
Original Article
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Growing tumor cells possess a distinct metabolic phenomenon
that allows them to preferentially utilize glucose through aero-
bic glycolysis, which is referred to as the “Warburg effect.”
Accumulating evidence suggests that microRNAs (miRNAs)
could regulate such metabolic reprogramming. Our microar-
ray analysis and quantitative real-time PCR validation revealed
that miR-885-5p was strongly downregulated in hepatocellular
carcinoma (HCC) tissues and cell lines. To investigate miR-
885-5p’s biological functions in HCC progression, malignant
phenotypes were analyzed in different types of hypoxic model
and indicated that overexpression of miR-885-5p significantly
inhibited HCC cell proliferation and migration and induced
apoptosis in vitro and tumor growth in vivo. Subsequent inves-
tigations of whether miR-885-5p regulated the glycometabolic
activity of cancer cells demonstrated that forced expression of
miR-885-5p in SMMC-7721 cells significantly reduced glucose
uptake and lactate production by repressing several key en-
zymes related to glycolysis. Particularly, miR-885-5p directly
targets the 30 UTR of hexokinase 2 (HK2), which is a key
enzyme that catalyzes the irreversible first step of glycolysis
and associates with poor patient outcomes. The miR-885-5p/
HK2 axis strongly links aerobic glycolysis to carcinogenesis
andmay become a promising therapeutic target and prognostic
predictor for HCC patients.
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INTRODUCTION
Altered energy metabolism is one of the typical hallmarks of cancer
cells.1 Most cancer cells, including hepatocellular carcinoma (HCC)
cells, have evolved several alterations in their metabolism to survive
in unfavorable microenvironments while retaining their rapid cell
growth ability.2 A classical metabolic adaptation of tumor cells is a
shift to aerobic glycolysis as a main source of ATP rather than oxida-
tive phosphorylation (OXPHOS), regardless of oxygen availability, a
phenomenon referred to as the “Warburg effect,” which features high
rates of glucose uptake and lactate production even in the presence of
oxygen.3,4 The dependency of cancer cell proliferation on accelerated
glucose metabolism distinguishes cancer cells from their normal
counterparts and could render them more vulnerable to the disrup-
tion of glucose metabolism. This glycolytic switch in cancer cells
may provide an explanation for their extraordinary tolerance to
extreme local hypoxia, or anoxia, and their capacity to compete
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with normal untransformed cells under normoxia. This metabolic
switch may be reversible and partly result from aberrant regulation
of glycolytic enzymes.5 However, the mechanisms driving aerobic
glycolysis need further investigation. Therefore, understanding how
the Warburg effect is regulated in cancer is particularly relevant for
identifying new therapeutic interventions.

Multiple studies have revealed that altered metabolic pathways in
cancers are tightly regulated by microRNAs (miRNAs).6–8 The down-
stream targets of a number of miRNAs are directly or indirectly con-
nected to the metabolic regulation. Given the crucial role of miRNAs
in cell growth and development processes, it is not surprising that al-
terations in the activity of these non-coding small RNA could lead to
changes in metabolic pathways.

Hypoxia is a common situation in many types of solid tumors, where
tumor cells proliferate rapidly and form large solid tumor masses,
leading to obstruction and compression of surrounding blood vessels
surrounding these masses. These abnormal blood vessels often do not
function properly and result in poor oxygen supply to the central tu-
mor regions.9 Thus, hypoxia may cause the tumor cells to acquire a
more aggressive malignant phenotype.10 Hypoxia is known to induce
changes in the expression of numerous miRNAs in the tumor micro-
environment,11 and some studies have shown that miRNAs are asso-
ciated with several key hypoxia-activated survival pathways and play
important roles in hypoxic adaptation.12

In this study, we delineated that the aberrant expression of miR-885-
5p could reprogram HCCmetabolism and progression by directly re-
pressing hexokinase 2 (HK2) and explored the miR-885-5p/HK2 ax-
is’s potential as a therapeutic target and prognostic predictor.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. miR-885-5p Is Often Downregulated

in HCC

(A and B) Relative miR-885-5p expressions measured by

quantitative real-time PCR in liver cancer tissues and

paired pericarcinomatous tissues (C and P, respectively)

of 50 HCC patients were shown in (A) plot and (B) bar

diagram, respectively. (C) Relative miR-885-5p expres-

sion in indicated hepatoma cell lines and PHHCs. (D)

Expression levels of miR-885-5p in the GEO datasets.

