glycolysis by regulating Hk2 expression in breast cancer

cells (Jiang et al, 2012), demonstrating that miRNA regulation is

of functional importance in regulating glucose metabolism in

cancer cells. Of note, a recent study indicates that breast cancer

cell-secreted miR-122 suppresses glucose uptake by niche cells

and facilitates metastasis by targeting pyruvate kinase (Fong et al,

2015). In the present study, we found that hypoxia down-

regulates miR-199a and that down-regulation of mir-199a is

crucial for the glycolysis-promoting effect of hypoxia in HCC cells.

Mechanistically, hypoxia promotes binding of the RNA-binding

protein HuR to pri-miR-199a and consequently blocks miR-199a

maturation. Recent studies have shown that miR-199a plays a

tumor-suppressive role in cancers by negatively regulating dif-

ferent targets (Yeligar et al, 2009; Cheng et al, 2012; Tsukigi et al,

2012; Hu et al, 2014). Nevertheless, its role in cancer metabolism

has not been reported. Our results here showed that miR-199a

robustly suppresses glycolysis in HCC cells and it does so through

repressing Hk2 and Pkm2, two key glycolytic genes in cancers

(Mathupala et al, 2009; Luo & Semenza, 2012). Of note, miR-155,

a miRNA that we have previously shown to promote glucose

metabolism by up-regulating Hk2 in breast cancer cells (Jiang

et al, 2012), is potently up-regulated in hypoxic HCC cells. This

implicates that miR-155 up-regulation in hypoxic HCC cells should

have a complimentary role to miR-199a down-regulation in
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Figure 6. Systemic delivery of agomiR-199a inhibits tumor growth and [18F]FDG uptake in HCC tumors in nude mice.

A Schematic diagram illustrating the experimental design. Intravenous delivery of agomiR started at 2 weeks after subcutaneous implantation of SMMC-7721 cells in
NOD-SCID mice (day 0). The mice received treatments with PBS or seven doses of 50 mg/kg agomiR every 3 days through day 18.

B The time course of SMMC-7721 tumor growth in mice treated with agomiR-199a or agomiR-NC or PBS (negative controls).
C, D MicroPET/CT imaging of mice to determine [18F]FDG uptake in SMMC-7721 tumors in mice treated with PBS, agomiR-NC, or agomiR-199a at baseline (day 0) or

treatment end (day 21). Representative [18F]FDG microPET images are shown with arrowheads indicating xenografted HCC tumors (C). Quantification of [18F]FDG
uptake in tumors is shown as %IDmean/g and %IDmax/g tumor (D).

E Weight of SMMC-7721 tumors in each group at day 24.
F Comparison of miR-199a levels as determined by qRT–PCR between SMMC-7721 cells cultured in normoxic or hypoxic conditions and SMMC-7721 tumors from

three groups.
G Cy3 imaging (red), hematoxylin and eosin (HE), or HK2, PKM2, or PCNA immunohistochemical staining (brown) of SMMC-7721 tumor sections from three groups.

Left panels, inset is the representative tumor at day 24, and magnification for tumor sections is 20×. Scale bars for right panels, 100 lm.

Data information: All data are mean � SD of three separate experiments. Statistics: Student’s t-test; *P < 0.05, **P < 0.01; n = 5–6 in each group.
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Figure 7. Comparison of miR-199a, Hk2, and Pkm2 expression in human HCC specimens.

A–C Boxplots of expression of miR-199a (A), Hk2 (B), and Pkm2 (C) in 65 human HCC and paired normal adjacent tissues. The expression levels of miR-199a, Hk2 and
Pkm2 were determined by qRT-PCR. The boxes represent the median (middle line) between the 25th (Q1) and 75th (Q3) percentiles. The whiskers are the upper and
lower adjacent values. Significant differences in expression between tumors and control tissues were assessed using Student’s t-test.

