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Abstract

Introduction

LincRNA-p21 was found to inhibit hepatic stellate cell (HSC) activation and liver fibrosis via a
signaling cascade of lincRNA-p21-miR-181b-PTEN. Hypoxia was also previously proved to regulate
hepatocellular carcinoma (HCC) glycolysis by targeting HK2.

Material and methods

Luciferase assay was carried out to examine the regulatory role of miR-181b in lincRNA-p21 and
HK2 expression. Quantitative real-time PCR was performed to measure the expression of lincRNA-
p21, miR-181b and HK2 mRNA. Western blot and immunohistochemistry were used to analyze the
expression of HK2 protein.

Results

The expression of incRNA-p21 and HK2 was effectively suppressed by miR-181b in Hep3B and
HepG2 cells. Besides, the luciferase activities of wild type lincRNA-p21 and HK2 were remarkably
suppressed by miR-181b in Hep3B and HepG2 cells. Activation and suppression of lincRNA-p21
expression using pcDNA and shRNA revealed a negative correlation between miR-181b and
lincRNA-p21 expression as well as a positive correlation between HK2 and lincRNA-p21 expression.
Moreover, lincRNA-p21 shRNA could effectively reverse the effect of hypoxia-induced dysregulation
in miR-181b and HK2 expression, as well as the altered levels of glucose consumption and lactate
production in Hep3B and HepG2 cells. Furthermore, lincRNA-p21 was capable of altering the growth
and miR-181b/HK2 expression of HepG2 xenograft tumors in nude mice.

Conclusions

Our study investigated the molecular relationship between lincRNA-p21, miR-181b and HK2 in
cellular and animal models, and validated that hypoxia could up-regulate the expression level of
lincRNA-p21 in the microenvironment of solid hepatocellular carcinoma tumor, which accordingly led
to aggravated glycolysis via elevated HK2 expression, thus inhibiting the apoptosis of HCC.
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Abstract

Background: LincRNA-p21 was found to inhibit hepatic stellate cell (HSC) activation and liver
fibrosis via a signaling cascade of lincRNA-p21-miR-181b-PTEN. Hypoxia was also previously
proved to regulate hepatocellular carcinoma (HCC) glycolysis by targeting HK2. Methods:
Luciferase assay was carried out to examine the regulatory role of miR-181b in lincRNA-p21 and
HK2 expression. Quantitative real-time PCR was performed to measure the expression of
lincRNA-p21, miR-181b and HK2 mRNA. Western blot and immunohistochemistry were used to
analyze the expression of HK2 protein. Results: The expression of lincRNA-p21 and HK2 was



29
30
31
32
33
34
35
36
37
38
39
40
41

42

43

44

45

46

47

48
49
50
51
52
53

54
55
56

effectively suppressed by miR-181b in Hep3B and HepG2 cells. Besides, the luciferase activities
of wild type lincRNA-p21 and HK2 were remarkably suppressed by miR-181b in Hep3B and
HepG2 cells. Activation and suppression of lincRNA-p21 expression using pcDNA and shRNA
revealed a negative correlation between miR-181b and lincRNA-p21 expression as well as a
positive correlation between HK2 and lincRNA-p21 expression. Moreover, lincRNA-p21 shRNA
could effectively reverse the effect of hypoxia-induced dysregulation in miR-181b and HK2
expression, as well as the altered levels of glucose consumption and lactate production in Hep3B
and HepG2 cells. Furthermore, lincRNA-p21 was capable of altering the growth and miR-
181b/HK2 expression of HepG2 xenograft tumors in nude mice. Conclusion: Our study
investigated the molecular relationship between lincRNA-p21, miR-181b and HK2 in cellular and
animal models, and validated that hypoxia could up-regulate the expression level of lincRNA-p21
in the microenvironment of solid hepatocellular carcinoma tumor, which accordingly led to

aggravated glycolysis via elevated HK2 expression, thus inhibiting the apoptosis of HCC.
Running title: Hypoxia aggravates tumor progression

Keywords: Hypoxia, hepatocellular carcinoma, lincRNA-p21, miR-181b, HK2, glycolysis
Abbreviation

HCC: hepatocellular carcinoma

HK2: hexokinase 2

Introduction

Since 2008, hepatocellular carcinoma has ranked one of the top 10 most common malignancies in
the adult population [1]. Almost 1 million new cases of HCCs are detected every year, with almost
80% of the cases are caused by hepatitis B and hepatitis C viral infections [2]. For example, in
some developing countries, hepatitis B and hepatitis C infections are responsible for a higher ratio
of HCC cases than those in industrialized nations [3]. Thus, high HCC incidence has been a

challenge in sub-Saharan Africa, Southeast Asia, and East Asia, especially in China [4].