Data are presented as mean ± SEM of three independent

experiments. *p < 0.05.
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RESULTS
miR-885-5p Is Downregulated in HCC

The expression level of miR-885-5p detected by quantitative real-time
PCR showed that miR-885-5p was significantly downregulated in a
majority of liver cancer tissues compared to the adjacent non-
tumorous tissues (Figures 1A and 1B). Subsequently, we evaluated
miR-885-5p in four normal primary human hepatocytes (PHHCs;
PHHC-1, PHHC-2, PHHC-3, and PHHC-4) and eight liver cancer
cell lines (HepG2, Huh7, PLC/PRF/5, SK-Hep-1, Hep-3B, SMMC-
7721, MHHC97-H, and MHHC97-L). As shown in Figure 1C, the
expression level of miR-885-5p in liver cancer cells was significantly
downregulated compared to that in the four normal PHHCs. The re-
sults were consistent with our previous study,13 in which we analyzed
the dataset GEO: GSE20077 and found that miR-885-5p was noted as
one of the greatest changes of decreased expression (Figure 1D).

miR-885-5p Is Downregulated in Different Types of Hypoxic

Model In Vitro

Hypoxia is a prominent micro-environmental feature in many types
of solid tumors due to inadequate vascularization. Hypoxia is known
to induce changes in the expression of a number of miRNAs and is
considered to be an important proximal regulator of miRNA biogen-
esis and function. In order to simulate the microenvironment of tu-
mor growth in vitro and further explore whether miR-885-5p is
downregulated in a hypoxic microenvironment, three hypoxia
models were constructed. As shown in Figure 2A, miR-885-5p
showed a significant decrease under hypoxic conditions compared
with normoxic conditions. In particular, the expression of miR-
885-5p in the chemical-induced hypoxia models constructed by co-
balt chloride (CoCl2) and deferoxamine (DFX) was decreased in a
concentration-dependent manner (Figures 2B and 2C). Considering
the reproducibility and stability of the hypoxic models, we selected
the CoCl2 and DFX models and identified 100 mM as the optimal
concentration.
Molecular Therap
Cationic Liposomes Can Deliver miR-885-

5p Efficiently in HCC Cells In Vitro

Nanocarriers were frequently selected for
miRNA delivery due to their low toxicity, clin-
ical potential, and the ease of production, so
we constructed cationic liposomes to deliver
miR-885-5p. First, we checked the delivery as
well as the localization of miR-885-5p delivered by cationic liposomes
with fluorescence. The liposomes were synthesized, and their charac-
teristics were evaluated as previously described.14 miR-885-5p was
labeled with cy3 (red), and the nucleus was counterstained with
DAPI (blue) (Figure 3). After a 1.5-h incubation, SMMC-7721 and
Huh7 cells treated withmiR-885-5pmimic showed apparent red fluo-
rescence in almost all cells, indicating an efficient and rapid uptake of
miR-885-5p by hepatoma cells (Figure 3A). Meanwhile, we found
that miR-885-5p located in the cytoplasm. Flow cytometry analysis
also proved that miR-885-5p was absorbed by Huh7 and SMMC-
7721 cells efficiently. The uptake ratio was 94.3% in Huh7 cells and
99.28% in SMMC-7721 after incubation with miR-885-5p mimic
for 1.5 h (Figure 3B). Quantitative real-time PCR showed that miR-
885-5p mimic enormously upregulated the expression of miR-885-
5p in different HCC cell lines after treatment for 48 h (Figure 3C).
All these results suggest an efficient uptake of miR-885-5p in HCC
cells and the intact release of mature miR-885-5p.

miR-885-5p Is Negatively Associated with the Malignant

Phenotypes of Liver Cancer and Exerts an Inhibitory Effect on

Liver Cancer Cell Growth and Tumorigenicity In Vitro and In Vivo

With subsequent functional assays, the CCK8 cell proliferation assay
revealed compromised cell growth ability in SMMC-7721 cells trans-
fected with miR-885-5p mimics (Figure 4A), and the inhibition effect
was more obvious in an anoxic environment. Similar trends were
observed in a wound healing assay (Figure 4B) and a Transwell cell
migration assay (Figure 4C). In addition, an apoptotic assay showed
apoptosis promoting the effect in miR-885-5p groups of different
models (Figure 4D).

Further, we selected the Hep-3B cell line, which has a relatively high
expression of miR-885-5p to perform cell function analysis with miR-
885-5p inhibitor. The results were shown in Figure S1, which also was
designed to verify the function of miR-885-5p under hypoxic
y: Nucleic Acids Vol. 18 December 2019 309
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Figure 2. miR-885-5p Is Downregulated in Different Types of Hypoxic Model

SMMC-7721 cells were seeded in a hypoxia incubator or treated with different concentrations of chemical inducers (CoCl2 and DFX). (A) The expression of miR-885-5p under

normoxia and hypoxia conditions. (B and C) Relative miR-885-5p expression in different concentrations of (B) CoCl2-induced and (C) DFX-induced hypoxia models. All data

are shown as mean ± SEM of 3 independent experiments. ***p < 0.001, ****p < 0.0001.
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conditions. Next, we studied the effects of miR-885-5p in vivo.
Approximately 5 � 106 SMMC-7721 cells were injected subcutane-
ously into the right dorsal tissues of nude mice. Compared with the
normal saline and microRNA negative control (miR-NC) groups,
the miR-885-5p-treated group showed obvious suppressing effects
of tumor growth, which could be presented by gross morphology
(Figure 5Aa). As shown in Figure 5Ab, the tumor growth curves indi-
cated that the miR-885-5p-treated group had the smallest volume and
maintained persistent tumor suppression. Furthermore, no distinct
body weight decline was shown among these groups (Figure 5Ac).
As shown in Figure 5C, the expressions of Bax and caspase-3 analyzed
by immunohistochemistry techniques were significantly increased,
while the expression of Bcl-2 was downregulated evidently. As a
marker of proliferation, the expression of Ki-67 was found to have
decreased remarkably in the miR-885-5p-treated group (Figure 5B).
Collectively, all of these data fully demonstrated that miR-885-5p
could suppress the malignant phenotypes and tumorigenicity of liver
cancer cells both in vitro and in vivo.

