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Endoplasmic reticulum stress promotes sorafenib
resistance via miR-188-5p/hnRNPA2B1-mediated
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Emerging evidence has shown that endoplasmic reticulum (ER)
stress promotes sorafenib resistance in hepatocellular carci-
noma (HCC). However, the underlying mechanisms are poorly
understood. The purpose of this study was to explore the mech-
anism by which ER stress promotes sorafenib resistance in
HCC. We found that pyruvate kinase isoform M2 (PKM2)
was highly expressed in human HCC tissues and co-related
with worse clinicopathologic features and overall survival. Acti-
vation of ER stress positively correlated with PKM2 expression
both in HCC tissue samples and tunicamycin (TM)-induced
HCC cell lines. PKM2 knockdown increased sorafenib-induced
apoptosis and decreased the ability of colony formation, while
upregulation of PKM2 reverses this phenomenon. Further-
more, high-throughput sequencing identified that activation
of ER stress significantly downregulated the expression
of miR-188-5p in HCC cells. According to bioinformatics anal-
ysis and dual-luciferase assays, we further confirmed that
hnRNPA2B1 is the target gene of miR-188-5p. Downregulating
the expression of hnRNPA2B1 with siRNA could decrease the
expression of PKM2 and enhance sorafenib-induced apoptosis
in HepG2 cells. Our study demonstrated that ER stress could
promote sorafenib resistance through upregulating PKM2 via
miR-188-5p/hnRNPA2B1. Therefore, targeting the miR-188-
5p/hnRNPA2B1/PKM2 pathway and ER stress may prove
instrumental in overcoming sorafenib resistance in HCC
treatment.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most malignant tu-
mors that seriously endanger human health. The overall survival of
advanced HCC patients is extremely short, and the 5-year survival
rate is <10%. In recent years, the incidence and mortality of HCC
has been increasing as is evident by the >800,000 new cases and
>750,000 patients died of this disease worldwide in 2019.1 In the
past few decades, there has been no encouraging breakthrough in
the treatment of HCC, mainly because liver cancer cells generate
apoptosis resistance to a variety of therapeutic drugs.2 Sorafenib, a
multi-target molecular drug, is one of the main strategies for the treat-
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ment of advanced HCC, which can extend a patient’s overall survival
by inhibiting the rapid proliferation of tumor cells and the formation
of tumor blood vessels. The mechanism of sorafenib primarily asso-
ciates with the suppression of various receptor tyrosine kinases and
blockage of the VEGF/Raf/MER/ERK-mediated multiple signal path-
ways.3 However, >70% of patients with advanced HCC did not benefit
from the initial treatment of sorafenib, probably because of primary
resistance; simultaneously, most patients with effective initial treat-
ment acquired sorafenib resistance within 1 year.4 Therefore,
exploring the mechanisms of sorafenib resistance in the treatment
of HCC has valuable clinical significance.

Endoplasmic reticulum (ER) stress is characterized by the abnormal
aggregation of plentiful unfolded andmisfolded proteins in the lumen
of the ER due to imbalances in intracellular energy levels, redox state,
and calcium ion concentration.5 To alleviate ER stress, the unfolded
protein response (UPR) pathways, including PERK, ATF6, and
IRE1a were subsequently activated.6 Moderate ER stress is conducive
to tumor cell survival and anti-apoptosis.7 Our previous research
showed that temperate ER stress reduced the sensitivity of HCC to
sorafenib.8 ER stress relieves the organelle and protein damage
induced by sorafenib to mediate apoptosis resistance; however, the
specific mechanism of sorafenib resistance mediated by ER stress in
HCC is unknown. Our research direction is to explore whether ER
stress can affect energy metabolism reprogramming to increase intra-
cellular energy production and then mediate sorafenib resistance.

Different from normal cells, most tumor cells tend to obtain energy
from a higher glycolysis rate, even in the condition of sufficient oxy-
gen supply. This kind of energy metabolism reprogramming is called
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theWarburg effect.9 Pyruvate kinase isoformM2 (PKM2) is an essen-
tial enzyme that mediates glycolysis and is mainly expressed in tumor
cells and embryonic cells. Another translation product of PKM gene,
PKM1, is elementarily expressed in normally differentiated tissues.10

Méndez-Lucas et al.11 showed that PKM2 mediated the reprogram-
ming of glucose metabolism, enabling tumor cells to obtain energy
quickly and directly, which is beneficial for tumor cells to acquire
advantageous survival conditions and apoptosis resistance. PKM2
participates in the resistance of different tumor cells to chemotherapy
drugs, including sorafenib.12 Both ER stress and PKM2 are involved
in the pro-survival mechanism and apoptosis resistance of tumor
cells; therefore, the relationship between them aroused our great
research interest.

Studies have shown that ER stress modulates the microRNA
(miRNA) expression profile of tumor cells to regulate their biolog-
ical behavior.13 Our previous studies have shown that ER stress can
regulate programmed cell death protein-ligand 1 (PD-L1) expres-
sion of immune cells by upregulating miR-23a-3p, which was con-
tained in exosomes of liver cancer cells.14 miRNAs are a class of
non-coding small RNAs with �22 nucleotides in eukaryotes. They
are usually involved in post-transcriptional regulation and mRNA
translation inhibition of target genes by directing the target
mRNA to break at specific sites or recognizing and binding to the
30 UTR of the mRNA of the target gene.15 miRNA plays an indis-
pensable role in the regulation of various biological processes of
tumor cells, including cell proliferation and apoptosis, energy meta-
bolism reprogramming, and tumor invasion and metastasis.16,17

Studies have shown that miRNA enhances the resistance of tumor
cells to chemotherapy drugs by targeting key proteins in the biolog-
ical behavior of tumor cells.18 Our research focuses on whether ER
stress regulates the biological behaviors of tumor cells, including en-
ergy metabolism and apoptosis resistance by modifying the miRNA
expression profile of liver cancer cells.