Oxygen is crucial for maintaining a normal metabolic rate in mammals [5, 6]. Since the key
reactions in the mitochondria mainly include energy generation by sugar or fat reaction via

converting adenosine 5-triphosphate from adenosine 5-diphosphate, therefore, as a state of low
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oxygen supply, hypoxia adjusts the metabolic demands of cells. Depending on the ability of cells

to adapt to hypoxia, the cells can tolerate hypoxia or commit apoptosis [7, 8].

Numerous long non-coding RNAs (IncRNAs), such as lincRNA-p21 and H19, have recently been
demonstrated to be moderated by hypoxia and involved in the signaling transduction of cancer
cells [9, 10]. In a recent research, it was revealed that in a hypoxic environment, lincRNA-p21
expression is induced by hypoxia-inducible factor-1 alpha (HIF-1a) and in turn stabilizes the

expression level of HIF-1a, thereby creating positive feedback to maintain HIF-1a expression [11].

LncRNA molecules usually contain more than 200 nt but do not possess a protein-coding
functionality [12]. LncRNAs are involved in the control of cell growth and migration. LncRNAs
can also control the transcription of genes through modulation of chromatin, the regulation at the
post-transcriptional level, the formation of protein complex, and protein regulation at the allosteric
level [13].

In a previous research, it was presented that lincRNA-p21 blocked the activation of HSC by

mediating the expression of miR-181b and phosphatase and tensin homolog (PTEN) [14].

As a key isozyme expressed richly in a number of different types of cancers cells, Hexokinase 2
(HK2) also promotes aerobic glycolysis by inducing the Warburg effect. Thus, HK2 has been
studied as a target for the treatment of cancers [15, 16]. It was also discovered that miR-181b
reduces glycolysis through the suppression of protein expression of HK2. Consequently, miR-
181b was determined as a key regulator in the metabolism of glucose in cancer cells [17].

Nevertheless, from the result of a GO enrichment analysis on genes associated with glycolysis, it
was shown that the only HCC showed a strong correlation with the level of glycolysis since the

golgi apparatus was responsible for the effect of glycolysis on HCC [18].

The level of glycolysis may be increased to a certain extent through the re-expression of WT HK2,
but it can never fully return to the normal level through the use of either GCK or a mutant with a
mitochondrial binding deficiency (MTD), illustrating that the binding of HK2 to mitochondria is
required to exert the glycolytic effect of HK2 in cells [19].

In a previous report on lincRNA-p21, hypoxic preconditioning was demonstrated to be a factor

promoting the migration and survival of mesenchymal stem cells (MSC) via affecting lincRNA-
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p21 expression [20]. And lincRNA-p21 was found to inhibit hepatic stellate cell (HSC) activation
and liver fibrosis via a signaling cascade of lincRNA-p21-miR-181b-PTEN [14]. Also, hypoxia
was previously proved to regulate HCC glycolysis by targeting HK2 [21]. In this study, we studied
the effect of hypoxia on tumorigenesis of HCC by modulating glycolysis via regulating the
expression of lincRNA-p21 using animal xenograft model as well as in vitro analysis. With the in
vitro assay, we studied the regulatory relationship between lincRNA-p21, miR-181b and HK2.
Also, the cells were subjected to hypoxia treatment to study the effect of hypoxia upon the
lincRNA-p21 axis as well as the role of lincRNA-p21 during hypoxia in an ex vivo model.
Moreover, we also established animal xenograft model to validate the effect of hypoxia and

underlying molecular mechanism in HCC tumorigenesis in an in vivo model.
Materials and Methods
Cell culture and transfection

In order to examine the effect of lincRNA-p21 on hypoxia, Hep3B and HepG2 cells were subjected
to hypoxia treatment followed by lincRNA-p21 shRNA transfection. Hep3B and HepG2 cells were
cultured in the DMEM medium (Gibco, Thermo Fisher Scientific, Waltham, MA) added with 10%
FBS and suitable antibiotics. To induce the hypoxic culture conditions, the cells were placed in an
MIC-101 incubator (Billups-Rothenberug, Del Mar, CA) pre-purged using 5% CO2 and 95% N2.
The cells were cultured under the above hypoxic culture conditions for 48 h at 37 ° C. The media
used in both hypoxic and normal culture conditions were the same. In this study, several cellular
models were established. In cellular model 1, Hep3B and HepG2 cells were divided into 2 groups,
i.e., 1. NC group (Hep3B and HepG2 cells transfected with NC vector); and 2. miR-181b precursor
group (Hep3B and HepG2 cells transfected with the vector carrying the miR-181b precursor). In
cellular model 2, Hep3B and HepG2 cells were also divided into 2 groups, i.e., 1. pcDNA group
(Hep3B and HepG2 cells transfected with an empty pcDNA vector); and 2. pcDNA-lincRNA-p21
group (Hep3B and HepG2 cells transfected with the pcDNA vector carrying lincRNA-p21). In
cellular model 3, Hep3B and HepG2 cells were also divided into 2 groups, i.e., 1. NC shRNA
group (Hep3B and HepG2 cells transfected with NC shRNA); and 2. LincRNA-p21 shRNA group
(Hep3B and HepG2 cells transfected with LincRNA-p21 shRNA). In cellular model 4, Hep3B and
HepG2 cells were divided into 3 groups, i.e., 1. Normoxia group (Hep3B and HepG2 cells cultured
under normal culture conditions); 2. Hypoxia+ NC shRNA group (Hep3B and HepG2 cells
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cultured under hypoxic culture conditions and transfected with NC shRNA); and 3. Hypoxia+
LincRNA-p21 shRNA group (Hep3B and HepG2 cells cultured under hypoxic culture conditions
and transfected with LincRNA-p21 shRNA). All transfections were carried out using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) based on the instructions provided by the
transfection reagent manufacturer, and all transfected cells were harvested 48 h post-transfection