miR-885-5p Suppresses Warburg Effect by Targeting Several

Crucial Enzymes in Liver Cancer Cells

Proliferating cancer cells preferentially use aerobic glycolysis to sup-
port growth, which is a metabolic alteration commonly referred to as
the “Warburg effect.” In recent research, miRNAs have emerged as
very significant regulators of glucose metabolism.15 We further tested
whether miR-885-5p modulates the glycolytic phenotype in cultured
cells and found that forced expression of miR-885-5p in SMMC-7721
cells significantly reduced glucose uptake and lactate production (Fig-
ures 6A and 6B).

In order to support proliferation and to satisfy the increased biosyn-
thetic demands, the rapidly growing cancer cells make use of the hyp-
oxic reaction and develop a great appetite for glucose. Transcription
factor hypoxia-inducible factor-1a (HIF-1a) mediates the expression
of many enzymes in the glycolytic pathway, which allows tumors to
survive under hypoxic conditions by metabolizing glucose to lactate
through anaerobic glycolysis.16–19 Hexokinases catalyze the first
310 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
committed step of glucose metabolism. HK2 expresses at a high level
in cancer cells and plays a role in glucose uptake together withGLUT1
(glucose transporter 1).20–25 LDHA is a key enzyme responsible for
lactate production from pyruvate, the final step in aerobic glycol-
ysis.26,27 The protein levels of GLUT1, LDHA, and HIF-1a in
different HCC cell lines by western blot are presented in Figure S2.

Since hypoxia is a key phenomenon in cancers, to elucidate the mech-
anisms for how miR-885-5p suppressed the “Warburg effect,” we
identified its potential target in the regulation of glycolysis under hyp-
oxia in liver cancer. We detected the protein expression of critical en-
zymes involved in glycolysis metabolism in SMMC-7721 cells with
miR-885-5p mimics transfected. As shown in Figure 6C, western
blot analysis revealed that overexpression of miR-885-5p resulted in
a significant decrease in the expression of HIF-1a, GLUT1, HK2,
and LDHA at the protein level in DFX-induced hypoxia models.
Similar results were also verified in Huh7 cells in Figure S3. In xeno-
graft microenvironments, an overexpression of miR-885-5p remark-
ably inhibited the expression of the enzymes related to the “Warburg
effect” in vivo, as described earlier, compared with the controls
(Figure 5D).

Taken together, these data indicate that the “Warburg effect” is in-
hibited by miR-885-5p via its suppression of HIF-1a, GLUT1,
HK2, and LDHA under hypoxia and suggest the therapeutic potential
of miR-885-5p in liver cancer treatment.

HK2 Is a Direct Target of miR-885-5p and Prognostic Biomarker

in Liver Cancer

As shown in Figure 7Ab, western blot analysis revealed that the over-
expression of miR-885-5p resulted in a significant decrease in HK2
protein expression in DFX-induced hypoxia models. Further experi-
ments indicated that miR-885-5p had similar inhibitory effects on
HK2 mRNA levels (Figure 7Aa). Then, we used the online tool
TargetScan (http://www.targetscan.org) to predict the miR-885-5p-
binding region of HK2. Accordingly, there was a potential miR-
885-5p-binding fragment in the 30 UTR of HK2 (Figure 7Ac). We

http://www.targetscan.org


Figure 3. Cellular Uptake of miR-885-5p in

Hepatoma Cells and Release of miR-885-5p

(A) Cellular uptake of miR-885-5p-L (liposome) in SMMC-

7721 and Huh7 cells visualized by fluorescence micro-

scope. Hepatoma cells were incubated with cy3-labeled

miR-885-5p-L (100 nM miR-885-5p) for 1.5 h and then

stained with DAPI and observed under a fluorescence

microscope (200�). (B) Cellular uptake of miR-885-5p in

SMMC-7721 and Huh7 cells determined by flow cy-

tometry analysis. SMMC-7721 and Huh7 cells were

treated with miR-885-5p-L (100 nM miR-885-5p). (C) The

expression levels of mature miR-885-5p in hepatoma cells

were detected by quantitative real-time PCR. All data are

presented as mean ± SEM of 3 independent experiments.

***p < 0.001; ****p < 0.0001.
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found that forced expression of miR-885-5p significantly reduced the
activity of the luciferase reporter with the wild-type 30 UTR of HK2,
while no effects were found with the mutated form (Figure 7Ad).
Collectively, these data suggested that miR-885-5p directly repressed
HK2 expression by targeting its 30 UTR.

