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Abstract: Despite impressively initial clinical responses, the majority of hepatocellular carcinoma (HCC) patients 
treated with sorafenib eventually develop resistance to this drug. It is well-known that microRNA (miRNA) plays a 
critical role in HCC progression and sorafenib resistance. However, the potential mechanism by which miRNA con-
tributes to the human HCC cells to sorafenib resistance is still unknown. Herein, we identify miR-374b/hnRNPA1/
PKM2 axis serving as an important mechanism for acquired sorafenib resistance of HCC cells. By establishing a 
sorafenib-resistant HCC model, we demonstrated that miR-374b reduces the expression of hnRNPA1 by binding to 
its 3’ untranslated region, which subsequently decreases levels of PKM2. The suppression of PKM2 by miR-374b 
re-sensitizes sorafenib-resistant HCC cells and mouse xenografts to sorafenib treatment by antagonizing glycolysis 
pathway. Clinically, hnRNPA1 and PKM2 expression are upregulated and inversely associated with miR-374b expres-
sion level in sorafenib-resistant HCC patients. Moreover, sorafenib significantly induces the expression of hnRNPA1, 
which serves as an important mechanism for the acquired sorafenib resistance in HCCs. Thus, our data suggest 
that targeting the alternative splicing of the PKM by miR-374b overexpression may have significant implications in 
overcoming the resistance to sorafenib therapy.
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Introduction

Sorafenib is an oral multikinase inhibitor initi- 
ally demonstrated to target wild-type BRAF, 
V599E mutant BRAF, Raf-1, VEGFR-2/3, 
PDGFR-β, Flt3, and c-KIT, thereby inhibiting 
angiogenesis and tumor cell proliferation [1]. 
Studies have also reported that sorafenib can 
also target the RAF independent signaling path-
ways, such as apoptotic and cell cycle-related 
pathways [2]. Although sorafenib has been 
established as an excellent treatment tool for 
advanced stages of hepatocellular carcinoma, 
renal cell carcinoma, and thyroid cancer [3], it 
is well-known that the individual patient 
response towards sorafenib is drastically differ-
ent [4]. Therefore, the number of HCC patients 
with complete response to sorafenib is very  
low [5]. The explanations for these different 
responses may include epithelial-mesenchy-

mal transition (EMT), genetic heterogeneity of 
HCC patients, tumor stem cells, switching to 
compensatory pathways, hindering pro-apop-
totic signals, and tumor microenvironment [6, 
7]. Considering the emerging sorafenib resis-
tance crisis in HCC, future studies are urgently 
needed to drug resistance. Noncoding RNA 
(ncRNA) has recently emerged as a signifi- 
cant regulator in signaling pathways involved in 
HCC drug resistance [8], therefore pharmaco-
logically targeting these ncRNAs might be a 
novel and promising stratagem to reverse drug 
resistance.

MicroRNAs (miRNAs) are a class of short, highly 
conserved endogenous noncoding RNAs (18-
22 nucleotides) and implicated in the post-tran-
scriptional regulation of gene expressions by 
binding to the 3’-untranslated region (3’-UTR) of 
target messenger RNA [9]. Substantial facts 
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and evidence are looming that particular miRNA 
alterations are associated with HCC initiation, 
progression, and recurrence [10]. Furthermore, 
miRNAs have been indicated to be promising 
and emerging target to tackle mechanisms of 
chemoresistance in different cancers [6]. Re- 
cently, altered expression of specific miRNAs is 
linked to the development of anticancer drug 
resistance [11]. Additionally, miRNAs can be 
used to sensitize tumors to chemotherapy [12]. 
Therefore, exploiting the therapeutic potential 
of miRNAs for overcoming anticancer drug 
resistance is of prime importance in various 
cancers. However, miRNAs as sorafenib re- 
sponse biomarkers, the mechanistic aspect, 
and therapeutic potential of miRNAs for so- 
rafenib response in HCC are still not clear.

The critical goal of the present study was to 
understand sorafenib resistance in HCC cells 
and to uncover multiple targets that may over-
come this problem. Herein, we identified a no- 
vel cancer-related regulator, miR-374b. We fur-
ther indicated that miR-374b inhibits the 
expression of hnRNPA1 and PKM2, and re-sen-
sitizes sorafenib-resistant HCC cells to sora- 
fenib treatment by antagonizing glycolysis path-
way. The current findings underline the signifi-
cance of developing modulators of this pathway 
to combat sorafenib resistance in HCC.

Materials and methods

Cell culture and transient transfection

HEK293T and human HCC cell lines (Hep3B, 
HepG2, and HCCLM3) were obtained from the 
Chinese Academy of Sciences. Hep3B-R and 
HCCLM3-R cells are sorafenib-resistant clones 
developed as previously described [13]. Briefly, 
the parental Hep3B and HCCLM3 cells were 
exposed to increasing sorafenib concentra-
tions, and the surviving resistant Hep3B-R and 
HCCLM3-R cells were cultured in DMEM con-
taining 5 mM glucose supplemented with sodi-
um pyruvate, 10% fetal bovine serum (FBS), 
and L-glutamine. Lipofectamine 2000 (Invitro- 
gen) was used for transient transfection accord-
ing to the manufacturer’s protocol. Control 
siRNA and siPKM2 were purchased from Santa 
Cruz.