The expression of PKM2 in HCC and its role in apoptosis resistance
remains unclear. Research on the connections between the key meta-
bolic enzyme PKM2 in the process of aerobic glycolysis and ER stress
are exceedingly limited. In this study, experimental evidence revealed
that ER stress upregulates PKM2 expression via miR-188-5p/
hnRNPA2B1 to promote sorafenib resistance in HCC. It also indi-
cates that PKM2, when regulated by ER stress, may be a potential
therapeutic target to overcome sorafenib resistance that has emerged
in HCC.

RESULTS
Overexpression of PKM2 correlates with worse

clinicopathologic features in HCC patients

PKM2 has been shown to overexpress in several types of tumors and
be involved in the malignant biological behavior of tumor cells,
including proliferation, apoptosis resistance, invasion, and migra-
tion.19,20 To understand the expression and role of PKM2 in HCC,
we collected freshly removed HCC tissues and adjacent tissues from
four liver cancer patients, and western blot analysis showed that the
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expression of PKM2 in cancerous tissues was significantly increased
compared with adjacent normal liver tissues (Figure 1A). Meanwhile,
immunohistochemical analysis of HCC tissues and paired liver tissues
from 72 patients found that PKM2 was mainly expressed in the cyto-
plasm with brown staining, and the expression of PKM2 was signifi-
cantly upregulated in HCC tissues compared with corresponding
normal liver tissues (Figure 1B). PKM2 expression levels were
analyzed semiquantitatively by scoring the immunohistochemistry
(IHC) results according to staining intensity and the percentage of
positively stained cells. We found that the IHC scores in HCC tissues
were evidently higher than that in the adjacent tissues (IHC scores
R10 mean PKM2 high expression, 38/72 versus 0/72) (Figure 1C).
Furthermore, the relationship between the protein level of PKM2
and the clinicopathological data of the 72 HCC patients is presented
in Table 1. We found that HCC patients with a higher expression of
PKM2 demonstrated a lower degree of differentiation (poor and
moderate differentiation, 86.8% versus 55.9%, p = 0.015) and a larger
volume (tumor sizeR5 cm, 89.1% versus 58.8%, p = 0.010) of tumor
tissue. As shown in Figure 1D, we also found that HCC patients with a
higher expression of PKM2 had a shorter overall survival (median
survival, 29.5 versus 16.5 months, p = 0.0351). We also detected the
expression of PKM2 and PKM1 in several liver cancer cell lines,
including HepG2, Hep3B, Huh7, and SMMC-7721, and liver cell
line L02. Western blot analysis found that the protein level of
PKM2 in liver cancer cell lines was visibly higher compared with
L02 cells, while PKM1 was mainly expressed in normal liver cells.
Among these liver cancer cell lines, SMMC-7721 had the highest
expression of PKM2, followed by Huh7 and HepG2, and Hep3B
had the lowest expression of PKM2 (Figures 1E and 1F). This was
also verified in immunofluorescence analysis. Fluorescence intensity
semiquantitative analysis indicated that the expression of PKM2 in
HepG2 cells cytoplasm was significantly higher than that of PKM1.
However, L02 cells express high levels of PKM1 instead of PKM2
(Figures 1G and 1H).

Upregulation of PKM2 contributes to sorafenib resistance in

HCC cells

PKM2 was reported to play an important role in chemotherapy resis-
tance in some tumor cells.21 To assess the role of PKM2 in sorafenib
resistance in the process of HCC treatment, small interfering RNA
(siRNA) and overexpressing plasmid transfection were used to,
respectively, silence and overexpress PKM2 in different HCC cell
lines. We observed the proliferation of different HCC cell lines in
different concentrations of sorafenib. The MTT assay results indi-
cated that the IC50 (50% inhibiting concentration) of SMMC-7721,
Huh7, HepG2, and Hep3B were 17.465, 14.589, 11.968, and
9.395 mM, respectively. We found that the higher the expression of
PKM2 of HCC cells, the weaker the inhibitory effect of sorafenib
on the proliferation of HCC cells (Figure 2A). We further confirmed
the efficiency of PKM2 knockdown by three siRNA in Huh7 cells
and selected the most effective interfering RNA (si-PKM2–3) for
the following functional experiment (Figures 2B and 2C). The flow
cytometry results showed that cells stained with annexin-V-fluores-
cein isothiocyanate (FITC) and/or phosphatidylinositol (PI) were



Figure 1. Overexpression of PKM2 correlates with worse clinicopathologic features in HCC patients

(A) The protein level of PKM2 in human liver tissues and HCC tissues was detected by western blot. (B and C) Representative expression and immunohistochemistry score of

PKM2 in HCC and adjacent tissue specimens (100� and 200�magnification). (D) The Kaplan-Meier method was applied in overall survival analysis between the PKM2 high-

expression and PKM2 low-expression groups. (E and F) The expression levels of PKM2 and PKM1 in different HCC cells were analyzed by western blot. (G and H)

Immunofluorescence analysis of the location and fluorescence intensity semiquantitative analysis of the expression of PKM2 and PKM1 in HepG2 and L02 cells (40�
magnification). **p < 0.01 (n = 3).
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apoptotic cells. The inhibited PKM2 expression induced by siRNA
could increase sorafenib-induced apoptosis in Huh7 cells, which
have a higher expression of PKM2 (Figures 2D and 2E). Furthermore,
knocking down PKM2 in the presence of sorafenib decreased the abil-
ity of Huh7 cells to form colonies (Figures 2F and 2G). In contrast, to
determine whether PKM2 overexpression enhances the sensitivity of
liver cancer cells to sorafenib, the overexpressing plasmids GV230-
PKM2 were transfected into HepG2 cells, which have a lower expres-
sion of PKM2. Western blot assay was used to confirm the effect of
GV230-PKM2 in the overexpression of PKM2 (Figures 2H and 2I).
Two-channel flow cytometry apoptosis assays show that GV230-
PKM2 decreased the percentage of early- and advanced-stage
apoptotic cells in the treatment of sorafenib (Figures 2J and 2K).
Meanwhile, PKM2 overexpression increased the ability of HepG2
cells to form colonies in the presence of sorafenib (Figures 2L and
2M). These results suggested that PKM2 may play an indispensable
role in sorafenib resistance in the treatment of HCC.