The bar plot of the HK2 gene expression profile across all tumor
samples and paired normal tissues from The Cancer Genome Atlas
(TCGA) datasets is shown in Figure 7Bc; as the red arrow indicates,
the median expressions of liver cancer and corresponding normal
tissue were 0.44 and 0.29, respectively. Data of liver and hepatocel-
lular carcinoma from different Human Genome Arrays (Human
Genome U133A 2.0 Array, Affiymetrix Human Genome HT
U133A Array, and Human Genome U133A Plus 2.0 Array) in
TCGA datasets (Figure 7Bd) showed that the gene expression was
higher in liver cancer than in normal liver tissue. Immunohisto-
chemistry of HK2 gene in human tissue samples (Figure 7Bb) pre-
sented stronger expression signals in tumor tissues. Furthermore,
the protein expression levels of HK2 were highly expressed in
eight liver cancer cell lines, whereas they were hardly detectable
in PHHC cells (Figure 7Ba). In addition, the protein-protein inter-
action network of HK2-related genes based on the STRING data-
base in Figure S4 revealed 10 predicted functional partners, most
of which focused on the glucose metabolic process, especially
gluconeogenesis.

Importantly, Kaplan-Meier (KM) survival analyses revealed that pa-
tients with high HK2 expression had poorer survival in the TCGA
cohort (Figure 7Be). Cox proportional hazards regression analyses
Molecular Therap
indicated that HK2 expression is an indepen-
dent risk factor in the TCGA cohort (hazard
rate = 1.82, 95% confidence interval 1.27–2.61,
p = 0.00086). Meanwhile, liver cancer patients
from TCGA datasets with decreased miR-885-
5p expression had poorer overall survival (Fig-
ure 7Bf; hazard rate = 0.65, 95% confidence
interval 0.4–1.07, p = 0.086).
Taken together, these data suggest that HK2 is a direct target of miR-
885-5p and a potential prognostic biomarker in liver cancer.

Clinical Survival Period of the miR-885-HK2 Axis in Liver Cancer

To understand their clinical significance in humanHCC, KM survival
analysis was used to analyze the relationship between their expres-
sions and the overall survival (OS; in months) in TCGA HCC sam-
ples. Our analysis showed that miR-885 and HK2 both significantly
affected the OS time of liver cancer patients (Figures 8A and 8B).
High expression of miR-885 can serve as an indicator for better prog-
nosis, while high expression of HK2 is an indicator for worse
prognosis.

Interestingly, KM survival analysis and log-rank test suggested that
the group with low expression of HK2 and high expression of miR-
885 had a significantly longer OS rate than that with high expression
of HK2 and low expression of miR-885 in liver cancer patients
(Figure 8C).

DISCUSSION
Most cancer cells reprogram cellular glucose metabolism to fulfill
their anabolic demands. Among cancer cells, HCC cells probably
display the most comprehensive reprogramming of glucose meta-
bolism.28 The liver is the primary organ site for the regulation of
whole-body metabolism and energy homeostasis; thus, aberrant en-
ergy metabolism is closely related with the pathogenesis of many liver
diseases as well as the progression of liver disease to carcinomas.29

HCC is a complex multi-step process arising from a combination
of genetic and epigenetic alterations, somatic mutations, genomic
y: Nucleic Acids Vol. 18 December 2019 311
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Figure 4. miR-885-5p Negatively Regulated the Malignant Phenotypes of HCC In Vitro

The cells transfected with miR-NC and miR-885-5p under normoxia or hypoxia conditions induced by CoCl2 and DFX were subjected to CCK8 analysis, wound healing

assay, cell migration, and apoptosis assay. (A) Effects of miR-885-5p on proliferation over different time periods of Huh7 and SMMC-7721 cells. (B) Images of cell migration

from wound healing assay. Scratch wounds were made on confluent monolayer cultures 48 h post-transfection. Images of wound repair were taken at 0, 24, and 48 h after

wound (40�). The percentage of wound closure was normalized to the wound area at hour 0. (C) Transwell assay of SMMC-7721 cells treated with miR-NC or miR-885-5p

(200�). Histograms indicate the relative percentage of cells across the membrane. The relative percentage of migrating cells from control group is designated as 100%. (D)

miR-885-5p induced cell apoptosis. Cell apoptosis was detected by annexin-V/propidium iodide combined-labeling flow cytometry in SMMC-7721 cells 48 h after

transfection. Quadrants from lower left to upper left (counterclockwise) represent healthy, early apoptotic, late apoptotic, and necrotic cells, respectively. Apoptotic evaluation

was determined by the percentage of apoptotic cell number in total cell number. All data are presented asmean ± SEMof 3 independent experiments. The comparisons were

evaluated using t test. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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instability, and environmental factors.30 Recent studies have demon-
strated that miRNAs play critical roles in energy metabolism.8

Although some dysregulated miRNAs have been reported to be
able to alter glucose metabolism in liver cancer cells8 and play impor-
tant roles in the tumor metabolic regulatory network,7 the underlying
mechanism by which miRNAs modulate cancer metabolism is still
largely unclear.
312 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
Noticeably, miRNAs are both upregulated (miR-21, miR-221, miR-
222, miR-224, and miR-17-92) and downregulated (miR-29, miR-
122, miR-200, miR-123, miR-199a, miR-199b, and let-7) in
association with HCC and have been extensively reviewed.31 In this
study, we found that miR-885-5p was downregulated in liver tumor
tissues and eight liver cancer cell lines. Our previous study13 of
microarray data from the GEO database also supported the result