Western blotting

Briefly, lysates from cultured cells or tissues 
were prepared in modified RIPA buffer (150 mM 

NaCl, 50 mM Tris-HCl (pH 7.4), 1% Triton, 0.5% 
deoxycholate) plus 25 μg ml-1 leupeptin, 10 μg 
ml-1 aprotinin, 2 mM EDTA and 1 mM sodium 
orthovanadate. The protein concentrations 
were determined by using a BCA Protein Assay 
Reagent kit (Pierce Biotechnology, USA). The 
protein extracts were then separated through 
SDS-polyacrylamide gel electrophoresis (PAGE) 
and transferred to a PVDF membrane (Millipore). 
The membranes were incubated with indicated 
primary antibody for 1 hour at room tempera-
ture. Then PVDF membranes were washed with 
TBST buffer (0.1%) before incubation with indi-
cated secondary antibody at room temperature 
for 1 hour. Finally, the target proteins were 
assayed using an enhanced chemilumines-
cence (ECL) substrate reaction kit (Thermo 
Scientific) based on the manufacturer’s instruc-
tions. And the quantification of bands intensi-
ties was performed. 

18F-fluorodeoxyglucose uptake

Indicated cells were cultured in 12-well plates, 
then detached, and subsequently incubated  
for 1 hour at 37°C in 500 μl of DMEM with 4 
μCi/mL of 18F-fluorodeoxyglucose (18F-FDG). 
Pellets were collected and washed twice with 
ice-cold phosphate buffered saline. Then cell 
lysates were collected with 500 μl of 0.1 M 
NaOH. Finally, the radioactivity of the cell 
lysates was measured with a well γ-counter. 
The readouts were normalized based on the 
corresponding protein amounts.

Lactate production, glucose uptake, atp pro-
duction, and oxygen consumption rate analysis

According to the manufacturer’s instruction, we 
measured the extracellular lactate with Lactate 
Colorimetric Assay Kit (Sigma). The levels of 
ATP were analyzed using an ATP Colorimetric/
Fluorometric Assay Kit (Sigma). Briefly, 2×105 
indicated cells were cultured in a 24-well plate. 
Then the cells were washed, centrifuged, and 
lysed after 24 hours. Indicated cells were cul-
tured in 12-well plates, then detached, and 
subsequently incubated with 4 μCi/mL of 
18F-fluorodeoxyglucose (18F-FDG) in 500 μl of 
DMEM for 1 hour at 37°C. Then pellets were 
washed with ice-cold phosphate buffered 
saline (PBS) twice and collected with 500 μl of 
0.1 M NaOH. Finally, a well γ-counter was used 
to measure the radioactivity of the samples. 
Based on the matched protein amounts, the 
readouts were normalized. All assays were per-
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formed in triplicates. Intracellular glucose up- 
take was monitored with Glucose Colorimetric/
Fluorometric Assay Kit. (Sigma). Oxygen con-
sumption rate (OCR) was assayed through the 
Seahorse XF24 analyzer (Seahorse Bioscience). 
Briefly, indicated cells were plated in a 24-well 
plate overnight. 30 min before the analysis, the 
medium was removed and the Seahorse assay 
medium containing 2 mM L-glutamine or 5 mM 
glucose was added. Following the manufactur-
er’s instructions, OCR was carried out.

Clonogenic assay

Briefly, 750 HCC cells were plated on a 24-well 
plate. 24 h later, HCC cells were transfected 
with control miRNA or anti-miR-374b. Another 2 
weeks later, HCC cells were washed with phos-
phate-buffered saline (PBS) and stained with 
crystal violet. The colonies were counted and 
all experiment was repeated at least three 
times.

Tumor xenograft study

The Institutional Animal Care and Use Com- 
mittee of the Anhui Province Hospital approved 
all these procedures of this project. Briefly, indi-
cated HCC cells (2×106 cells per mice in 3 μl 
total) with or without miR-374b overexpression. 
Then these cells were injected into five-week-
old male SCID mice (n = 6 per group). After 
eight days, an IVIS Lumina Imaging System 
(Xenogen) was used to measure the tumors by 
bioluminescence.

RNA-binding protein immunoprecipitation 

The Magna RNA-binding Protein Immunop- 
recipitation (RIP) Kit (Millipore) was used to  
perform RNA-binding protein immunoprecipita-
tion with an anti-AGO2 antibody (Sigma) accord-
ing to the manufacturer’s instructions. Finally, 
qRT-PCR was used to analyze the precipitated 
RNAs.

The luciferase reporter assays

http://www.microrna.org (miRanda algorithm) 
was used to predict the putative miRNA bind- 
ing sites on the hnRNPA1 3’-UTR. The pGL3 
Luciferase Reporter Vectors for the 3’-UTR 
region of hnRNPA1 were purchased from 
Promega. HEK239T cells and lipofectamine 
2000 reagent were used to transfect a miR-

374b mimic or a scrambled control (100 nM; 
Ambion) along with WT-HnRNPA1 or its MUT 
3’-UTR reporter and Renilla luciferase vector 
control vector (phRL-TK). 24 h after transfec-
tion, a microplate luminometer was used to 
moniter the luciferase activity with the Dual-
Luciferase Reporter Assay System Kit (Sigma). 
Against the phRL-TK control, luciferase activity 
was normalized. The data obtained were fur-
ther normalized against the scrambled control.