to assay target genes.
Vector construction mutagenesis and luciferase assay

Our binding sites screening of miR-181b showed that miR-181b could potentially target lincRNA-
p21 and the 3° UTR of HK2. In order to further validate the regulatory relationship between miR-
181b and its target genes, luciferase assays were carried out. In brief, wild type sequences of
lincRNA-p21 and 3° UTR of HK2 containing the miR-181b binding sites were cloned into
pcDNA-6.2 plasmid vectors (Invitrogen, Carlsbad, CA) based on the instructions provided by the
plasmid vector manufacturer, so as to create the wild type plasmids for lincRNA-p21 and 3> UTR
of HK2, respectively. On the other hand, site-directed mutagenesis was carried out at the miR-
181b binding sites using a Quick Change mutagenesis assay kit (Stratagene, San Diego, CA) based
on the instructions provided by the assay kit manufacturer, and the mutant type sequences of
lincRNA-p21 and 3’ UTR of HK2 were also cloned into pcDNA-6.2 plasmid vectors to create the
mutant type plasmids for lincRNA-p21 and 3 UTR of HK2, respectively. In the next step,
luciferase vectors containing wild type and mutant lincRNA-p21 and HK2 were co-transfected
into Hep3B and HepG2 cells along with miR-181b. The transfections were carried out using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) based on the instructions provided by the
transfection reagent manufacturer, and the luciferase activity of transfected cells was measured on
a luminometer using the Bright-Glo luciferase assay kit (Promega, Madison, WI) 48 h later based

on the instructions provided by the transfection reagent manufacturer.
RNA isolation and real-time PCR

Total RNA enriched of miRNA and lincRNA was separated from the cell and tissue samples by
making use of a QlAzol assay kit (Qiagen, Valencia, CA) in conjunction with a miRNeasy assay
kit (Qiagen, Valencia, CA) based on the instructions provided by the assay kit manufacturer. The
ratio of absorbance at 260/280 was used to measure total RNA concentration on a SmartSpec 300

Spectrophotometer (Bio-Rad Laboratories, Hercules, CA) based on the instructions provided by
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the instrument manufacturer. Then, the cDNA synthesis was conducted by using a First Strand
assay kit (Qiagen, Valencia, CA) based on the instructions provided by the assay kit manufacturer.
In the next step, the synthesized cDNA was used as the template to perform real-time PCR by
using an SYBR Green gPCR Master Mix (Qiagen, Valencia, CA) based on the instructions
provided by the assay kit manufacturer. The real-time PCR reactions were carried out in 96-well
MAH-001A miFinder PCR assay plate (Qiagen, Valencia, CA) on a MyiQ Cycler (Bio-Rad
Laboratories, Hercules, CA) based on the instructions provided by the instrument manufacturer.
Finally, the expression of lincRNA-p21, miR-181b, and HK2 mRNA in each sample was
calculated by using the threshold cycle (Ct) number of their amplification curves, and the
calculated expression of lincRNA-p21, miR-181b, and HK2 mRNA was normalized to that of the
housekeeping gene GAPDH.

Western blot analysis

Total protein was isolated from tissue and cell samples by lysis in a RIPA buffer (Sigma-Aldrich,
St. Louis, MO) based on the instructions provided by the buffer manufacturer. Then, the protein
samples were subject to 30 min of centrifugation at 4 ° C and 600 x g to eliminate cell debris. The
concentrations of isolated protein samples were measured by using a BCA assay kit (Bio-Rad
Laboratories, Hercules, CA) based on the instructions provided by the assay kit manufacturer, and
an equal amount of isolated protein from each sample was resolved by 10% SDS-PAGE and
blotted onto a PVVDF membrane (Millipore, Bedford, MA), which was then blocked by using 5%
skim milk and probed with primary and suitable horseradish peroxidase-conjugated secondary
antibodies against HK2 based on the incubation instructions provided by the antibody
manufacturer (Abcam, Cambridge, MA). After PBST washing, the PVDF membrane was
developed by using enhanced chemiluminescence (ECL) assay kit (GE Healthcare,
Buckinghamshire, England) based on the instructions provided by the assay kit manufacturer. The
relative HK2 protein expression in each sample was then determined densitometrically by using a
Kodak imager (Kodak Molecular Image Resolution, Rochester, NY) based on the instructions