D, E Pearson’s correlation analyses of miR-199a and Hk2 (D) or Pkm2 mRNA levels (E) in 65 human HCC specimens. Statistics: Pearson’s correlation analyses.
F Representative images of HK2 (top) and PKM2 (bottom) immunohistochemical staining (brown) of human HCC sections with high (left) or low miR-199a expression

(right), with sections counterstained by Mayer hematoxylin (blue). Scale bar, 100 lm.
G Model of miR-199a as a key regulatory node linking hypoxia to deregulated glucose metabolism in HCC.
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regulating glucose metabolism in HCC cells. Collectively, our

findings indicate miR-199a is a master regulator in hypoxia-

deregulated cancer glucose metabolism (Fig 7G), providing substantial

new mechanistic insights into hypoxia-induced deregulated glucose

metabolism in cancer cells.

Tumor cell metabolism is clearly linked with cancer outcomes,

and targeting metabolic enzymes has been extensively studied for

cancer therapy (Kroemer & Pouyssegur, 2008; Vander Heiden,

2011). But such an antineoplastic strategy has also raised concerns

given that targeting metabolic enzymes would have unacceptable

effects on normal cells (Vander Heiden, 2011). In the present

study, we showed that miR-199a, by suppressing two key glyco-

lytic genes, Hk2 and Pkm2, inhibits both glucose metabolism and

tumorigenesis in HCC cells. Most recently, an independent article

reported that Hk2 is a target of miR-199a in HCC cells (Guo et al,

2015), confirming that miR-199a plays a critical role in regulating

glycolysis in liver cancer. Importantly, our data showed that

systemic delivery of cholesterol-modified agomiR-199a to mice

effectively inhibits the growth of xenografted HCC tumors as well

as [18F]FDG uptake in these tumors, indicating a strong rationale

for developing miR-199a as a novel metabolism-targeting therapeu-

tic agent against HCC. Moreover, we note a recent study showing

that miR-199a inhibits tumor angiogenesis (Raimondi et al, 2014),

further supporting this miRNA as a strong target candidate for

anticancer therapies.

In addition, miR-199a and miR-214 are clustered in DNM3os, a

lncRNA (Lee et al, 2009), but their expression pattern and func-

tion in human cancers are quite the opposite. Namely, miR-199a

is usually down-regulated in tumors and plays a tumor suppres-

sor role in cancer cells (Yeligar et al, 2009; Cheng et al, 2012;

Tsukigi et al, 2012; Hu et al, 2014), whereas miR-214 is often up-

regulated in cancers and acts as an oncomiR, functioning in

tumor progression and metastasis (Yang et al, 2008; Ueda et al,

2010; Penna et al, 2011). However, little is known how miR-199a

and miR-214 in cancer cells are differentially expressed from

same miRNA cluster. Intriguingly, we found that hypoxia selec-

tively blocks pri-miR-199a processing but barely affects the matu-

ration of miR-214 in human HCC cells, suggesting that how

hypoxic stress governs the pathway by which the two miRNAs

are processed is distinctly regulated. Interestingly, the RNA-

binding protein HuR, which has been reported to link mRNA

stability to the hypoxic response (Galban et al, 2008; Hinman &

Lou, 2008; Masuda et al, 2009), was characterized as a key

mediator of the inhibitory effect of hypoxia on pri-miR-199a

processing. Our findings thus document a novel function of HuR

—namely regulation of noncoding RNAs during hypoxia in

human cancer cells. Of note, a recent study showed that during

hemodynamic stress, cardiac hypoxia increases both miR-199a

and miR-214 levels in hearts from mice along with up-regulating

DNM3os (el Azzouzi et al, 2013), which appears to be opposite

to our observation in human HCC cells. Intriguingly, we found

no potential HuR-binding sites in the mouse pri-miR-199a tran-

script, and that hypoxia barely modulated mir-199a expression in

the mouse HCC cell line Hepa1-6 (data not shown). This suggests

that the HuR-mediated suppression of pri-miR-199 processing is

likely a human cell-specific event.