CCK-8 assay

The Cell Counting Kit-8 (CCK-8) (Sigma) was 
used to examine the cell survival rate. Cells 
were plated in 96-well plates at a density of 
5000 cells per well. 24 hours later, DMEM con-
taining 10% FBS and drugs were used at the 
indicated concentrations. After 24 h culture, 10 
μL of CCK-8 solution was added to each well. 
And the cells were further cultured for 2 hours. 
Absorbance was read at 450 nm using a micro-
plate reader. To calculate IC50, the indicated 
cells were cultured with increasing sorafenib 
concentrations. The IC50 value was assayed 
with the GraphPad Prism version 5.0 software.

Quantitative real-time (RT)-PCR

The RNeasy Kit (Qiagen) was used to isolate 
total RNA. Then cDNA from 1 mg of RNA was 
synthesized by using a Verso cDNA Kit (Thermo 
Scientific). Indicated mRNA levels were mea-
sured by using a 7500 Fast Real-Time PCR 
System (Applied Biosystems). For miRNA quan-
tification, total RNA was isolated using a mir-
Vana miRNA isolation kit (Ambion, USA) per the 
manufacturer’s instructions. For quantification 
of pri-miRNA and mature miRNA, Taqman 
miRNA assays (Life Technologies) were used 
and real-time PCR was carried out according to 
the manufacturer’s instructions. The primer 
sequences used for qRT-PCR were as follows: 
miR-374b (forward, 5’-TCAGCGGATATAATACAA- 
CCTGC-3’ and reverse, 5’-TATCGTTGTTCTCCAC- 
TCCTTCAC-3’); PKM1 (forward, 5’-GCCTCCAGT- 
CACTCCACAGA-3’ and reverse, 5’-CAGCACG- 
GCATCCTTACACA; PKM2 (forward, 5’-CAGCACCT 
GATTGCCCGAGA-3’ and reverse-3’ and reverse, 
5’-CCAGACTTGGTGAGCACGATA-3’); HIF-1a (for-
ward, 5’-TGCTCATCAGTTGCCACTTC-3’ and re- 
verse, 5’-TCCTCACACGCAAATAGCTG-3’); hnRN-
PA1 (forward, 5’-GCCCAGTCCATCACAATCAC-3’; 
and reverse, 5’-GATGCTGGCCGAGTAGGAG-3’); 
RNU6B (forward, 5’-ATTGGAACGATACAGAGAA- 
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GATT-3’ and reverse, 5’-GGAACGCTTCACGAA- 
TTTG-3’; GAPDH (forward, 5’-GAAATCCCATCA- 
CCATCTTCCAGG-3’ and reverse, 5’-GAGCCCC- 
AGCCTTCTCCATG-3’). RNU6B (for mature miR-
NAs) served as the internal control for miR-
374b expression, and GAPDH served as the 
internal control for mRNA expression. Relative 

expression was analyzed using the 2-∆∆Ct 
method.

HCC patient samples

All HCC samples enrolled in this study were col-
lected from patients undergoing HCC resection 

Figure 1. Elevated glycolysis and decreased apoptosis in sorafenib-resistant Hep3B-R and HCCLM3-R cells. A. The 
viability of Hep3B-R and HCCLM3-R cells determined by CCK8 assays compared with their parental cell lines. B. 
Comparing IC50 for sorafenib in indicated HCC cells after sorafenib treatment for 48 h. C. Comparing apoptosis in 
indicated HCC cells treated with 10 nM sorafenib for 48 h and its representation in bar format. D. Analysis of glucose 
uptake in Hep3B and Hep3B-R cells. E. Lactate production rate detected in indicated HCC cells. F. OCR in indicated 
HCC cells using glucose or glutamine as the carbon source. n = 3; *P < 0.05, **P < 0.01, ***P < 0.001. P values 
were calculated with student’s t-test.
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from January 2008 to May 2014 at the Anhui 
province Hospital. The diagnosis of HCC was 
based upon the criteria of World Health 
Organization. The clinical typing of liver cancers 
was determined according to the International 
Union against Cancer tumor-node-metastasis 
classification system. The Edmondson grading 
system was used to determine the tumor dif-
ferentiation. HCC patients are divided into sev-
eral groups. To perform this classification, the 
expression of miR-374b in clinical samples was 
detected by real-time RT-PCR, and the mean 
value of miR-374b expression was calculated. 
The samples that had miR-374b expression 
equal to or greater than mean value were divid-
ed into high miR-374b expression group. The 
samples that had miR-374b expression lower 
than mean value were divided into low miR-
374b expression group. The levels of PKM2, 
and hnRNPA1 is considered only in the cancer 
part but not in the matched non-cancer tissue. 
Also, the expression of PKM2, and hnRNPA1 
are quantified at the protein level using immu-
nohistochemistry. Ethical approval for using 
human samples was obtained from the 
Research Ethics Committee of the Anhui prov-
ince Hospital with the informed consent of 
patients.

Statistical analysis

All data were analyzed by using Prism Software 
(GraphPad). The data from experiments are 
presented as mean ± standard deviation (SD) 
which rests from at least three independent 
experiments. The Kaplan-Meier method was 
used to calculate the OS rates with the log-rank 
test for comparison. The correlations between 
various protein expressions level was calculat-
ed using Spearman’s rank assay. The Fisher’s 
exact test, X2 test, or Student’s t-test was used 
for comparisons between groups. The asterisks 
P < 0.05 (*) indicates that two-sided p-value is 
statistically significant along with P < 0.05 (*), P 
< 0.01 (**), and P < 0.01 (***). 