provided by the instrument manufacturer.
Animal and treatment

In order to examine the effect of lincRNA-p21 on tumor, HepG2 cells were transfected with
lincRNA-p21 shRNA and transplanted into nude mice. In this study, a total of 15 male BALB/c
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athymic nude mice of 3-4 weeks in age were acquired from Beijing HFK Bioscience (Beijing,
China) and then housed under pathogen-free conditions. All animal procedures were done based
on the Guide for the Care and Use of Laboratory Animals published by the NIH. After 7 days of
environmental adaptation, the BALB/c athymic nude mice were divided into 2 groups with
randomly selecting 7 mice into each group, i.e., 1. NC shRNA group (BALB/c athymic nude mice
transplanted with HepG2 cells transfected with NC shRNA), and 2. LincRNA-p21 shRNA group
(BALB/c athymic nude mice transplanted with HepG2 cells transfected with LincRNA-p21
shRNA). During the transplantation procedure, the HepG2 cells were subcutaneously injected into
the left side of mice, with 4 x 108 cells injected into each mouse. Eight days after the transplantation
procedure, it was shown that the tumors in the mice had different sizes. The tumor volume in each
mouse was calculated as length x width?/2. At the end of the experiment, tumor tissues from all
mice were harvested for immunohistochemical assays. The institutional ethical committee has

approved the protocol of this study.
Immunohistochemistry

Collected tissue samples were fixed in paraformaldehyde, embedded in paraffin, sliced into 5 um
sections, deparaffinized, dehydrated with gradient alcohol, and then incubated with primary anti-
HK?2 antibody (1:200; Abcam, Cambridge, MA) and biotin-conjugated secondary antibodies in
conjunction with a P\V6001 PowerVision Two-Step Histostaining Reagent (ZSGB, Beijing, China)
based on the instructions provided by the assay kit manufacturer. After counterstaining with a
hematoxylin and diaminobenzidine (DAB) assay kit (ZSGB, Beijing, China) based on the
instructions provided by the assay kit manufacturer, the slides were visualized by utilizing a

microscope (Olympus, Tokyo, Japan).
Measurement of glucose consumption and lactate production

Glucose consumption and lactate production were measured following protocols provided by a
previous publication [22]. Supernatants of cell culture media were collected. And the glucose and
lactate levels were measured using a Glucose Assay kit (Sigma-Aldrich St. Louis, MO) and a

Lactate Assay kit (Sigma-Aldrich St. Louis, MO) according to the manufacturer’s instructions.

Statistical analysis
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All data were statistically evaluated using the Sigma Stat and Sigma Plot Software (Systat
Software, Chicago, IL). Inter-group variations were evaluated by using a one-way analysis of
variance (ANOVA). A p-value of < 0.05 was considered statistically significant. All data were

expressed as mean + standard error.
Results

MiR-181b effectively suppressed the expression of lincRNA-p21 and HK2 in Hep3B and
HepG2 cells.

Binding sites screening of miR-181b showed that miR-181b could potentially target lincRNA-p21
and the 3’ UTR of HK2. In order to further validate the regulatory relationship between miR-181b
and its target genes, luciferase vectors containing wild type and mutant lincRNA-p21 and HK2
were established and transfected into Hep3B and HepG2 cells along with miR-181b. The luciferase
activities of wild type lincRNA-21b were remarkably suppressed by miR-181b in Hep3B and
HepG2 cells (Fig.1A). The luciferase activities of wild type HK2 were significantly inhibited by
miR-181b in Hep3B and HepG2 cells (Fig.1B). No notable repression was observed for mutant
lincRNA-p21 and HK2 in either Hep3B or HepG2 cells. Moreover, miR-181b precursors were
transfected into Hep3B and HepG2 cells to examine their effect on the expression of lincRNA-p21
and HK2. A dramatic increase in miR-181b expression in Hep3B and HepG2 cells indicated
successful transfection of miR-181b precursors (Fig.1C). The expression of lincRNA-p21 was
significantly decreased by miR-181b precursors in Hep3B and HepG2 cells when compared with
the control (Fig.1D). Similarly, the expression of HK2 mRNA (Fig.1E) and protein (Fig.1F) was
apparently suppressed in Hep3B and HepG2 cells transfected with miR-181b precursors.