In summary, our study reveals HuR-miR-199a:Hk2/Pkm2 to be a

novel pathway linking hypoxia to deregulated glucose metabolism

in HCC cells and shows the therapeutic effect of systemically deliv-

ered agomiR-199a on HCC. Given that targeting tumor metabolism

is extensively studied as therapeutic approach for cancer (Vander

Heiden, 2011), miRNA molecules like miR-199a could serve as

novel candidate targets in addition to metabolic enzymes for such

antineoplastic strategies. Additionally, epidemiologic data have

recognized HBV/HCV infection, alcoholic liver disease, and non-

alcoholic steatohepatitis as major risk factors for HCC (El-Serag,

2011). It will be interesting in future studies to determine whether

this newly discovered HuR-miR-199a:Hk2/Pkm2 axis is distinct in

HCC etiology.

Materials and Methods

Cell culture and transfection

All cell lines were cultured at 37°C, 5% CO2 in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum and 1% penicillin/streptomycin. The Hep3B and embryonic

kidney cell line HEK293T cells were obtained from the American

Type Culture Collection (ATCC), and SMMC-7721 cells were from

Cell Resource Center. For hypoxia stimulation, cells were trans-

ferred to a hypoxia chamber with 1% oxygen. Transfection was

performed using Lipofectamine 2000 (Invitrogen) according to the

manufacturer’s instructions. For transfection of the RNA oligonu-

cleotides, 50 nmol/l of miRNA mimics and 100 nmol/l of antisense

oligonucleotides were used except where indicated otherwise. For

plasmids, 4 lg DNA was used in a 6-well plate. In the rescue experi-

ments, cells were co-transfected with 25 nmol/l miRNA mimics and

2 lg plasmid DNA in a 6-well plate. G418 (200 lg/ml) was added

24 h after transfection.

Plasmid constructs, RNA oligonucleotide, and antibodies

Human Hk2, Pkm2, and HIF-1a cDNAs without their 30 UTRs were

cloned into the p3xFlag-CMV-14 expression vector (Sigma) to

construct p3xFlag-HK2, p3xFlag-PKM2, and p3xFlag-HIF-1a vectors,

respectively. The pri-miR-199a-2 sequences were cloned into pLenti-

EF1a-EGFP for generating the pri-miR-199a-2 expression vector.

Two predicted HuR-binding sites were deleted in the Mut-1 and

Mut-2 pri-miR-199a-2 vector (Fig 2G). For reporters pRL-TK-

HK2-30UTR and pRL-TK-PKM2-30UTR, human ~2.4-kb Hk2 and

~620-bp Pkm2 30 UTRs were cloned downstream of the Renilla

luciferase coding sequences in pRL-TK (Promega), and eight nucleo-

tides in the 30 UTR corresponding to 50 UTR of miR-199a were

deleted in the Mut constructs (Fig 3A). All the constructs were con-

firmed by DNA sequencing. The agomiR-199a, miR-199a mimics,

anti-miR-199a, small interfering RNAs (siRNAs) targeting Hk2,

Pkm2, HuR, NF90, MSI2, Lin28B or YAP, and their respective nega-

tive control RNAs were purchased from RiboBio (Guangzhou,

China). The siRNA sequences are provided in Appendix Table S1.

Antibodies for Lin28B, YAP, HK2, PKM2, and caspase-3 were from

Cell Signaling. The antibody for HuR was from Invitrogen, and anti-

body for PCNA was from Abcam. Antibodies for F4/80, NF90, and

MSI2 were from Proteintech. Antibodies for Flag, Dicer, DGCR8,

and b-actin, as well as Cy3- or Alexa Fluor-488-conjugated donkey

anti-rabbit IgG, were from Sigma.
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Biochemical and cell biology assays

Western blot, immunofluorescence, immunohistochemistry, histol-

ogy, Northern blot, FISH, and luciferase reporter assays were carried

out as we described recently (Jiang et al, 2012; Zhao et al, 2013;