Results

Sorafenib-resistant Hep3B-R and HCCLM3-R 
cells have elevated glycolysis and decreased 
apoptosis compared with their parental cell 
lines

To study the sorafenib-resistant mechanisms 
of HCC cells, we firstly treated Hep3B and 
HCCLM3 cells with increasing concentrations 

of sorafenib in culture medium for screening 
sorafenib-resistant HCC cells. After 6 months, 
two resistant cell clones (Hep3B-R and 
HCCLM3-R) were obtained from their parental 
cell lines and then were used for subsequent 
experiments.

As shown in Figure 1A, Hep3B-R and HCCLM3-R 
cells displayed a decreased growth rate com-
pared with Hep3B and HCCLM3 parental cell 
lines. To confirm the resistance to sorafenib, 
the CCK8 assay was performed. Interestingly, 
the IC50 of sorafenib was 13.33 ± 1.45 nM in 
Hep3B-R cells and 4.97 ± 0.66 nM in Hep3B 
cells whereas the IC50 of sorafenib in HCCLM3-R 
cells was 29.33 ± 2.33 nM and 8.78 ± 1.29 nM 
in HCCLM3 cells (Figure 1B). To compare the 
survival capacity of Hep3B-R and Hep3B cells, 
the number of apoptotic cells was measured by 
flow cytometry. Hep3B-R cells displayed a 
decreased apoptosis compared with Hep3B 
cells as incubated 24 h with 10 nM Sorafenib 
(Figure 1C), so as HCCLM3-R cells. 

Since glycolysis promotes the chemoresistan- 
ce [14], we assessed the glycolysis and mito-
chondrial function in Hep3B-R and HCCLM3-R 
cells and their parental cell lines. It was 
observed that both Hep3B-R and HCCLM3-R 
cells showed a significant increase in glucose 
uptake (Figure 1D) and lactate production 
(Figure 1E) compared with Hep3B and HC- 
CLM3 cells respectively. To examine the mito-
chondrial function, the oxygen consumption 
rate (OCR) was measured using glucose or glu-
tamine as the carbon source. As shown in 
Figure 1F, Hep3B-R and HCCLM3-R cells 
showed a significantly reduced oxidative ability 
when glucose or glutamine was used as a car-
bon source.

Silencing PKM2 restores Hep3B-R and 
HCCLM3-R cells’ sensitivity to sorafenib

The above results suggest that the sorafenib 
resistance in Hep3B and HCCLM3 cells might 
be associated with suppressed oxidative phos-
phorylation and increased glycolysis. As HIF-1a, 
myc and PKM2 are the most important regula-
tors of glycolysis and oxidative phosphorylation 
[10], their expression levels were examined in 
these HCC cells treated with sorafenib for 48 h. 
It was found that PKM2, not HIF1α and myc 
mRNA and protein levels were markedly 
increased in Hep3B-R and HCCLM3-R cells 
compared to Hep3B and HCCLM3 cells (Figure 
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2A-C). In addition, sorafenib increased PKM2 
not HIF1a and myc protein expression in a 
dose-dependent manner in Hep3B cells (Figure 
2B and 2C), and overexpression of PKM2 
reduces Hep3B and HCCLM3 cells’ sensitivity 
to sorafenib (Figure S1). These results suggest 
that PKM2 plays an important role in sora- 
fenib resistance in HCC cells. As the expres- 
sion of PKM2 was increased in Hep3B-R and 
HCCLM3-R cells, we hypothesized that the 
down-regulation of PKM2 by siRNA might re-
sensitize Hep3B-R and HCCLM3-R cells to 
sorafenib. To this end, PKM2 was suppressed 
with siRNA in Hep3B-R and HCCLM3-R cells 

(Figure 2D), and these cells were cultured with 
different concentrations of sorafenib. As shown 
in Figure 2E, cell survival rate was decreased in 
these HCC cells with suppressed PKM2. 
Moreover, silencing PKM2 significantly inhibit-
ed survival rate of Hep3B-R and HCCLM3-R 
cells more than their parental cells respective-
ly. Hep3B-R and HCCLM3-R cells also showed 
increased sensitivity to sorafenib compared to 
their parental cells (Figure 2F). These results 
indicate that sorafenib resistance is associated 
with increased PKM2 expression and that 
knockdown of PKM2 may re-sensitize Hep3B-R 
and HCCLM3-R cells to sorafenib.

Figure 2. Silencing PKM2 restores Hep3B-R and HCCLM3-R cells’ sensitivity to sorafenib. A. Comparative analysis 
of mRNA levels of HIF-1α, myc and PKM2 in indicated HCC cells. B. The mRNA levels of PKM2 were detected by qRT-
PCR under increasing concentrations of sorafenib in indicated HCC cells. C. Western blot performed with antibodies 
against HIF1a, myc, PKM2 and GAPDH on cell lysates from Hep3B cells treated with increasing concentrations of 
sorafenib for 48 h. D. Western blot performed with antibodies against PKM2 on cell lysates from indicated HCC cells 
transfected with scrambled siRNA (NC) or PKM2 siRNA. E. Cell survival rate determined by CCK8 assay after treat-
ment of indicated HCC cells with PKM2 siRNA. F. IC50 for sorafenib in indicated HCC cells after treatment for 48 h 
with sorafenib. Inhibition of PKM2 restored Hep3B-R and HCCLM3-R cell sensitivity to sorafenib. n = 3; *P < 0.05, 
**P < 0.01, ***P < 0.001. P values were calculated with student’s t-test.
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Mir-374b inhibits PKM2 expression by directly 
binding to hnrnpa1 in HCC cells