Overexpression of PKM2 is closely related to activation of ER

stress in HCC

Our previous research showed that ER stressmediated sorafenib resis-
tance in HCC.8 To test whether ER stress promotes sorafenib resis-
tance by regulating the activation of PKM2, we exploredwhether there
was a connection between overexpressed PKM2 and activated ER
stress in HCC. Immunohistochemical analysis of 72 HCC specimens
was used to evaluate the protein levels of PKM2 and ER stress-related
proteins, including IRE1a, ATF6, PERK, and GRP78 (Figures 3A and
3B). In comparison with HCC samples with a low level of PKM2, we
observed that GRP78was highly expressed inHCC tissues with PKM2
high expression (12/34 versus 23/38, p = 0.0291), as well as ATF6
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1053

http://www.moleculartherapy.org


Table 1. Clinicopathologic features of HCC patients, depending on PKM2

expression

Clinical
pathological

factors

Total
(N = 72)

PKM2 expression c2 p

Low (N = 34) High (N = 38)

Gender, N (%) 0.580 0.446

Male 52 (72.2) 26 (76.5) 26 (68.4)

Female 20 (27.8) 8 (23.5) 12 (31.6)

Age, y, N (%) 0.350 0.554

%60 y 44 (62.5) 22 (64.7) 22 (57.9)

>60 y 28 (37.5) 12 (35.3) 16 (42.1)

History of hepatitis, N (%) 1.935 0.164

N 25 (34.7) 9 (26.5) 16 (42.1)

Y 47 (65.3) 25 (73.5) 22 (57.9)

History of cirrhosis, N (%) 1.884 0.170

N 40 (55.6) 16 (47.1) 24 (63.2)

Y 32 (44.4) 18 (52.9) 14 (36.8)

Tumor size, cm, N (%) 9.139 0.010*

<5 18 (25.0) 14 (41.2) 4 (10.5)

5–10 36 (50.0) 14 (41.2) 22 (57.9)

R10 18 (25.0) 6 (17.6) 12 (31.6)

Clinical stages, N (%) 0.991 0.320

I/II 51 (70.8) 26 (76.5) 25 (65.8)

III/IV 21 (29.2) 8 (23.5) 13 (34.2)

Degree of differentiation, N (%) 8.634 0.015*

High 20 (27.7) 15 (44.1) 5 (13.2)

Moderate 34 (47.3) 12 (35.3) 22 (57.9)

Poor 18 (25.0) 7 (20.6) 11 (28.9)

AFP value, ng/Ml, N (%) 0.160 0.690

<400 47 (65.3) 23 (67.6) 24 (63.2)

R400 25 (34.7) 11 (32.4) 14 (36.8)

AFP, a-fetoprotein; HCC, hepatocellular carcinoma; PKM2, pyruvate kinase isoformM2.
*p < 0.05.
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(13/34 versus 26/38, p = 0.0188), PERK (13/34 versus 22/38, p =
0.0117), and IRE1 (13/34 versus 27/38, p = 0.0019) (Figure 3C; Table
S1). Similarly, immunofluorescence double-staining analysis visually
showed that PKM2 (green) andGRP78 (red) were highly co-expressed
in HepG2 cells (Figure 3D). Overall, these results revealed there exists
a close relationship between PKM2 expression and ER stress.

Activated ER stress in HCC triggers the expression of PKM2

Since PKM2 expression is closely related to ER stress-related protein
expression, we further investigated the precise crosstalk between
PKM2 and ER stress. First, an ER stress inducer, tunicamycin (TM),
was applied toobserve the effect of activatedER stress onPKM2expres-
sion. Western blot results showed that the expression of PKM2 was
1054 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
increased obviously in HepG2 cells treated with different concentra-
tions of TM for various times. However, PKM1 was barely expressed
inHepG2cells (Figures 4Aand4B).Consistently, immunofluorescence
analysis showed that TM increased the expression of PKM2 based on
enhanced green fluorescence intensity in the cytoplasm of HepG2 cells
(Figure 4C). Second, ER stress was reported to regulate downstream
genes through the UPR pathway to affect the biological behavior of tu-
mor cells.22 We further investigated whether ER stress regulates the
expression of PKM2 through any of the three UPR pathways. Three
UPRpathwayswere interferedwith by transfectingwith corresponding
siRNA in the HepG2 cell (Figures 4D and 4E). Western blot results
indicated that the expression of PKM2 did not change statistically after
the three UPR pathways were interfered with by the most effective
siRNA (Figures 4F and 4G). Third, to test whether PKM2 had an effect
on ER stress, we regulated the expression of PKM2 to observe the
changes in ER stress-related proteins. Western blot results showed
that the protein levels of ER stress markers, including GRP78, IRE1a,
ATF6, and PERK, were decreased after knocking down the expression
of PKM2 in Huh7 cell through siRNA (Figures 4H and 4I). The above
results suggest that the expression of PKM2 triggered by activated ER
stress is independent of the three UPR pathways. Furthermore,
PKM2 positive feedback regulates ER stress.