Figure 5. miR-885-5p Inhibited Tumorigenicity of HCC In Vivo

(A) Xenograft tumors in nudemice. (a) Morphology of tumors excised frommice at the end of experiment. (b) Growth curves of xenograft tumors. Overexpression of miR-885-

5p reduced the volume of the xenograft tumors. (c) The body weight of mice after sacrifice. The results are displayed asmean ± SEM of 5 animals per group. (B) Ki-67 staining

in biopsies (200�). For each treatment, 3 independent fields from different biopsies were counted. (C) Immunohistochemical analysis of apoptosis proteins Bcl-2, Bax, and

Caspase-3 (200�). (D) miR-885-5p suppressed the expression of HIF-1ɑ, GLUT1, HK2, and LDHA in xenograft microenvironments. The immunohistochemical analysis

from excised tumors of Warburg-effect-related enzymes was evaluated. Protein signal was stained by DAB (brown), and cell nucleus was stained by DAPI (blue). **p < 0.01;

***p < 0.001.
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that miR-885-5p was noted as one of the greatest changes of
decreased expression in liver cancer. Hypoxia is a prominent
micro-environmental feature in many types of solid tumors due to
inadequate vascularization. We found that hypoxia further downre-
gulated miR-885-5p expression and thus induced cancer cells to ac-
quire relatively less aggressive phenotypes in vitro, such as lower abil-
ities of proliferation, migration, and apoptosis promotion. Under a
hypoxic microenvironment in vivo, overexpression of miR-885-5p
has significantly inhibited tumor growth and led to tumor cell
apoptosis. Although some dysregulated miRNAs have been reported
to be responsible for altering glucose metabolism in liver cancer
cells,32 a metabolomic approach would be ideal to obtain a global
perspective on such regulations. Interestingly, we found that miR-
885-5p suppressed lactate production and glucose consumption of
liver cancer cells, and the suppression was especially significant espe-
cially under hypoxia.

Hypoxic cells tend to consume more glucose in order to meet their
energy needs. In tumor microenvironments, the HIF-1a (one oxy-
gen-insensitive subunit of HIF-1) oxygen-dependent degradation
pathway is halted, resulting in elevated levels of HIF-1a. HIF-1a
upregulates many enzymes of the glycolytic pathway, including
HK2, by binding to hypoxia-responsive elements (HREs) in the
HK2 promoter.33 In human glioblastoma multiforme (GBM), GBM
Molecular Therapy: Nucleic Acids Vol. 18 December 2019 313
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Figure 6. miR-885-5p Suppresses the Warburg Effect by Regulating Several Glucose Metabolism-Related Enzymes in HCC

(A and B) Glucose uptake activity (A) and lactate production (B) in SMMC-7721 cells with ectopic expression of miR-885-5p in different hypoxic models. (C) miR-885-5p

suppressed the expression of HIF-1ɑ, GLUT1, HK2, and LDHA at protein level in the DFX-induced hypoxia model.
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cells depleted of HK2 showed a significant compensatory increase in
glucose uptake. An enhanced glucose uptake was associated with the
increased GLUT1 expression at the transcript level in cells depleted of
HK2 andHK1. Furthermore,HK2-depleted cells showed significantly
reduced LDHA transcription, correlating with the reduction in
lactate. In our research, overexpression of miR-885-5p resulted in a
significant decrease in the expression of HIF-1a, GLUT1, HK2, and
LDHA at the protein level in both DFX-induced hypoxia models
and xenograft microenvironments.

Hexokinases catalyze the first irreversible step in the glycolytic
pathway by phosphorylating glucose to G6P in an ATP-dependent
manner. There are four major isozymes encoded by separate genes:
HK1, HK2, HK3, and HK4.34 The major isozyme is HK2, and it is
exclusively upregulated in many types of cancers, although it is not
expressed in most adult tissues, including adult hepatocytes. It con-
tributes to aerobic glycolysis, which distinguishes cancer cells from
the normal cells and is, at least in part, responsible for the accelerated
glucose flux. Therefore, it is regarded as a key player in the Warburg
effect and has been proposed as a therapeutic target for cancers.23

Furthermore, high levels of HK2 expression and activity in glycolytic
cancers are manifested by the use of positron emission tomography
(PET) to visualize tumors. Previous studies have shown that HK2 is
directly regulated by miR-199a-5p in liver cancer cells,35 revealing a
new mechanism for HK2 regulation by miRNAs in human cancers.
Our study verified that HK2 was also a direct target and negatively
regulated by miR-885-5p in HCC. Overexpression of HK2 might be
the reason for poor prognosis in downregulated miR-885 expression
cases, but further prospective multicenter studies with more adequate
design and larger sample size are needed to verify it, whereas our find-
ings provide a direction for future research.