Earlier studies indicated that two isoforms 
PKM1 and PKM2 result from mutually exclusive 

alternative splicing of the PKM pre-mRNA [15], 
reflecting the inclusion of either exon 9 (PKM1) 
or exon 10 (PKM2). HnRNPA1 was shown to 
bind repressively to sequences flanking exon 9, 
resulting in exon 10 inclusion and thus ensur-

Figure 3. MiR-374b inhibits PKM2 expression by directly binding to hnRNPA1 in HCC cells. A. Graphic of the seed se-
quence of miR-374b matched with the 3’-UTR of the hnRNPA1 gene, and the design of wild-type or mutant hnRNPA1 
3’-UTRs containing reporter constructs. Luciferase reporter assays in HCC cells after co-transfection of cells with 
wild-type or mutant hnRNPA1 3’-UTR and miR-374b. B. AGO2 protein was immunoprecipitated from cell extracts with 
an AGO2 antibody, or IgG. And the amount of hnRNPA1 mRNA bound to AGO2 or IgG was assayed using qRT-PCR in 
the presence of miR-374b mimics or control. C. The effect of miR-374b overexpression on hnRNPA1 and PKM2 pro-
tein expression after cells were transfected with the hnRNPA1 plasmid or empty vector. D. Western blot of hnRNPA1 
and PKM2 expression 48 hours after cells were transfected with miR-374b or with anti-miR-374b. E. qRT-PCR of 
hnRNPA1 mRNA expression 48 hours after transfection. F. qRT-PCR of PKM2 mRNA expression 48 hours after trans-
fection. n = 3; *P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated with student’s t-test.
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ing a high PKM2/PKM1 ratio [16]. Given that 
miRNA can regulate the mRNA and protein 
expression [9], we reasoned that PKM2 expres-
sion could be regulated by miRNAs via targeting 
hnRNPA1 and that sorafenib might downregu-
late this miRNA, thus leading to elevated PKM2 
expression and sorafenib-resistance of HCC 
cells. To test this idea, we sought to identify the 
miRNAs that potentially downregulate hnRN-
PA1 expression. The target prediction programs 
such as miRanda, miRBase, and TargetScan 
were used to predict the possible miR-374b tar-
geting hnRNPA1 [8]. Given that miR-374b is 
closely involved in cancer cell growth [17] and 
the 3’-UTR of hnRNPA1 contains a putative tar-
get sequence for miR-374b, thus we focused on 
miR-374b (Figure 3A). To confirm that hnRNPA1 
was directly inhibited by miR-374b, we inserted 
the potential binding sites into a dual luciferase 
reporter vector (Figure 3A). It was found that 
miR-374b inhibited significantly the reporter 
activity of the wild-type (WT) hnRNPA1 3’-UTR 
but not the mutant 3’-UTR plasmids (Figure 
3A), suggesting that miR-374b inhibited hnRN-
PA1 expression via binding to the 3’-UTR of 
hnRNPA1. 

Next, we examined the possible interaction 
between hnRNPA1 and miR-374b using RIP 
assays. It was observed that hnRNPA1 mRNA 
formed a complex with AGO2 (Figure 3B, up-
panel). Furthermore, once HCC cells were treat-
ed with miR-374b mimics, the levels of 
HnRNPA1 mRNA in AGO2 complexes signifi-
cantly increased, indicating that the effect of 
miR-374b on the hnRNPA1 expression might be 
through the RISC (Figure 3B, low-panel).

Therefore, we examined the expression of 
hnRNPA1 mRNA and protein in miR-374b-over-
expressing or miR-374b-silencing HCC cells, 
respectively. As expected, the overexpression 
of miR-374b significantly reduced the levels of 
the endogenous hnRNPA1 mRNA and protein, 
while anti-miR-374b has the opposite effects in 
HCC cells (Figure 3C-E). Furthermore, miR-
374b overexpression inhibited the endogenous 
expression of PKM2 protein, whereas anti-miR-
374b has the opposite effects in HCC cells 
(Figure 3C-E). And the expression of miR-374b 
indeed inversely affect the mRNA levels of 
PKM2 (Figure 3F). These results revealed that 
miR-374b inhibits PKM2 expression by directly 
binding to hnRNPA1 in HCC cells.

Mir-374b overexpression re-sensitizes 
sorafenib-resistant HCC cells to sorafenib 
treatment

Based on the results that miR-374b suppress-
es PKM2 levels, we analyzed whether it can re-
sensitize sorafenib-resistant HCC cells to 
sorafenib. We treated Hep3B and Hep3B-R or 
HCCLM3 and HCCLM3-R cells with miR-374b 
and sorafenib either singly or in combination for 
two days and analyzed cell survival. As shown 
in Figure 4A, treatment with miR-374b overex-
pression or sorafenib alone suppressed the 
survival of both Hep3B and Hep3B-R cells 
slightly, while the combination of miR-374b  
with sorafenib significantly suppressed HCC 
cell survival in both of cells. Similar results  
were obtained with the HCCLM3 cells (Figure 
4B). Moreover the apoptotic cell percentage 
increased slightly after miR-347b-overexpress-
ing in Hep3B and HCCLM3 cells, but more 
severely in Hep3B-R and HCCLM3-R cells 
(Figure S2), indicating that miR-374b re-sensi-
tizes sorafenib-resistant cells to sorafenib 
treatment. 