Activation of ER stress regulates the expression of PKM2

through miR-188-5p in HCC

ER stress has been reported to regulate important biological processes
by inducing miRNA expression to promote cell survival.23 Thus, we
further investigated whether ER stress can selectively modulate the
expression of the PKM gene to PKM2 rather than PKM1 by altering
the miRNA expression profile of liver cancer cells. High-throughput
sequencing analyses of ER-stressed HepG2 cell induced by TM were
performed, and we found that compared with unstressed HepG2 cells,
17 miRNAs were differentially expressed in ER-stressed liver cancer
cells. Among these miRNAs, the expression of 9 miRNAs (miR33b-
3p, miR-188-5p, miR222-5p, miR301a-5p, miR675-5p, miR877-3p,
miR1247-5p, miR1257, and miR7975) was downregulated and the
expression of 8 miRNAs (miR7-1-3p, miR22-5p, miR26-2-3p,
miR148a-3p, miR148a-5p, miR215-5p, miR424-3p, and miR616-5p)
was upregulated in ER-stressed liver cancer cells (Figure 5A). Recent
studies and bioinformatics analysis have manifested that 47 miRNAs
could regulate the energy metabolism reprogramming of tumor cells,
4 of them (miR33b-3p, miR-188-5p, miR22-5p, and miR301a-5p) ex-
pressed differentially in ER-stressed HCC cells.24–26 Furthermore,
since PKM2 is upregulated in HCC, qRT-PCR (quantitative real-
time-PCR) was used to verify the expression of nine downregulated
miRNAs. The result revealed that 5 of the downregulated miRNAs in
the ER-stressed cells had statistical differences (miR-188-5p,
miR222-5p, miR877-3p, miR1257, and miR33b-3p) and miR-188-5p
had the highest fold induction (0.375-fold) in ER-stressed HepG2 cells
comparedwith unstressedHepG2 cells (Figures 5B and 5C). Therefore,
we investigated whether miR-188-5p could regulate the expression of
PKM2. Western blot results showed that the transfection of miR-
188-5p mimic downregulated the expression of PKM2 in HepG2 cell
(Figures 5D and 5E). Simultaneously, we further investigated the effect



Figure 2. Upregulation of PKM2 contributes to sorafenib resistance in HCC cells

(A) MTT assay analysis of cell viability of different HCC cells when exposed to sorafenib (1.25, 2.5, 5.0, 10, 20, and 40 mM) for 24 h. (B, C, H, and I) Western blot analysis of the

efficiency of PKM2knockdown (B andC) andoverexpression (H and I). (D, E, J, and K) Flow cytometry analysis of apoptosis rate in Huh7 cells treatedwith sorafenib (10 mM, 24 h)

after transfecting with PKM2 siRNA or si-NC (siRNA-negative control) for 24 h (D and E) and in HepG2 cells treated with sorafenib (10 mM, 24 h) after transfecting with overex-

pressed plasmidGV230-PKM2orGV230-control for 24 h (J andK). (F, G, L, andM)Colony formation assay analysis of cell ability in Huh7 cells andHepG2 cells. **p < 0.01 (n = 3).
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ofmiR-188-5p in sorafenib resistance of liver cancer cells. Flow cytom-
etry results demonstrated that apoptosis induced by sorafenib signifi-
cantly upregulated after HepG2 cell transfected with miR-188-5p
mimic (Figures 5F and 5G). These results indicate that ER stress in
HCC regulates the expression of PKM2 through miR-188-5p, which
mediates sorafenib resistance in liver cancer cells.

hnRNPA2B1 is a direct target of miR-188-5p

On the basis of the database that predicts and validates miRNA
targets, including TargetScan (www.targetscan.org), miRDB
database (http://mirdb.org), and miRWalk (http://mirwalk.umm.
uni-heidelberg.de/), PKM is not the direct target gene of
miR-188-5p. We believe that there exists a direct target gene of
miR-188-5p that acts as a bridge between miR-188-5p and
PKM2. Among the predicted target genes of miR-188-5p, the
heterogeneous nuclear ribonucleoprotein (hnRNP) family,
including hnRNPA0, hnRNPA1, and hnRNPA2B1, are involved
in the splicing of PKM genes, and hnRNPA2B1 was predicted
by multiple databases.27 Bioinformatics analysis found that
the hnRNPA2B1 mRNAs contained a complementary 30 UTR
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1055
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Figure 3. Overexpressed PKM2 is closely related to activated ER stress in HCC

(A and B) Expression levels of PERK, GRP78, IRE1a, and ATF6 in HCC tissue samples were examined by immunohistochemistry (IHC) analysis and semiquantitative analysis

by IHC score (200� magnification). (C) Correlation analysis between PKM2 expression and ER stress-related protein expression. (D) Immunofluorescence analysis of the

localization and expression of PKM2 with GRP78 in HepG2 and L02 cells (40� and 200� magnification, respectively).
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sequence that match the seed sequence of miR-188-5p (Figure 6A),
suggesting that hnRNPA2B1 is potential target gene of miR-188-
5p. To confirm that miR-188-5p can regulate hnRNPA2B1 expres-
sion, western blot and qRT-PCR assays were performed to detect
the protein and mRNA expression levels of hnRNPA2B1, respec-
tively, in HepG2 cells after transfecting with miR-188-5p mimic
and miR-188-5p-NC. In comparison with the miR-188-5p-NC
groups, we found that hnRNPA2B1 was apparently decreased
1056 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
not only at the protein level but also at the mRNA level in the
mimic group (Figures 6B–6D). Notably, the dual-luciferase assays
showed that compared with 293T cells that were transfected with
miR-188-5p-NC or mutated type (mut) 30 UTR of hnRNPA2B1,
the luciferase activity of 293T cells that were co-transfected with
miR-188-5p mimics and wild-type (WT) 30 UTR of hnRNPA2B1
was significantly reduced (Figure 6E). We further explored the
expression of hnRNPA2B1 in 72 cases of HCC tissues and paired



Figure 4. Activated ER stress in HCC triggers the expression of PKM2

(A and B) PKM2 and PKM1 protein levels were detected by western blot in HepG2 cells exposed to gradient concentrations of TM for 24 h and TM at 3 mM for gradient time.