In conclusion, our observations found that miR-885-5p could regu-
late the glycometabolism of HCC cells in the hypoxic tumor microen-
vironment and demonstrated that miR-885-5p is a suppressor for
HCC partially by inhibiting several enzymes involved in the glycolysis
314 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
pathway and sequentially restrained malignancies of HCC in vitro
and in vivo. Importantly, we further indicated that HK2 was a direct
target for miR-885-5p. Since the miR-885-5p/HK2 axis is abnormally
regulated in cancer, which correlates with prognosis and controls the
Warburg effect, this axis is worthy of further study for HCC therapy.

MATERIALS AND METHODS
Clinical Specimens

A total of 50 liver cancer specimens and matched adjacent non-
tumorous tissues were collected from surgical specimens of HCC pa-
tients undergoing partial hepatectomy and immediately stored in
liquid nitrogen. All human materials were obtained with informed
consent, and our study was approved by the local Research Ethics
Committee at the Tongji Hospital of Huazhong University of Science
and Technology. Normal PHHCs were isolated using a modified
four-step retrograde perfusion technique as reported previously.36,37

Expression Datasets

The microarray dataset of GEO: GSE20077 were downloaded from
the GEO database (https://www.ncbi.nlm.nih.gov/geo). The dataset
was used to analyze deregulated miRNAs in liver cancer, and the
expression levels of precursor miR-885-5p were also retrieved from
this dataset.

Moreover, we also acquired the expression data of HK2 andmiR-885-
5p in TCGA (https://www.cancer.gov/about-nci/organization/ccg/
research/structural-genomics/tcga), as well as related clinical infor-
mation. Then, patients were divided into two groups according to
the median expression of HK2 or miR-885-5p, and KM survival anal-
ysis was then conducted.

Chemicals for Preparation of Liposomes

Dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS),
cholesterol, DMSO, (NH4)2SO4, CHCl3, and Sepharose CL-4B chro-
matography media were purchased from Sigma-Aldrich Chemical
(St. Louis, MO, USA). 1, 2-Dioleoyl-3-trimethylammonium-propane

https://www.ncbi.nlm.nih.gov/geo
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga


Figure 7. HK2 Is a Direct Target of miR-885-5p, and Both Are Prognostic Biomarkers in HCC

(A) The mRNA and protein levels were measured by (a) qRT-PCR and (b) western blot in SMMC-7721 cells transfected with miR-885-5p mimics. (c) Alignment of potential

miR-885-5p binding site in the 30 UTR of HK2. (d) Luciferase assay. SMMC-7721 cells were transfected with a dual-luciferase reporter vector containing the 30 UTR of HK2 or

a mutated 30 UTR. At 24 h after the transfection, cells were further transfected with miR-885-5p or miR-NC, and dual-luciferase activity was measured. (B) The expression of

HK2 in liver and prognostic analysis. (a) The protein expression levels of HK2 in indicated hepatoma cell lines and PHHCs. (b) The expression level of HK2 in human liver

specimens of cancer tissues and paired pericarcinomatous tissues (C and P, respectively) (200�). (c) Bar plot of the gene expression profile across all tumor samples and

paired normal tissues from TCGA datasets. The height of the bars represents the median expression of a certain tumor type or normal tissue. The red arrow marks the

expression of the HK2 gene in liver cancer tissue and its matched paracancerous tissues. (d) The expression level of HK2 in normal liver and hepatocellular carcinoma from 4

different Human Genome Arrays in TCGA datasets. (e) KM analysis of the correlation between HK2 expression and OS in the 364-patient TCGA cohort. (f) KM analysis of the

correlation between miR-885-5p expression and overall survival in the 165-patient cohort. Log-rank tests were used to determine statistical significance. Data were pre-

sented as mean ± SEM of three independent experiments. **p < 0.01; ***p < 0.001; n.s., not significant.

www.moleculartherapy.org
(chloride salt) (DOTAP), monomethoxy polyethylene glycol 2000-
distearoyl phosphatidylethanolamine (mPEG-DSPE), and PEG-bis-
amine (3,350 Da) were purchased fromAvanti Polar Lipid (Alabaster,
AL, USA). PD-10 desalting columns were purchased fromGEHealth-
care Biosciences (Pittsburgh, PA, USA). All reagents and solvents
were of analytical or high-performance liquid chromatography
(HPLC) grade and were used without further purification. The lipid
compositions of liposomes were DOTAP/Chol/mPEG-DSPE at a
molar ratio of 40:55:5, respectively.
Cell Culture, Treatment, and Transfection

HepG2, Huh7, PLC/PRF/5, SK-Hep-1, Hep-3B, SMMC-7721,
MHHC97-H, MHHC97-L, and four PHHC cells were cultured in
DMEM (GIBCO), supplemented with 10% fetal bovine serum (FBS;
GIBCO) and 1% penicillin/streptomycin at 37�C in a humidified at-
mosphere with 5% CO2. The hypoxic condition was created by
culturing cells in a hypoxia chamber flushed with 1% O2, 5% CO2,
and 94% N2 mixture gas. CoCl2 and DFX were obtained from Sigma
Chemical (St. Louis, MO, USA); dissolved in distilled water at high
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Figure 8. OS Analysis of the miR-885-HK2 Axis in HCC