Next, we analyzed whether treatment with the 
combination of miR-374b and sorafenib affects 
the anchorage-dependent clonogenic ability of 
sorafenib-resistant cells. As shown in Figure 4C 
and 4D, the results showed that miR-374b 
exerts a more significant suppressive effect on 
the clonogenic ability of sorafenib-resistant 
Hep3B-R cells compared to the parental Hep3B 
cells, which may be due to the ability of miR-
374b to antagonize the generation of PKM2 by 
suppressing the expression of hnRNPA1 (Figure 
4C). The clonogenic ability of sorafenib-resis-
tant Hep3B-R and HCCLM3-R cells (Figure 4D) 
was greatly reduced by treatment with a combi-
nation of miR-374b and sorafenib, indicating 
that miR-374b may re-sensitize sorafenib-resis-
tant cells to sorafenib by downregulation of the 
levels of PKM2.

Then we performed mouse xenograft assays to 
assess the synergism between miR-374b and 
sorafenib in vivo. 2×106 Hep3B-R cells were 
injected sub-cutaneously into both flanks of 
SCIDmice, and tumor growth was monitored. 
When the tumors were palpable, the xenografts 
were treated with miR-374b and sorafenib 
either singly or in combination for 3 weeks, and 
tumor growth was monitored. As shown in 
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Figure 4. Combination treatment with miR-374b and sorafenib re-sensitizes resistant HCC cells to sorafenib treat-
ment in vitro and in vivo. Hep3B and Hep3B-R (A) and HCCLM3 and HCCLM3-R (B) cells were treated with 4 or 10 nM 
miR-374b and 20 nM sorafenib either singly or in combination and cell survival was analyzed. Hep3B and Hep3B-
R (C) and HCCLM3 and HCCLM3-R (D) cells were treated with 4 or 10 nM miR-374b and 20 nM sorafenib either 
singly or in combination for 24 h and the clonogenic ability of the surviving cells was analyzed. Right panels show 
quantification of the numbers of colonies formed by cells in the respective treatment groups. (E) 2×106 Hep3B-R 
were injected sub-cutaneously into both flanks of SCID mice, and tumor growth was monitored. And the mice were 
randomly divided into 4 groups (n = 6/group) and treated with: 1) vehicle, 2) 25 mg/kg sorafenib via oral gavage 
daily for 5 days/week, 3) miR-374b transfection, and 4) a combination of miR-374b and sorafenib daily for 5 days/
week. Tumors (n = 6/group) were monitored twice a week and were harvested and weighed at the end of 3 weeks. 
Tumor volumes (E) and weights (F) of tumors treated with the combination of miR-374b and sorafenib were signifi-
cantly decreased. (G) Total RNAs from the tissues were measured by qRT-PCR for the expression levels of hnRNPA1 
and PKM2. n = 3 (except E); *P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated with student’s t-test.
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Figure 4E and 4F, sorafenib did not have a sig-
nificant effect on the growth of Hep3B-R xeno-
grafts, while miR-374b alone was able to sup-
press tumor growth. In addition, treatment with 
the combination of miR-374b and sorafenib 
abolished Hep3B-R tumors almost completely. 
qRT-PCR (Figure 4G) was performed to confirm 
the downregulation of hnRNPA1 and PKM2 
mRNA levels in the tumor tissues. This result 
indicated that treatment with the combination 
of miR-374b and sorafenib significantly sup-
pressed the proliferation of Hep3B-R xeno-
grafts significantly. Therefore, our findings col-
lectively demonstrate that miR-374b may 
synergize with sorafenib and may re-sensitize 
sorafenib-resistant HCC cells to sorafenib 
treatment.

Hnrnpa1 and PKM2 expression are upregu-
lated and inversely associated with mir-374b 
level in in sorafenib-resistant hcc cells 

To analyze the physiological relevance of miR-
374b, hnRNPA1, and PKM2 expression in 

sorafenib-resistant HCC, we analyzed their pro-
tein levels in two sorafenib-sensitive (Hep3B 
and HCCLM3) and resistant pairs of HCC cell 
lines (Hep3B-R and HCCLM3-R) (Figure 5A). It 
was found that the levels of hnRNPA1 and 
PKM2 were higher in Hep3B-R and HCCLM3-R 
resistant cells than in their parental cells, while 
the expression of miR-374b was lower in 
Hep3B-R and HCCLM3-R resistant cells than in 
their parental cells (Figure 5B).

We then investigated the expression patterns 
of hnRNPA1, PKM2, and miR-374b in sorafenib-
sensitive and resistant HCC patients and per-
formed Kaplan-Meier survival analyses of the 
patients grouped by the levels of hnRNPA1, 
PKM2, and miR-374b in the tumor tissues. 
Kaplan-Meier survival curves for patients who- 
se cancers expressed a low level of PKM2 and 
a high level of miR-374b uncovered a signifi-
cantly longer overall survival (OS) than in those 
whose cancers expressed a high level of PKM2 
and a low level of miR-374b (Figure 5C). A sig-
nificantly longer OS was observed in patients 