(C) Immunofluorescence analysis of PKM2 expression after HepG2 cells treated with TM (3 mM, 24 h) (80�magnification). (D and E) Western blot analysis of the knockdown

efficiency of 3 UPR pathways. (F and G) PKM2, IRE1a, ATF6, and PERK protein expressions were determined by western blot after HepG2 cells transfected with the most

effective UPR pathways siRNA for 24 h. ns, no statistical difference. (H and I) Western blot analysis of PKM2 and ER stress-related protein expression when Huh7 cells were

transfected with 3 PKM2 interfering sequences for 24 h. **p < 0.01 (n = 3).
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adjacent normal liver tissues by immunohistochemical analysis
and found that the protein level of hnRNPA2B1 was increased
in the HCC group compared with corresponding normal liver tis-
sues and that the hnRNPA2B1 IHC score of tumor tissues was
evidently higher than that in adjacent tissues (IHC scores R10
means hnRNPA2B1 high expression, 38/72 versus 1/72) (Figures
6F and 6G). Overall, these results manifested that hnRNPA2B1
is a direct target of miR-188-5p.
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1057
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Figure 5. Activation of ER stress regulates the expression of PKM2 through miR-188-5p in HCC

(A) The heatmap of miRNAs expressed in con-HepG2 cells and TM-HepG2 cells (3 mM, 24 h). (B) qRT-PCR analysis of the levels of differentially expressed miRNAs after

treating with TM (3 mM, 24 h). (C) Schematic diagrams of miRNAs found to be critical in regulating PKM2 expression. (D and E) expression levels of PKM2 were detected by

western blot in HepG2 cells transfecting with miR-188-5p mimic, inhibitors, and their corresponding controls for 24 h. (F and G) Analysis of the apoptosis rate of HepG2 cells

treated with sorafenib (10 mM, 24 h) after transfecting with miR-188-5p mimic or negative control for 24 h was performed by flow cytometry. *p < 0.05, **p < 0.01 (n = 3).
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ER stress promotes sorafenib resistance via the miR-188-5p/

hnRNPA2B1/PKM2 pathway in HCC

To investigate whether hnRNPA2B1 is the mediator of ER stress up-
regulating PKM2 expression, first, IHC analysis of 72 HCC specimens
demonstrated that most HCC patients with a high expression of
hnRNPA2B1 also highly express PKM2 (27/38, p = 0.001) and
1058 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
ATF6 (27/38, p = 0.002), PERK (26/38, p = 0.000), GRP78 (23/38,
p = 0.032), and IRE1 (31/38, p = 0.000) (Table S2). This finding sug-
gests that hnRNPA2B1 is closely related to PKM2 expression and ER
stress. Second, we clarify the influence of ER stress on the expression
of hnRNPA2B1. Western blot results revealed that the expression of
hnRNPA2B1 was upregulated with the increasing concentration of



Figure 6. hnRNPA2B1 is a direct target of miR-188-5p

(A) hnRNPA2B1 mRNAs contain a complementary 30 UTR sequence that matches the seed sequence of miR-188-5p. (B) Quantitative PCR analysis of the levels of

hnRNPA2B1 mRNA after HepG2 cells transfected with miR-188-5p mimic or negative control for 24 h. (C and D) Expression levels of hnRNPA2B1 were determined by

western blot in HepG2 cells transfected with miR-188-5p mimic, inhibitors, and their corresponding controls for 24 h. (E) miR-188-5p downregulates the luciferase reaction

intensity of plasmids, which consist of wild-type 30 UTR of hnRNPA2B1. (F and G) Expression of hnRNPA2B1 in HCC specimens were semiquantitatively analyzed by IHC

(100� and 200� magnification). **p < 0.01 (n = 3).
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the classic ER stress stimulator TM (Figures 7A and 7B). Third, the
HNRNPs family was found to be involved in mRNA translation
and splicing.27 We must determine whether hnRNPA2B1 can
mediate the alternative PKM mRNA splicing to regulate the expres-
sion of PKM2 and PKM1. Western blot results showed that the
expression of PKM2 was evidently decreased and PKM1 was accord-
ingly upregulated in HepG2 cells after silencing the expression of
hnRNPA2B1 with siRNA (Figures 7C–7E). This result indicates
that hnRNPA2B1 acts as an RNA-binding protein to mediate the
alternative splicing of PKM mRNA into PKM2 instead of PKM1.
Fourth, we investigated whether hnRNPA2B1 mediates the regula-
tion of PKM2 by miR-188-5p. hnRNPA2B1 knockdown HpeG2 cells
by a specific short hairpin RNA (shRNA) were transfected with miR-
188-5p inhibitor and INC (inhibitor negative control). Immunoblot-
ting analysis showed that hnRNPA2B1 depletion offset the effect of
miR-188-5p inhibitor upregulating the expression of PKM2 (Figures
7F and 7G). Consistently, the overexpression of hnRNPA2B1
reversed the effect of miR-188-5p mimic downregulating the expres-
sion of PKM2 (Figures 7H and 7I). These data indicate that
hnRNPA2B1 functions as a mediator involved in the process of
miR-188-5p regulation of PKM2 expression. Finally, it has been
confirmed that hnRNPA2B1 was highly expressed in liver tumor tis-
sues. We further explored the role of hnRNPA2B1 in sorafenib resis-
tance and the connection between its protein levels and clinical fea-
tures. Clinical data statistics showed that HCC patients with a high
expression of hnRNPA2B1 had poorer differentiation of HCC tissues
(poor differentiation, 36.8% versus 11.8%, p = 0.026) and shorter
overall survival (median survival, 27.5 months versus 6.0 months,
p = 0.0471) (Figure 7J; Table S3). Meanwhile, the flow cytometry
apoptosis assay results showed that downregulating the expression
of hnRNPA2B1 using siRNA could enhance the apoptosis rate of
HepG2 cells induced by sorafenib (Figures 7K and 7L). In conclusion,
these results demonstrate that hnRNPA2B1, which is the direct target
gene of miR-188-5p, mediates the process of ER stress upregulating
PKM2 expression and is related to some malignant clinicopatholog-
ical behaviors of HCC, including poorer differentiation of HCC tis-
sues, shorter overall survival, and sorafenib resistance.