Wang et al, 2014). The band intensities in Western and Northern

blots were quantified with an LAS4000 Image Analyzer. Cy3- or

Alexa Fluor-488-conjugated donkey anti-rabbit IgG (Sigma) was

used as secondary antibody to visualize HK2 and PKM2 in

immunofluorescence assays, with nuclei counterstained by DAPI

(Vector Laboratories). For immunohistological stains, tumor

sections were first incubated with a primary antibody against the

tested protein and then incubated with biotinylated secondary anti-

body after washing with PBS, followed by a further incubation with

the streptavidin–horseradish peroxidase complex. After that, the

sections were counterstained with hematoxylin. For histological

analysis, paraffin-embedded tumor sections were stained with

hematoxylin and eosin. For Northern blot, [32P]-labeled probes were

used. For FISH, we used Cy3-labeled RNA probes complementary to

miR-199a or the upstream sequences of hairpin pre-miRNA to detect

mature miR-199a or pri-miR-199a. The oligonucleotide probe

sequences are provided in Appendix Table S1.

RNA isolation, quantitative reverse transcription PCR (qRT–PCR),
and RNA immunoprecipitation (RIP) assays

The assays were performed as we described recently (Zhao et al,

2013). In brief, the levels of pri-miRNAs were quantified using the

TaqMan� Pri-miRNA assay kit (Stem-loop Accession #MI0000281

for pri-miR-199a-2,Stem-loop Accession #MI0000242 for pri-miR-

199a-1,Stem-loop Accession #MI0000290 for pri-miR-214; Applied

Biosystems by Life Technology). The levels of mature miRNAs were

quantified using TaqMan� MicroRNA Assay kits (Applied Biosys-

tems by Life Technology). The primer sequences for qRT–PCR are

provided in Appendix Table S1. The qRT–PCR results were analyzed

and shown as relative miRNA or mRNA levels of the CT (cycle

threshold) values, which were then converted as fold change. For

RIP assays, cells were homogenized in lysis buffer [100 mM KCl,

5 mM MgCl2, 10 mM HEPES, 0.5% NP-40 containing 10 U/ml

RNase inhibitor (Takara) and a protease inhibitor cocktail (Roche)].

Cell extracts were incubated with anti-HuR or IgG-coupled protein

A/G beads for 4–6 h. After stringently washing the beads with

washing buffer (50 mM Tris–HCl [pH 7.4], 150 mM NaCl, 1 mM

MgCl2, and 0.05% NP-40, protease inhibitor cocktail, and RNase

inhibitor), total RNAs were extracted with TRIzol and subjected to

RT–PCR assays.

Cell proliferation, apoptosis, soft agar colony formation,
transwell migration, and xenograft assays

These assays were performed as we described recently (Wang et al,

2014). In brief, HCC cells were transfected with RNA oligonucleotide

and/or plasmid DNA. At 24 h post-transfection, equal numbers of

viable cells were seeded in 96-well plates for MTT cell proliferation

or apoptosis assays, or mixed with 1.5 ml 1640 RPMI medium with

0.4% soft agar for soft agar colony formation assay, or plated in the

upper transwell chamber in 300 ll serum-free 1640 RPMI medium

for cell migration assay, or injected subcutaneously into male

BALB/c athymic nude mice (n = 6) at 6–8 weeks of age for tumor

engraftment. Tumors were examined every 5 days for a total of

35 days. Tumor growth rates were analyzed by measuring tumor

length (L) and width (W) and calculating the volume with the

formula LW2/2.

Measurement of glucose consumption and lactate and
ATP production

Glucose consumption and lactate production were analyzed with a

glucose assay kit (Sigma) and lactate assay kit (Biovision) as we

previously described (Jiang et al, 2012). For [18F]-FDG uptake

experiments, HCC cells were washed with glucose-free medium 24 h

post-transfection and then cultured in glucose-free RPMI medium

containing 1 lCi/ml [18F]FDG. After 60-min incubation, cells were

lysed in RIPA buffer after stringent washes with ice-cold PBS, and

then, [18F] incorporation was counted using an automated gamma

counter. Protein concentration of each sample was determined using

a Bradford protein assay kit (Promega) with BSA as the standard

according to the manufacturer’s recommendations. The relative

[18F]FDG uptake was normalized according to the respective cell

lysate protein concentration. The cellular ATP level in HCC cells was

determined at 24 h post-transfection with a CellTiter-Glo 2.0 Assay

kit (Promega) and luminometer (Promega) according to the

manufacturer’s protocols. The relative ATP levels (measured as

luminescence) were normalized to the respective cell lysate protein

concentration.