Figure 5. HnRNPA1 and PKM2 expression are upregulated and inversely associated with miR-374b expression level 
in in sorafenib-resistant HCC cells and patients. A. HnRNPA1 and PKM2 mRNA expression were lower in sorafenib-
sensitive parental HCC cell lines, compared with its resistant derivatives (left-panel). (Right-panel) HnRNPA1 and 
PKM2 protein levels were increased in sorafenib-resistant HCC cell lines. B. miR-374b expression levels were lower 
in sorafenib-resistant HCC cell lines than in sensitive cell lines. n = 3; **P < 0.01, ***P < 0.001 vs their parental 
cell lines respectively. P values were calculated with student’s t-test. C and D. Kaplan-Meier survival curves for pa-
tients from the patients with HCC. OS (defined as the interval in months from the date of initial surgical resection to 
the date of death or last follow-up) for patients (Training and Validation sets) with high-grade serious HCC classified 
according to the expression of PKM2, miR-374b, and hnRNPA1. P values were calculated with Log-rank (Mantel-cox) 
test.
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with both low levels of hnRNAP1 and PKM2 
than in those with high levels of hnRNAP1 and 
PKM2 (Figure 5D). These data proved the fact 
that regulation of hnRNPA1 by miR-374b con-
trols the expression of PKM2 in sorafenib-resis-
tant HCC patients.

Overcoming the sorafenib resistance of 
Hep3B-R and HCCLM3-R cells by PKM2 knock-
down is attributed to glycolysis inhibition

Given that PKM2 has been shown to have other 
functions other than glycolysis, we further 
assessed whether suppression of PKM2 re-
sensitizes Hep3B-R and HCCLM3-R cells to 

sorafenib by blocking glycolysis. As shown in 
Figure 6A, when glucose was chosen as a car-
bon source, silencing PKM2 increased OCR in 
Hep3B-R and HCCLM3-R cells compared with 
their parental cells. When glutamine was cho-
sen as a carbon source, PKM2 siRNA inhibited 
glutamine oxidation more effectively in drug-
resistant cells (Figure 6B). 

Glucose uptake and lactate generation ability 
are the most important indicators of cell glyco-
lytic activity. We found that knockdown of 
PKM2 significantly decreased glucose uptake 
and lactate production in Hep3B-R and 
HCCLM3-R cells (Figure 6C and 6D). Then we 

Figure 6. Overcoming the sorafenib resistance of Hep3B-R and HCCLM3-R cells by PKM2 knockdown is attributed to 
glycolysis inhibition. A. OCR in indicated HCC cells treated by siPKM2 for 48 h using glucose as the carbon source. 
B. OCR in indicated HCC cells treated by siPKM2 for 48 h using glutamine as the carbon source. C. Glucose uptake 
in indicated HCC cells transfected with si-PKM2. The indicated cells were cultured in DMEM with 18F-FDG for 1 
hour, and the radioactivity was examined by the well γ-counter. D. Lactate production rate determined in indicated 
HCC cells 48 h post-transfection with si-PKM2. E. Measurement of ATP levels in cells 48 h post-transfection with 
si-PKM2. F. Effects of si-PKM2 on the expression of GLUT1, HK-I, and LDHA 48 h post-transfection (left-panel). 
(Right-panel) Effects of si-PKM2 on the expression of c-Myc, STAT3, and HIF-1α 48 h post-transfection. n = 3; *P < 
0.05, **P < 0.01, ***P < 0.001 and ns: no significant difference. P values were calculated with student’s t-test. 
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examined the role of PKM2 knockdown in ATP 
generation. We observed that silencing PKM2 
significantly reduced ATP production in HC- 
CLM3-R and Hep3B-R cells. However, no 
effects were found on the ATP production in 
HCCLM3 and Hep3B cells (Figure 6E). There- 
fore, targeting PKM2 in HCCLM3-R and 
Hep3B-R cells by inhibited glycolysis can re-
sensitize sorafenib-resistant cells.

Next, we analyzed the effect of silencing PKM2 
on the expression of the glycolytic enzyme lac-
tate dehydrogenase A (LDHA), HK-I, and glu-
cose transporter1 (GLUT1) (Figure 6F). We 
found that silencing PKM2 significantly de- 
creased the levels of GLUT1 and HK-I but not 
LDHA in Hep3B and Hep3B-R cells. The levels 
of HIF-1α, STAT3, and c-Myc, three major tran-
scription factors which promoted GLUT1 ex- 
pression, were also investigated. Interestingly, 
silencing PKM2 significantly inhibited the c-Myc 
expression compared to untreated control in 
Hep3B-R while it was not the case in Hep3B 
cells (Figure 6F). And this treatment also 
decreased the levels of HIF-1α and STAT3 in 
Hep3B and Hep3B-R cells (Figure 6F). Th- 
erefore, the glycolysis was inhibited more sig-
nificantly in sorafenib-resistant HCC cells by 
silencing PKM2.

Discussion

Sorafenib resistance in HCC therapy represents 
an insidious barrier which demands further 
research. In this study, the role of miR-374b in 
acquired sorafenib resistance in HCC cells was 
investigated. In comparison to sorafenib-sensi-
tive cells, miR-374b expression was decreased 
in sorafenib-resistant cells. Overexpression of 
miR-374b or silencing PKM2 or hnRNPA1 
increased the sensitivity of sorafenib-resistant 
cells to sorafenib. Compared to sorafenib-sen-
sitive cells, Hep3B-R and HCCLM3-R cells dis-
played higher sensitivity to miR-374b or PKM2 
glycolysis inhibitor. Besides, treating cells with 
the combination of sorafenib and miR-374b 
exhibited an increased inhibitory effect on 
Hep3B-R and HCCLM3-R cells when compared 
to single-agent therapy. New mechanisms pre-
dicted by our model suggest that combined use 
of miR-374b or hnRNPA1 or PKM2 inhibitor may 
overcome sorafenib resistance in HCC via regu-
lating the glycolysis pathways.