LincRNA-p21 overexpression decreased miR-181b level and increased HK2 level as well as
glucose consumption and lactate production in Hep3B and HepG2 cells

Furthermore, we overexpressed lincRNA-p21 in Hep3B and HepG2 cells (Fig.2A) and checked
the expression of miR-181b and HK2 mRNA/protein, as well as the levels of glucose consumption
and lactate in the supernatant of cell culture. The expression of miR-181b was evidently suppressed
in Hep3B and HepG2 cells by lincRNA-p21 (Fig.2B). However, the expression of HK2 mRNA
(Fig.2C) and protein (Fig.2D) was significantly enhanced by lincRNA-p21 overexpression in
Hep3B and HepG2 cells when compared with the control. Glucose assay and lactate assay showed
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that the overexpression of lincRNA-p21 remarkably increased the levels of glucose consumption

(Fig.2E) and lactate production (Fig.2F) in the supernatant of cell culture.

Suppression of lincRNA-p21 activated the expression of miR-181b and decreased the
expression of HK2 and the levels of glucose consumption and lactate in the supernatant of
Hep3B and HepG2 cells.

Moreover, we suppressed the expression of lincRNA-p21 in Hep3B and HepG2 cells using
lincRNA-p21 shRNA (Fig.3A). The expression of miR-181b and HK2, as well as the glucose
consumption and lactate levels in the supernatant were further evaluated. LincRNA-p21 shRNA
significantly enhanced the expression of miR-181b in Hep3B and HepG2 cells (Fig.3B), whereas
the expression of HK2 mRNA (Fig.3C) and protein (Fig.3D) was notably suppressed by lincRNA-
p21 shRNA in Hep3B and HepG2 cells. Besides, the glucose consumption (Fig.3E) and lactate
(Fig.3F) levels in the supernatant of cell culture were diminished by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

LincRNA-p21 shRNA attenuated hypoxia-induced dysregulation of miR-181b and HK2
expression, as well as the levels of glucose consumption and lactate production in Hep3B and
HepG2 cells.

In order to examine the effect of lincRNA-p21 on hypoxia, Hep3B and HepG2 cells were subjected
to hypoxia treatment followed by lincRNA-p21 shRNA transfection. Hypoxia notably activated
the expression of l[incRNA-p21 in Hep3B and HepG2 cells, while lincRNA-p21 shRNA attenuated
hypoxia-induced up-regulation of lincRNA-p21 expression (Fig.4A). Hypoxia remarkably
suppressed the expression of miR-181b, while lincRNA-p21 shRNA restored the expression of
miR-181b to a certain level in Hep3B and HepG2 cells (Fig.4B). Besides, the levels of HK2
expression (Fig.4C, D), as well as glucose consumption (Fig.4E) and lactate production (Fig.4F)
elevated by hypoxia were effectively decreased by lincRNA-p21 shRNA in Hep3B and HepG2

cells.

LincRNA-p21 shRNA altered the volume of HepG2 tumor tissue and weight of nude mice,

as well as the expression of miR-181b and HK2 in nude mice.

HepG2 cells were transfected with lincRNA-p21 shRNA and transplanted into nude mice. The

solid tissue was harvested and subjected to size evaluation. And the tumor tissue volume (Fig.5A)
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were significantly reduced in the group transplanted with HepG2 cells transfected with lincRNA-
p21 shRNA, while no difference of body weight was observed between the mice groups (Fig.5B).
The expression of lincRNA-p21 in the HepG2 tumor tissue treated with lincRNA-p21 shRNA was
significantly decreased when compared with the control (Fig.5C), whereas the expression of miR-
181b was increased (Fig.5D). Quantitative real-time PCR showed that the expression of HK2
MRNA was suppressed in the HepG2 tumor tissue treated with lincRNA-p21 shRNA (Fig.5E).
Western blot and immunohistochemistry analysis indicated that the expression of HK2 protein was
effectively inhibited in the HepG2 tumor tissue treated with lincRNA-p21 shRNA (Fig.5F, Fig.6).

Discussion

In this study, we transfected HepG2 cells with lincRNA-p21 shRNA and then transplanted the
cells into nude mice, and checked the tumor volume and the weight of the mice, as well as the
expression of lincRNA-p21, miR-181b, and HK2 in tumor tissues. LincRNA-p21 shRNA
remarkably decreased the tumor volume and the weight of the nude mice transplanted with HepG2
cells. Increased expression of miR-181b and suppressed expression of HK2 was observed in
HepG2 tumor tissues treated with lincRNA-p21 shRNA.

Hypoxia can trigger cell adaptations at the translational, transcriptional, post-translational, and
epigenetic levels to reduce the generation of ROS and the expenditure of ATP, so as to maintain
the homeostasis and survival ability of cells [23]. Mechanistic studies have disclosed that HK-2
plays an essential role in chrysin to show its effect in the HCC. Along with the decreased level of
HK-2 after treatment with chrysin, the level of glycolysis in the HCC was also noticeably inhibited.
In samples of human HCC, the protein expression of HIF1a was substantially raised to cause a
poorer prognosis [24-26]. In addition, the expression of HIF1a in HCC tumors has been used as a
factor to predict patient survival [26, 27]. In this study, we performed binding sites screening of
miR-181b and used luciferase assays to explore the suppressive role of miR-181b in lincRNA-p21
and HK2 expression in Hep3B and HpeG2 cells. MiR-181b effectively inhibited the expression of
lincRNA-p21 and HK2 in Hep3B and HepG2 cells.