DISCUSSION
Studies have demonstrated that sorafenib resistance of HCC is associ-
ated with special tumor microenvironments, including hypoxia,
inflammation, and oxidative stress, and malignant biological
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Figure 7. ER stress promotes sorafenib resistance via the miR-188-5p/hnRNPA2B1/PKM2 pathway in HCC

(A and B) The protein levels of hnRNPA2B1 were determined by western blot in HepG2 cells exposed to different concentrations of TM for 24 h. (C–E) Representative western

blotting results of PKM2 and hnRNPA2B1 when HepG2 cells were transfected with 3 hnRNPA2B1 interfering sequences for 24 h. (F–I) Expression of PKM2 and hnRNPA2B1

was detected by western blot in hnRNPA2B1 knockdown HepG2 cells transfected with miR-188-5p inhibitors/INC and in hnRNPA2B1 overexpression HepG2 cells

transfected with miR-188-5p mimic/NC. (J) The Kaplan-Meier method was applied in overall survival analysis between the hnRNPA2B1 high-expression and hnRNPA2B1

low-expression groups. (K and L) The apoptosis rate of HepG2 cells treated with sorafenib (10 mM, 24 h) after transfecting with si-hnRNPA2B1 or negative control for 24 h

were detected by flow cytometry analysis. **p < 0.01 (n = 3).
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behaviors of tumor cells involve epithelial-mesenchymal transitions,
autophagy, apoptosis resistance, and energy metabolism reprogram-
ming.28,29 ER stress is widely regarded as a favorable factor to promote
tumor cell survival. Our previous study found that ER stress was
involved in sorafenib resistance of HCC to a certain extent,8

while the precise mechanism by which ER stress leads to sorafenib
1060 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
resistance is not fully understood. In this study, we revealed that the
therapeutic mechanism of ER stress promoting sorafenib resistance
may be related to PKM2 upregulation via miR-188-5p/hnRNPA2B1.

Energy metabolism reprogramming also has been reported to pro-
mote the survival and chemotherapy resistance of tumor cells.30
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The role of energymetabolism reprogramming, especially abnormally
activated glycolysis mediated by continuous activation of PKM2 in
sorafenib resistance of tumor cells, remains unclear. Studies have
shown that PKM2 is overexpressed in several types of tumors,
including lung cancer, breast carcinoma, and colorectal carcinoma,
and is closely related to cell proliferation, apoptosis resistance, inva-
sion, and migration.19,20 Our research clearly demonstrated that
PKM2 was significantly overexpressed in hepatocellular carcinoma;
on the contrary, its isoform PKM1, which is the expression product
of PKM gene in normal liver cells, is hardly expressed in HCC.
PKM2 plays a critical role in apoptosis resistance and chemotherapy
resistance. For instance, recent research has elaborated that the
silence of PKM2 increases the sensitivity of bladder cancer to piraru-
bicin (THP) in vivo and in vitro by activating AMPK and inhibiting
STAT3.21 Furthermore, our study found that overexpressed PKM2
in HCC had a certain contribution to sorafenib resistance. These find-
ings suggest that overexpressed and fully activated PKM2 in HCC
could accelerate the process of glycolysis to provide hepatoma cells
with adequate ATP in an immediate and effective manner, so that
some hepatoma cells could escape the apoptosis induced by sorafenib.
However, whether ER stress increases sorafenib resistance by regu-
lating the energy metabolism reprogramming of tumor cells is
unknown.

ER stress has been reported to regulate intracellular glucose and
lactate metabolism by reducing the expression of GLUT1 (glucose
transporter 1) on the cell surface to increase normal cell death.31

Whether ER stress has an effect on glucose metabolism reprog-
ramming, especially the expression of PKM genes, is our main
research direction. We first found that PKM2 was strongly corre-
lated with ER stress in liver cancer tissue specimens; moreover, we
found that the ER stress stimulator TM increased the expression of
PKM2 in liver cancer cells, while silencing PKM2 with siRNA
reduced the expression of ER stress marker proteins GRP78,
PERK, IRE1, and ATF6. ER stress upregulated the expression of
PKM2, suggesting that ER stress as an induced factor of cellular
glucose metabolism reprogramming fully activates glycolysis, al-
lows tumor cells to obtain ATP directly and efficiently, and sup-
plies the stressed cells with compensative energy that need to
be consumed in the degradation of misfolded and unfolded poly-
peptide fragments. The overexpressed PKM2 positive feedback
activates ER stress may make the aerobic glycolysis process
continuous.

Moderate ER generally regulates the expression of related genes
through the corresponding transcription factors downstream of
the three UPR pathways, thereby alleviating the stress caused by
intracellular and extracellular pathological factors.32 ER stress trig-
gers the transcription of a long-chain non-coding RNA GOL-
GA2P10 through the PERK/ATF4/CHOP pathway. Upregulation
of GOLGA2P10 makes tumor cells avoid the cytotoxic effects of
sustaining ER stress in the tumor microenvironment.33 Whether
ER stress activates PKM2 through any of the three UPR pathways
has not been reported. In the process of exploring the mechanism
of ER stress upregulating PKM gene expression, we observed that
the activation of PKM2 depends on none of the three URP
pathways.