Although deregulated miRNA profile has been 
reported in many literatures on sorafenib-resis-

tance, target genes of these deregulated miR-
NAs remain unknown and need to be identified. 
Therefore, further study to interrelate miRNAs, 
genes, and sorafenib was definitely necessary. 
Vaira et al. reported the elevated level of miR-
17-92 cluster members in HCC patients could 
limit the anticancer efficacy of sorafenib and 
that targeting these miRNAs could restore the 
sensitivity of HCC cells to sorafenib [18]. In 
addition, expression of ERK, MCL1, PI3K, 
P38MAPK, STAT3, WIP1, JAK-2, AKT, E2F1, 
which belong to the EGFR/IL-6 pathway mem-
bers, have reported previously to be critical in 
mediating sorafenib-resistance [18]. And all of 
them are the targets of miR-17-92 cluster. On 
the contrary, current study indicated that a 
lower expression of miR-374b could limit the 
anticancer efficacy of sorafenib in HCC patients 
by promoting glycolysis. This novel finding has 
important translational significance in HCC 
treatment because our goal was aimed to 
determine synergistic effect of miR-374b mim-
ics or hnRNPA1 or PKM2 inhibitor on sorafenib-
resistant HCC cells. Consistent with our find-
ings, it has become a practical option for 
modulating various human pathologies by 
using miRNA-based drugs either as mimics or 
inhibitors to target miRNA function.

The mechanisms underlying the regulation of 
the RNA-binding protein hnRNPA1 expression 
and its role in cancer progression are not well 
understood. It has been suggested that miR-
NAs and RNA-binding proteins interplay under 
several physiological conditions or in respon- 
se to external stimuli [19]. For example, the 
Drosha-mediated processing of miR-18a re- 
quired hnRNPA1 [19]. Also, hnRNPA1 blocks 
the binding of KSRP to let-7a and promotes let-
7a biogenesis [20]. In turn, miRNA can regulate 
the expression of hnRNPA1 [21]. Therefore, we 
hypothesize that a circuit of miRNAs’ regulation 
might exist between oncogenic and tumor-sup-
pressor miRNAs, which might be under the 
direct control of hnRNPA1 expression. Sup- 
porting this idea, we currently demonstrated 
the interactions of miR-374b and hnRNPA1 and 
their relevance for PKM2-mediated glycolysis in 
sorafenib-resistant ovarian HCC. However, we 
still do not know whether hnRNPA1 affects the 
expression of miR-374b in HCC. Further study is 
required to elucidate this possible feedback 
mechanism. We believe that to fully elucidate 
this complicated mechanism will demonstrate 
the importance of miRNA-hnRNPA1 circuits’ 
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regulation and evaluate their roles as therapeu-
tics target.

High levels of PKM2 in tumor or cancer-initiat-
ing cells are attributed to the switch of PKM 
gene splicing from PKM1 to PKM2, which pro-
motes aerobic glycolysis and tumor formation 
[22]. The PKM1/M2 splicing switch is affected 
by many factors, such as c-Myc and hnRNPA1 
[23]. However, the mechanism underlying the 
PKM1 switch to PKM2 in sorafenib-resistant 
HCC cells is not studied well. Previous studies 
also have indicated that the Warburg effect 
contributes to drug resistance of cancer cells 
[14]. However, the molecular mechanisms 
remain largely unclear. Our results not only sup-
port the notion above but also for the first time 
demonstrate that miR-374b downregulation 
potentially affects PKM1/PKM2 splicing by 
modifying hnRNPA1 expression in sorafenib-
resistant HCC cells. We also indicate that the 
sorafenib-resistance of HCC cells is associated 
with increased glycolysis. Therefore, miR-374b 
is a potentially therapeutic target for HCC treat-
ment. Given that the effects of PKM2 on HCC 
progression could be modulated in multiple 
ways, it will be necessary to fully elucidate 
these mechanisms in future studies.

In summary, the present study shows that miR-
374b/hnRNPA1/PKM2 axis functions as an 
important mechanism in sorafenib resistance, 
with sorafenib-induced miR-374b downregula-
tion and subsequently elevated glycolysis. 
Therefore, although our understanding of the 
mechanisms about sorafenib-resistance so far 
remains incomplete, this novel finding uncov-
ers a valuable information for developing tar-
geted therapies for sorafenib-resistance and 
highlight the importance of this axis in sorafenib 
resistance. We believe that further investiga-
tion of the crosstalk between miRNAs and their 
associated pathways will lead to the important 
breakthroughs in HCC therapy and further 
enhance our understanding of the mechanisms 
on sorafenib-resistance.
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Figure S1. Overexpressing PKM2 reduces Hep3B and HCCLM3 cells’ sensitivity to sorafenib. A. Cell survival rate 
determined by CCK8 assay after treatment of indicated HCC cells with flag-PKM2. B. IC50 for sorafenib in indicated 
HCC cells after treatment for 48 h with sorafenib. Overexpression of PKM2 reduced Hep3B and HCCLM3 cell sen-
sitivity to sorafenib. n = 3; *P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated with student’s t-test.
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Figure S2. miR-374b overexpression increases apoptosis in HCC cells. Hep3B and Hep3B-R, HCCLM3 and HCCLM3-R cells were treated with 4 or 10 nM miR-374b 
and cell apoptotic percentage were analyzed. n = 3; *P < 0.05, **P < 0.01. P values were calculated with student’s t-test.