While some previous studies have presented that lincRNA-p21 can respond to hypoxia to act as a
cell cycle regulator by inducing apoptosis and the Warburg effect in certain cancer cells, the
biological role of lincRNA-p21 in hepatoma and glioma under hypoxic conditions remains unclear.

In one study, it was found that the treatment with hypoxia raised the expression of lincRNA-p21
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in U251MG glioma and SMMC7721 hepatoma cells [28]. In addition, lincRNA-p21 was actually
determined to inhibit the metastasis and invasion of HCC cells via the epithelial-mesenchymal
transition (EMT) mechanism [29]. In this study, we altered the expression of lincRNA-p21 using
lincRNA-p21 pcDNA and shRNA. The expression of lincRNA-p21 was positively correlated with
the expression of HK2 and negatively correlated with the expression of miR-181b in Hep3B and
HepG2 cells.

It was presented that miR-181b was most noticeably downregulated in human NSCLC cells [30].
Significantly, reduced miR-181b expression enhances the proliferation and chemoresistance of
human NSCLC cells against cisplatin [31, 32]. Another research stated that miR-181b was
involved in the chemo resistance of U87 glioma cells against temozolomide, suggesting a role of

miR-181b in the control of chemo sensitivity [33].

MiR-181b was also shown to be downregulated in glioma to hinder the proliferation, invasion, and
migration of many types of cancer cells by targeting the IGF-1 signaling [34, 35]. Additionally,
miR-181b could improve the sensitivity of drugs in myeloid leukemia by inhibiting glycolysis and
the Warburg effect [17, 36].

The HK2 enzyme plays a critical role in the glycolytic signaling of cancer by catalyzing the initial
step of glycolysis [15, 37]. The HK2 expression in cancer cells was shown to be higher than that
in normal cells, suggesting that HK2 may be used as a target for the development of cancer therapy
[38-40]. In this study, we found that the down-regulation of lincRNA-p21 expression significantly
attenuated hypoxia-induced dysregulation of miR-181b and HK2 expression in Hep3B and HepG2

cells.

Since it was shown that the systemic HK2 deletion in adult mice had no visible side effect 9, HK2
might act as an ideal target in the HCC treatment. It was also discovered that the ablation of HK2
in HCC cells inhibited their survival and proliferation. HK2 is a primary isoform in the skeletal
muscular tissues, heart, and adipose tissues. HK2 is additionally upregulated in lots of tumors
linked to aerobic glycolysis. [40]. One study suggested that GPC3 is considerably involved in
glucose metabolism reprogramming via HIF-1a-induced expression of Glutl, HK2, and LDHA
enzymes to downregulate the expression of PGC-1a, a regulator in the biogenesis of mitochondria
[41].
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Conclusion

In conclusion, our study established the molecular regulatory relationships between lincRNA-p21,
miR-181b and HK2 in cellular and animal models and validated that hypoxia could up-regulate
the expression of lincRNA-p21 in the microenvironment of solid hepatocellular carcinoma tumor,
which accordingly led to aggravated glycolysis via elevated HK2 expression, thus inhibiting the
apoptosis of HCC.
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Figure legends
Fig.1

MiR-181b effectively suppressed the expression of lincRNA-p21 and HK2 in Hep3B and HepG2
cells (* P-value < 0.05 compared with NC group; NC: negative control).

A: Sequence analysis and luciferase assay showed that the luciferase activities of wild type

lincRNA-p21 were suppressed by miR-181b in Hpe3B and HepG2 cells.
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B: Sequence analysis and luciferase assay showed that the luciferase activities of wild type HK2

were suppressed by miR-181b in Hpe3B and HepG2 cells.

C: The expression of miR-181b was remarkably elevated in Hep3B and HepG2 cells transfected

with miR-181b precursors.

D: The expression of l[incRNA-p21 was notably suppressed in Hep3B and HepG2 cells transfected

with miR-181b precursors.

E: The expression of HK2 mRNA was remarkably suppressed in Hep3B and HepG2 cells
transfected with miR-181b precursors.

F: The expression of HK2 protein was remarkably suppressed in Hep3B and HepG2 cells
transfected with miR-181b precursors.

Fig.2

Overexpression of lincRNA-p21 decreased the expression of miR-181, enhanced the expression
of HK2 mRNA and protein, and promoted glucose consumption and lactate production in Hep3B

and HepG2 cells (* P-value < 0.05 compared with pcDNA group; pcDNA functions as the control
group).