ER stress was reported to affect the biological behavior of cells
through inducing or downregulating the expression of miR-
NAs.34,35 The differentially expressed miRNAs indirectly regulate
the proliferation, differentiation, and apoptosis of tumor cells that
is achieved by silencing the expression of related target genes.
miR-27a that upregulate in colorectal cancer is closely related to
glycolysis mediating chemotherapy resistance through hampering
AMPK and enhancing mammalian target of rapamycin (mTOR)
signaling.36 Studies on whether miRNAs are involved in the regula-
tion of PKM2 expression by ER stress are limited. In our present
study, we observed that 17 miRNAs were differentially expressed
in HCC cells under ER stress, 4 of which were involved in energy
metabolism reprogramming of tumor cells—miR-188-5p, miR-
33b-3p, miR-22-5P, and miR-301a-5p.24–26 Moreover, our results
showed that the downregulation of miR-188-5p was most signifi-
cant in HCC cells with ER stress. Recent studies have reported
that miR-188-5p acts as a tumor suppressor that is downregulated
in gastric cancer, prostate cancer, and HCC, and inhibits the prolif-
eration, invasion, and metastasis of tumor cells.37–39 miR-188-5p
has been shown to regulate the activation of rate-limiting enzymes
(hexokinase2 [HK2]) in the glycolysis process to enhance the pro-
liferation, migration, and glycolysis of HCC cells.40 We further
explored whether miR-188-5p, which downregulated in HCC cells
under ER stress, reduces the expression of PKM2. Our present
study revealed that miR-188-5p could downregulate the expression
of PKM2 and increase HCC cell apoptosis induced by sorafenib.
Collectively, our results suggested that activated ER stress in liver
cancer tissue downregulated tumor suppressor miR-188-5p to
relieve the expression of PKM2 to mediate sorafenib resistance.

Bioinformatics analysis has revealed that PKM2 is not the direct
target gene of miR-188-5p. Whether miR-188-5p regulates the
activation of PKM2 through targeting its direct target genes is
our research direction. Among the predicted target genes of
miR-188-5p, we found the hnRNP family, including hnRNPA0,
hnRNPA1, and hnRNPA2B1, may regulate the selective expression
of PKM genes by splicing RNA.41 The hnRNP family was reported
to play a critical role in the specific splicing of PKM mRNA, which
is able to increase the ratio of PKM2:PKM1 and enhance aerobic
glycolysis in colorectal cancer cells.27 In the present study, we
further identified that hnRNPA2B1 was the direct target gene of
miR-188-5p through dual-luciferase reporter and bioinformatics
analysis. hnRNPA2B1 is an RNA-binding protein involved in
various biological processes such as processing of heterogeneous
nuclear RNA into mature mRNA, RNA splicing, transactivation
of gene expression, and regulation of protein translation.41 Several
studies revealed that activated hnRNPA2B1 promotes tumor
growth and malignant capability in ovarian and lung cancers.42,43

What we need to explore further is whether hnRNPA2B1 acts as a
mediator of ER stress regulating the activation of PKM2. It has
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been proved that hnRNPA2B1 is involved in the regulation of
GLUT1 and PKM2 mRNAs, making pancreatic cancer cells sensi-
tive to glycolysis inhibition.44 Simultaneously, there exists a close
relationship between ER stress and the expression of the hnRNP
family. ER stress in hepatic stellate cells promotes liver fibrosis
via PERK-mediated degradation of hnRNPA1.45 Our data pro-
vided evidence that hnRNPA2B1 could be induced by ER stress
and be involved in the regulation of PKM2. In short, our results
suggest that hnRNPA2B1 is the direct target of miR-188-5p under
ER stress and also is the mediator of miR-188-5p in regulating
PKM2 expression. Upregulation of hnRNPA2B1 in HCC, when
induced by miR-188-5p loss under ER stress, activates PKM2
and makes HCC cells obtain survival advantage and sorafenib
resistance.

In conclusion, this study demonstrated the correlation between acti-
vated ER stress and the overexpressed PKM2 in HCC, both of which
are involved in sorafenib resistance, and revealed that ER stress
could upregulate the expression of PKM2 through miR-188-5p/
hnRNPA2B1. The downregulation of tumor suppressor miR-188-
5p in ER-stressed HCC cells could increase PKM2-mediated sorafe-
nib resistance by directly targeting hnRNPA2B1. Therefore, targeting
the miR-188-5p/hnRNPA2B1/PKM2 pathway and ER stress may
prove instrumental in overcoming sorafenib resistance in HCC
therapy.

MATERIALS AND METHODS
Reagents and drugs

The following reagents were used in this research: drugs including
TM (#T7765) and sorafenib (#SRP0702) (Sigma-Aldrich, USA); pri-
mary antibodies against PERK (#2156), hnRNPA2B1 (#6196), ATF6
(#1034R) (Bioworld Technology, USA), IRE1a (#14C10), PKM1
(#D30G6) (Cell Signaling Technology, USA), GRP78 (#54027) (Arigo
Biolaboratories, China), and PKM2 (#60268-1-lg) (Proteintech,
China).

Cell culture

Hepatocyte cell line L02 and human liver cancer cell lines SMMC-
7721, HepG2, Hep3B, and Huh7 were obtained from the Chinese
Academy of Sciences. These cells were cultured in a basic nutrient so-
lution consisting of high-sugar DMEM, fetal bovine serum (FBS)
(10%), and dual antibiotics (penicillin and streptomycin, 1%), and
were placed in an incubator at 37�C and 5% CO2.

Human HCC specimens

Human primary HCC tissue specimens were obtained from patients
who experienced liver cancer radical or palliative excision at the First
Affiliated Hospital of Anhui Medical University from 2012 to 2017.
No other interventions against HCC tissue before surgery were per-
formed. Clinical and pathological information, including gender,
age, cirrhotic condition, hepatitis infection, tumor volume, degree
of differentiation of tumor cell, clinical stage, and overall survival,
were collected through medical records and medical history consul-
ting and telephone follow-up. The informed consent of these patients
1062 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
has been guaranteed. The study protocol was carried out in accor-
dance with the Declaration of Helsinki and approved by the ethics
committee of Anhui Medical University.

Construction of HCC tissue chip

The excised liver cancer tissues and adjacent tissues after formalin fix-
ation and paraffin embedding were selected to determine the target
region based on H&E staining. Two typical tissues (1 mm) were cut
from the target regions of each specimen and then embedded in the
recipient paraffin block for secondary embedding to make tissue
chips.