Intratumoral hypoxia assay

Pimonidazole hydroxychloride with immunochemical reagents

(Hypoxyprobe-1) has been used as a hypoxia marker to detect

hypoxic cells in various tissues in vivo, due to its reductive meta-

bolism being sensitive to oxygen tension (Arteel et al, 1998). The

tumor-harboring mice were administrated intravenously by tail vein

injection 10 mg/20 g body wt of Hypoxyprobe-1 (Natural Pharma-

cia International) 1 h before animals were sacrificed. Then, all

engrafted HCC tumors were immediately excised for hypoxia assay.

In brief, tumor sections were stained with rabbit anti-Hypoxyprobe

antibody (Natural Pharmacia International), followed by staining

with Alexa Fluor 647-labeled anti-rabbit IgG antibody (Invitrogen).

Nuclei were counterstained with DAPI (Vector Laboratories).

MicroPET/CT imaging of mice

MicroPET/CT imaging of mice was performed as we described

previously (Jiang et al, 2012). In brief, tumor-bearing mice were

placed on a dedicated small animal microPET/CT scanner

(Siemens Inveon MM STD MicroPET/CT 3074; Siemens) 40 min

after injection of 100–200 lCi [18F]FDG via tail vein. Mice were

first subjected to a 15-min microCT scan and then to a 10-min

microPET scan. microPET and microCT images were analyzed

with Inveon software (Siemens). Regions of interest (ROIs) were

manually drawn by qualitative assessment covering the entire

tumor. Tumor volumes were generated by summing voxels within

the tomographic planes. The ROI counts were converted to the %

ID/g tumor using filtered back projection as previously described

(Tseng et al, 2008).
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Therapeutic experiments

For in vivo treatment assays, we established SMMC-7721 subcuta-

neous tumors in ~6-week-old NOD-SCID mice (n = 5–6) and

allowed tumors to grow for approximately 2 weeks to reach a

volume of 30–40 mm3. When tumors had formed, mice were admin-

istrated intravenously by tail vein injection 35 mg/20 g Cy3-labeled

agomiR-199a or scrambled negative control RNA (miR-NC) respec-

tively on days 0, 3, 6, 9, 12, 15, and 18 (Fig 7A). The chemically

modified agomiRs were formulated with a lipid-based delivery

reagent (Wiggins et al, 2010). The animals were imaged on days 0

and 21 using [18F]FDG microPET/CT. Blood samples were collected

for blood chemistry analyses on day 24 before animals were sacri-

ficed. Finally, all HCC tumors and major organs were excised for

further analyses. The cholesterol-modified and Cy3-labeled agomiR-

199a and miR-NC were commercially synthesized by RiboBio

(Guangzhou, China).

Statistical analyses

All results were presented as the mean � SD. A Student’s t-test was

performed to compare the differences between treated groups rela-

tive to their paired controls. One-way ANOVA was used to analyze

tumor growth data. P-values are indicated in the text or figures

above the two groups compared with a value < 0.05 (denoted by

asterisks) considered significant (***P < 0.001, **P < 0.01). Pear-

son’s correlation analyses were used to calculate the regression and

correlation between two groups.

Study approval

HCC specimens and paired normal adjacent tissues were collected

during surgery from Eastern Hepatobiliary Surgery Hospital (Shang-

hai, China) with written informed consent from patients. Samples

were immediately snap-frozen and stored at �80°C. The specimen

collection was approved by the Medical Ethical Committee of the

hospital. All animal experiments were performed under protocols

approved by the Shanghai Institute of Biochemistry and Cell Biology

and University of Louisville and in accordance with the Guide for

the Care and Use of Laboratory Animals (NIH publication nos.

80-23, revised 1996).

Expanded view for this article is available online:

http://emboj.embopress.org
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