A: Expression of lincRNA-p21 was dramatically elevated in Hep3B and HepG2 cells transfected
with pcDNA-lincRNA-p21.

B: The expression of miR-181b was remarkably suppressed by lincRNA-p21 overexpression in
Hep3B and HepG2 cells.

C: The expression of HK2 mRNA was remarkably increased by lincRNA-p21 overexpression in
Hep3B and HepG2 cells.

D: The expression of HK2 protein was remarkably increased by lincRNA-p2 overexpression 1 in
Hep3B and HepG2 cells.

E: The glucose consumption was notably promoted by lincRNA-p21 overexpression in Hep3B

and HepG2 cells.

F: The lactate production was notably promoted by lincRNA-p21 overexpression in Hep3B and
HepG2 cells.
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Fig.3

Suppression of lincRNA-p21 enhanced the expression of miR-181, repressed the expression of
HK2 mRNA and protein, and reduced the levels of glucose consumption and lactate production (*
P-value < 0.05 compared with NC shRNA group; NC: negative control; NC shRNA functions as

the control group).

A: Dramatic decrease of lincRNA-p21 expression in Hep3B and HepG2 cells transfected with
lincRNA-p21 shRNA.

B: The expression of miR-181b was remarkably increased by lincRNA-p21 shRNA in Hep3B and
HepG2 cells.

C: The expression of HK2 mRNA was remarkably decreased by lincRNA-p21 shRNA in Hep3B
and HepG2 cells.

D: The expression of HK2 protein was remarkably decreased by lincRNA-p21 shRNA in Hep3B
and HepG2 cells.

E: The glucose consumption was notably suppressed by lincRNA-p21 shRNA in Hep3B and
HepG2 cells.

F: The lactate production was notably suppressed by lincRNA-p21 shRNA in Hep3B and HepG2

cells.
Fig.4

LincRNA-p21 shRNA attenuated hypoxia-induced dysregulation of miR-181b and HK2
expression, as well as the levels of glucose consumption and lactate production in Hep3B and
HepG2 cells (* P-value < 0.05 compared with Normoxia group; ** P value < 0.05 compared with

Hypoxia + NC shRNA group; NC: negative control).

A: Hypoxia induced up-regulation of lincRNA-p21 was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

B: Hypoxia induced down-regulation of miR-181b was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.
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C: Hypoxia induced up-regulation of HK2 mRNA was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

D: Hypoxia induced up-regulation of HK2 protein was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

E: Hypoxia induced elevation of glucose consumption was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

F: Hypoxia induced elevation of lactate production was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

Fig.5

HepG2 cells treated by lincRNA-p21 shRNA altered the volume of tumor tissues and weight of
nude mice, as well as the expression of miR-181b and HK2 (* P-value < 0.05 compared with NC

shRNA group; NC: negative control; NC shRNA functions as the control group).

A: LincRNA-p21 shRNA remarkably decreased the tumor volume of the nude mice transplanted
with HepG2 cells.

B: LincRNA-p21 shRNA did not significantly influence the body weight of the nude mice
transplanted with HepG2 cells.

C: The expression of lincRNA-p21 was decreased in the HepG2 tumor tissue treated by lincRNA-
p21 shRNA.

D: The expression of miR-181b was increased in the HepG2 tumor tissue treated by lincRNA-p21
SshRNA.

E: The expression of HK2 mRNA was decreased in the HepG2 tumor tissue treated by lincRNA-
p21 shRNA.

F: Western blot analysis showed that the expression of HK2 protein was decreased in the HepG2
tumor tissue treated by lincRNA-p21 shRNA.

Fig.6

15



423
424
425

426

427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

Immunohistochemistry analysis showed that the expression of HK2 protein was decreased in the
HepG2 tumor tissue treated by lincRNA-p21 shRNA (The blue stain denotes the nucleus and the

brown stain denotes the expression of target protein HK2).
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Fig.1

MiR-181b effectively suppressed the expression of lincRNA-p21 and HK2 in Hep3B and
HepG2 cells (* P-value < 0.05 compared with NC group; NC: negative control).

A: Sequence analysis and luciferase assay showed that the luciferase activities of wild type
lincRNA-p21 were suppressed by miR-181b in Hpe3B and HepG2 cells.

B: Sequence analysis and luciferase assay showed that the luciferase activities of wild type
HK2 were suppressed by miR-181b in Hpe3B and HepG2 cells.

C: The expression of miR-181b was remarkably elevated in Hep3B and HepG2 cells
transfected with miR-181b precursors.



D: The expression of lincRNA-p21 was notably suppressed in Hep3B and HepG2 cells

transfected with miR-181b precursors.
E: The expression of HK2 mRNA was remarkably suppressed in Hep3B and HepG2 cells

transfected with miR-181b precursors.
F: The expression of HK2 protein was remarkably suppressed in Hep3B and HepG2 cells

transfected with miR-181b precursors.
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Fig.2

Overexpression of lincRNA-p21 decreased the expression of miR-181, enhanced the
expression of HK2 mRNA and protein, and promoted glucose consumption and lactate
production in Hep3B and HepG2 cells (* P-value < 0.05 compared with pcDNA group;
pcDNA functions as the control group).