The x axis represents the OSmonth, and the y axis represents the survival rate. (A) KM survival analysis of miR-885 at 30, 60, and 120months. (B) KM survival analysis of miR-

885 target gene HK2 at 30, 60, and 120 months. (C) KM survival analysis of miR-885-HK2 combinations at 30, 60, and 120 months. The data for prognostic analysis of OS

come from TCGA cohort; log-rank tests were used to determine statistical significance.
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concentrations; and then filtered through a sterile, pathogen-free
nylon filter (pore size: 0.22 mm; MSI, Westborough, MA, USA). Cells
were treated with CoCl2 and DFX, which were adopted to simulate a
low-oxygen environment.

The miR-885-5p mimics (sense, 50-uccauuacacuacccugccucu-30) and
NC (sense, 50-uucuccgaacgugucacgutt-30) were synthesized by
RiboBio (Guangzhou, China). Cells were transfected with miRNAs
using cationic liposomes as described earlier.14 Cell transfections
were performed using liposomes at the proper time point.

Quantitative Real-Time PCR

Total RNA was extracted from clinical specimens or cells using
TRIzol reagent (Invitrogen) according to the protocol. The first-
strand cDNA was synthesized using the PrimeScript RT Reagent
Kit (Takara). Quantitative real-time PCR was performed in the
ABI7500 system using SYBR Green methods. The relative gene
expression was measured and normalized to b-actin by the 2�DDCT

method. The primers used in the study were as follows: HK2, forward,
50- AACAGCCTGGACGAGAGCATC-30, and reverse, 50-AGGT
CAAACTCCTCTCGCCG-30; b-actin, forward, 50-TGATGATATC
GCCGCGCTC-30, and reverse, 50-CCATCACGCCCTGGTGC-30.
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Mature miRNA was quantified using miRNA assays. The relative
miRNA expression was measured and normalized to U6.
Western Blot

Total cellular protein was extracted using RIPA buffer in the presence
of a proteinase and phosphatase inhibitor cocktail. An amount of
30 mg protein was loaded to 10% SDS-PAGE and then transferred
onto the polyvinylidene fluoride (PVDF) membranes. Antibodies
used for blotting were as followed: HK2, HIF-1a, GLUT1, and
LDHA were purchased from abcam. b-actin was used as normalized
control.
Cellular Uptake Assay

Cells grown in a monolayer were washed once with DMEM and
then were incubated with miR-885-5p mimic (cy3 labeled) at
37�C. After treatment for 1.5 h, the cells were rinsed with PBS for
3 times and fixed with 4% paraformaldehyde solution for 15 min.
The solution of DAPI was used for the staining of nucleus. Samples
were observed with a fluorescence microscope (Olympus, Japan)
and then measured using a flow cytometer (Becton Dickinson,
San Jose, CA, USA).
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Cell Proliferation Assay

Cell proliferation was determined using the CCK8 (Roche Applied
Science, Mannheim, Germany) according to the manufacturer’s
protocol.

Cell Migration Assay

The migration assay was performed by using Transwell insert cham-
bers (6.5 mm in diameter, 8-mm pore size; Corning, Corning, NY,
USA). For migration assay, 3 � 104 SMMC-7721 transfected cells
were placed into the upper chamber in serum-free medium in tripli-
cate 24 h after transfection. The lower chamber was filled with 600mL
DMEM, with 10% FBS as chemoattractant. After incubation for 48 h
at 37�C in a 5% CO2 humidified incubator, nonmigrating cells in the
upper chambers were removed by using a cotton swab, and cells that
migrated to the lower surface of membrane were fixed with methanol
and stained with 0.2% crystal violet. Migrating cells were scored by
counting at least three fields per membrane under a light microscope.
A wound healing assay was carried out as previously described,38 and
the relative cell motility rate was presented in a bar graph.

Flow-Cytometric Analysis of Apoptosis and Cell Cycle

Cells were seeded in 6-well plates and harvested 48 h following trans-
fection with miR-885-5p mimic or NC. For apoptosis analysis,
apoptotic cells were measured using an annexin V-fluorescein iso-
thiocyanate (FITC) apoptosis detection kit according to the manufac-
turer’s instructions (LiankeBio, Nanjing, China). For flow-cytometric
analysis, 20,000 cells were examined for each sample and detected us-
ing a FACSAria flow cytometer and FACSDiva 4.1 software (BD Bio-
sciences, Franklin Lakes, NJ, USA). For cell-cycle analysis, the cell
samples were harvested 48 h after transfection and fixed with 75%
ethanol at 4�C overnight according to the manufacturer’s instruc-
tions. Cell-cycle distributions were immediately analyzed on a flow
cytometer (BD Biosciences). Each experiment was performed in
triplicate.