Immunohistochemical analysis

After dewaxing, hydrating, and permeating, the tissue chip was
blocked with inherent peroxidase activity by reacting with 3%
hydrogen peroxide. Then, the chip was subjected to antigen repair
to expose the epitope and placed in 5% serum to block non-specific
proteins. The tissue microarray was successively incubated with
specific primary antibody and corresponding secondary antibody,
followed by moderate 3,30-diaminobenzidine (DAB) dye solution
for color rendering and hematoxylin for counterstaining. Finally,
dehydration was carried out in a gradient concentration alcohol.
Staining intensity and the number of positively stained cells are two
critical indicators of immunohistochemical score. The staining inten-
sity is divided into 0–3 points and the cell positive rate is divided into
0–9 points (e.g., 0 represents 0%–10% positive rate, 1 represents 10%–
20% positive rate). We identify that the final IHC score of cancer
tissue or adjacent tissue is the product of the scores of these two in-
dicators.46 Furthermore, we identified the IHC score R10 as high
expression and the IHC score <10 as low expression based on median
expression.

Western blot analysis

Cells were lysed in lysis buffer with phosphatase inhibitors and
protease inhibitors for 30 min on ice. Proteins were separated by
electrophoresis and transferred to polyvinylidene fluoride (PVDF)
membranes. Protein-loaded membranes were incubated with pri-
mary antibodies overnight at 4�C. Goat anti-rabbit secondary anti-
body was incubated for 2 h at 37�C. Protein expressions were reflected
by the grayscale value of each protein band, which was quantitatively
acquired and analyzed by ImageJ software (National Institutes of
Health, USA).

MTT assay

The adherent cells were digested into cell suspensions, which are
planted in a 96-well plate at 1,000–10,000 cells/well, with a volume
of 200 mL/well. After treatment on the basis of the experimental pur-
pose and requirements, the cells were added with 20 mL MTT and
continued culturing for 4 h in the incubator. We terminated the cul-
ture, carefully discarded the supernatant from the wells, added 150 mL
DMSO to each well, and shook for 10 min to fully dissolve the sedi-
ments. The absorbance of the solution of every well was obtained
from an enzyme-linked immunoassay monitor with a wavelength
of 490 nm (Bio-Tek Instruments, USA).
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Flow cytometry

The single cell suspension was processed from the adherent cells and
resuspended with 400 mL binding buffer. Two fluorescent dyes
(annexin V-FITC and PI, 5 mL, BD Biosciences, USA) were added
to each tube successively and incubated for 15 min. The fluorescence
intensity of FITC and PI were detected. All of the data were collected
using flow cytometry (Beckman Coulter, USA) and analyzed with
CytoExpert.

Colony formation assay

HepG2 and Huh7 cells were treated with sorafenib after transfecting
PKM2 siRNA or overexpression plasmid. These treated cells were
collected and planted on the 6-well plates at a density of 1 � 103

cells/well for 14 days to allow colony formation; 4% polyformalde-
hyde and 1% Crystal Violet were used for fixation and staining,
respectively.

Immunofluorescence

The suspending cells were placed on slides in a sterile dish for
adherent growth. Cell-adhered coverslips were permeabilized in
0.5% Triton X-100 for 10 min and blocked in 5% BSA for 90 min.
Subsequently, the cells on the slide were fully immunoreactive with
the objective primary antibody (dilution 1:100) overnight at 4�C,
followed by incubating with a corresponding secondary antibody
(dilution 1:100). Subsequently, the cells were reacted with DAPI in
the dark for 5 min and visualized under a laser confocal microscope.

Quantitative real-time-PCR

Total RNA was isolated fromHepG2 cells by TRIzol reagent (Invitro-
gen, USA), and we detected the concentration of RNA by Nanodrop
2000 (Thermo Scientific, USA). Quantitative real-time-PCR analyses
for the mRNAs of hnRNPA2B1 and b-actin and the miRNAs of
miR33b-3p, miR-188-5p, miR222-5p, miR301a-5p, miR675-5p,
miR877-3p, miR1247-5p, miR1257, and miR7975 were disposed un-
der a standard protocol. The sequences of all of the primers are listed
in Table S4.

siRNA and plasmid transfection

Liver cancer cells were planted in sterile dishes for adherent growth
and then transfected with GV230-PKM2 or GV230-Control and
siRNA (Gene Pharmaceutical Technology, China) using Lipofectami-
neTM2000 (Invitrogen, USA) in serum-free medium (GIBCO, USA)
according to the operational guidelines and replacing the culture me-
dium after 6 h. The efficiency of overexpressing and interfering was
identified by western blot analysis after 24 h.

Luciferase assay

The hnRNPA2B1 30 UTR sequences containing the presumed miR-
188 binding sites or mutated binding sites were inserted into the
p-MIR-reporter plasmid (Ambion). Then, 293T cells were co-trans-
fected with a b-galactosidase (b-gal) expression plasmid (Ambion,
USA). A firefly luciferase reporter plasmid, miR-188, mimics negative
control. The b-gal plasmid was used as a transfection control. Lucif-
erase activity was measured 24 h after transfection using a luciferase
assay kit (Promega, USA).

Detection of miRNAs by high-throughput sequencing

technology

Total RNA was extracted from 3 groups of untreated HepG2 cells and
3 groups of HepG2 cells treated with 3 mM TM for 24 h with Trizol
reagent, �2 � 105 cells per group. cDNA libraries were constructed
before sequencing the miRNA profiles using the Hiseq2000 platform.
miRNAs with expressions changed by >2-fold, as determined by
high-throughput sequencing, were used as candidate genes.

Statistical analysis

The statistical significance of differences is calculated by the Student’s
t test in SPSS 16.0 software (IBM SPSS Statistics, USA). Correlation
between protein expression and between protein expression and clin-
ical parameters were conducted by the c2 test and correlation anal-
ysis. The difference in overall survival between different groups was
studied using the Kaplan-Meier analysis. p < 0.05 represents the sta-
tistically significant difference. Every experiment was performed three
times.
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