A: Expression of lincRNA-p21 was dramatically elevated in Hep3B and HepG2 cells
transfected with pcDNA-lincRNA-p21.

B: The expression of miR-181b was remarkably suppressed by lincRNA-p21
overexpression in Hep3B and HepG2 cells.



C: The expression of HK2 mRNA was remarkably increased by lincRNA-p21
overexpression in Hep3B and HepG2 cells.

D: The expression of HK2 protein was remarkably increased by lincRNA-p2 overexpression
1in Hep3B and HepG2 cells.

E: The glucose consumption was notably promoted by lincRNA-p21 overexpression in
Hep3B and HepG2 cells.

F: The lactate production was notably promoted by lincRNA-p21 overexpression in Hep3B
and HepG2 cells.
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Fig.3

Suppression of lincRNA-p21 enhanced the expression of miR-181, repressed the
expression of HK2 mRNA and protein, and reduced the levels of glucose consumption and
lactate production (* P-value < 0.05 compared with NC shRNA group; NC: negative control;
NC shRNA functions as the control group).

A: Dramatic decrease of lincRNA-p21 expression in Hep3B and HepG2 cells transfected
with lincRNA-p21 shRNA.

B: The expression of miR-181b was remarkably increased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.



C: The expression of HK2 mRNA was remarkably decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

D: The expression of HK2 protein was remarkably decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

E: The glucose consumption was notably suppressed by lincRNA-p21 shRNA in Hep3B and
HepG2 cells.

F: The lactate production was notably suppressed by lincRNA-p21 shRNA in Hep3B and
HepG2 cells.
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Fig.4

LincRNA-p21 shRNA attenuated hypoxia-induced dysregulation of miR-181b and HK2
expression, as well as the levels of glucose consumption and lactate production in Hep3B
and HepG2 cells (* P-value < 0.05 compared with Normoxia group; ** P value < 0.05
compared with Hypoxia + NC shRNA group; NC: negative control).

A: Hypoxia induced up-regulation of incRNA-p21 was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

B: Hypoxia induced down-regulation of miR-181b was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.



C: Hypoxia induced up-regulation of HK2 mRNA was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

D: Hypoxia induced up-regulation of HK2 protein was decreased by lincRNA-p21 shRNA in
Hep3B and HepG2 cells.

E: Hypoxia induced elevation of glucose consumption was decreased by lincRNA-p21
shRNA in Hep3B and HepG2 cells.

F: Hypoxia induced elevation of lactate production was decreased by lincRNA-p21 shRNA
in Hep3B and HepG2 cells.



-
[9))
o
o

1

o
N
T

-o—~ LincRNA-p21 shRNA

3
N
=)

1

- NC shRNA

154

10

*
Body weight (g)

| -e LincRNA-p21 shRNA
- NC shRNA

T T T T T 0 T T T T T T T
0 4 8 12 16 20 24 0 4 8 12 16 20 24
c Days after tumor inoculation D Days after tumor inoculation

2.0+

-
()}
1

o
(&)}
1

*

o
Relative expression of miR-181b

Relative expression of lincRNA-p21
o
L

-
[$,]
J

-
o
1

o
[&)]
1

Relative expression of HK2 mRNA
5

Relative expression of HK2 protein

Fig.5

HepG2 cells treated by lincRNA-p21 shRNA altered the volume of tumor tissues and weight
of nude mice, as well as the expression of miR-181b and HK2 (* P-value < 0.05 compared
with NC shRNA group; NC: negative control; NC shRNA functions as the control group).

A: LincRNA-p21 shRNA remarkably decreased the tumor volume of the nude mice
transplanted with HepG2 cells.

B: LincRNA-p21 shRNA did not significantly influence the body weight of the nude mice
transplanted with HepG2 cells.

C: The expression of lincRNA-p21 was decreased in the HepG2 tumor tissue treated by



lincRNA-p21 shRNA.

D: The expression of miR-181b was increased in the HepG2 tumor tissue treated by
lincRNA-p21 shRNA.

E: The expression of HK2 mRNA was decreased in the HepG2 tumor tissue treated by
lincRNA-p21 shRNA.

F: Western blot analysis showed that the expression of HK2 protein was decreased in the
HepG2 tumor tissue treated by lincRNA-p21 shRNA.



Fig.6

Immunohistochemistry analysis showed that the expression of HK2 protein was decreased
in the HepG2 tumor tissue treated by lincRNA-p21 shRNA (The blue stain denotes the
nucleus and the brown stain denotes the expression of target protein HK2).
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