Luciferase Assay

To verify the precise target ofmiR-885-5p, the pMIR-REPORT system
(Applied Biosystems) was applied. SMMC-7721 cells were cultured in
96-well plates and cotransfected with pLUC-HK2 30 UTR-wild or
pLUC-HK2 30 UTR-mut plasmid and miR-885-5p mimic or NC.
pMIR-REPORT b-gal plasmid served as an internal transfection effi-
ciency control. 48 h after transfection, luciferase and b-galactosidase
activities were measured using the Dual Light System. For each trans-
fection, luciferase activity was averaged from five replicates.

Lactate Production and Glucose Uptake

Cells were cultured in a 6-well plate. After transfection with miR-885-
5p mimics or miR-NC for 48 h, culture media was harvested for
measuring the lactate. The extracellular lactate was measured using
the Lactic Acid Assay Kit (Jianchengbio, Nanjing, China) according
to the manufacturer’s instructions.

Cells were cultured in a 6-well plate. After transfection with miR-
885-5p mimics or miR-NC for 48 h, cells were refreshed with
serum-starved (0.1% FBS) and glucose-free DMEM. Sixteen hours
later, cells were treated with 50 mM 2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) (Invitrogen) for
1 h, and then glucose uptake was quantified using flow cytometry
according to the manufacturer’s instructions as well as published
reference.39

Animal Experiments

BALB/c athymic nude mice (male, 3–4 weeks old) were purchased
from Beijing HFK Bioscience (Beijing, China) and bred in path-
ogen-free conditions. All animal experiments were carried out in
accordance with the Guide for the Care and Use of Laboratory An-
imals of Tongji Medical College. SMMC-7721 cells were inoculated
subcutaneously into the left flank of BALB/c nude mice (5 � 106

cells per mouse). 8 days later, tumors of comparable size were estab-
lished. Mice with tumor formation were randomly divided into
three groups of five mice each, and then the mice received intratu-
moral administration of normal saline, miR-885-5p mimic, or miR-
NC (10 nmol miRNA per mouse each time), respectively, for five
times (days 8, 11, 14, 17, and 20). Tumor dimension was monitored
every other day, and their volumes were calculated by length and
width by using the formula: volume = length � width � width/2.
Tumor tissues were collected and processed for immunohistochem-
ical analysis.

Immunohistochemistry (IHC)

Tumor tissues were collected, fixed in 4% paraformaldehyde, and
embedded in paraffin after the mice were euthanized. The slides
were sectioned and stained with H&E; tumor tissues were also used
for IHC, and Ki-67 was used for histological evaluation. Ki-67 signal
was stained by diaminobenzidine (DAB; brown), and cell nucleus was
counterstained by hematoxylin (blue) (Figure 5D). The primary anti-
bodies, anti-HK2 (1:100; Abcam), anti-GLUT1 (1:100; Abcam), anti-
LDHA (1:100; Abcam), anti-HIF-1a (1:100; Abcam), anti-Ki-67
(1:200; Abcam), anti-Bax (1:100; Proteintech), anti-Bcl2 (1:100; Pro-
teintech), and anti-Caspase-3 (1:100; Proteintech) were applied to the
tissue sections and allowed to incubate overnight at 4�C. Then, sam-
ples were further processed as per manufacturer’s instructions and a
series of procedures.15

Statistical Analysis

Representative data from series of at least three independent experi-
ments carried out in triplicate are presented as mean ± SD, unless
otherwise indicated. The statistical difference between each group
was assessed by unpaired two-tailed Student t test using GraphPad
5.0 software. Two-tailed p values < 0.05 were considered statistically
significant. Single-factor survival analysis was carried out using the
KMmethod, and the log-rank method was used to identify the differ-
ence in survival curve. p values < 0.05 indicate that the difference has
statistical significance.
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Supplemental Figures

Figure S1. miR-885-5p inhibitor promoted the malignant phenotypes of HCC in vitro. A

Effects of miR-885-5p inhibitor on proliferation over different time periods of Hep-3B cells.

B Transwell assay of Hep-3B cells treated with miR-NC or miR-885-5p inhibitor (x 100).

Histograms indicate the relative percentage of cells across the membrane. The relative

percentage of migrating cells from control group is designated as 100%. C miR-885-5p

inhibitor inhibited cell apoptosis. Cell apoptosis was detected by Annexin-V/propidium iodide

combined labeling flow cytometry in Hep-3B cells 48 h after transfection. Quadrants from

lower left to upper left (counter clockwise) represent healthy, early apoptotic, late apoptotic,

and necrotic cells respectively. Apoptotic evaluation was determined by the percentage of

apoptotic cell number in total cell number. All data are shown as mean ± SEM of 3

independent experiments. The comparisons were evaluated using t-test. *: P < 0.05, ***: P <

0.001, ****: P < 0.0001.



Figure S2. The protein levels of HIF-1α, GLUT1 and LDHA in indicated HCC cell lines and

normal PHHC. PHHC: primary human hepatocytes.



Figure S3. miR-885-5p suppressed the expression of HIF-1ɑ, HK2, GLUT1 and LDHA at

protein level in DFX induced hypoxia model in Huh7 cell line.



Figure S4. Protein-protein interaction network of HK2 related genes. Network nodes

represent proteins, edges represent protein-protein associations based on the STRING

database.
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