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Abstract: Hepatocellular carcinoma (HCC) progression depends on cellular metabolic reprogramming as both direct
and indirect consequence of oncogenic lesions. However, the underlying mechanisms are still understood poorly.
Here, we report that miR-873 promotes Warburg effect in HCC cells by increasing glucose uptake, extracellular acidi-
fication rate (ECAR), lactate production, and ATP generation, and decreasing oxygen consumption rate (OCR) in HCC
cells. Mechanistically, we show that miR-873 activates the key glycolytic proteins AKT/mTOR via targeting NDFIP1
which triggers metabolic shift. We further demonstrate that enhanced glycolysis is essential for the role of miR-873
to drive HCC progression. By using immunohistochemistry analysis, we show a link between the aberrant expression
of miR-873, NDFIP1, and phospho-AKT in clinical HCC samples. We also found that miR-873 was up-regulated by
HIF1q, a critical glycolysis-related transcription factor. However, BAY 87-2243, a HIF 1« specific inhibitor, blocks miR-
873 mediated tumor growth and metastasis in nude mice. Collectively, our data uncover a previously unappreciated
function of miR-873 in HCC cell metabolism and tumorigenesis, suggesting that targeting miR-873/NDFIP1 axis
could be a potential therapeutic strategy for the treatment of HCC patients.
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Introduction synthetic needs of fast-growing tumors [4]. Th-
us, targeting glycolysis in HCC cells, especially

Hepatocellular carcinoma (HCC) is the third in hypoxic environments, is likely to be of great

most common cause of cancer-related death,
and its incidence is expected to increase world-
wide [1]. As an inherent feature of solid tumors,
including HCC, hypoxia or inadequate oxygen
supply contributes to the metabolic reprogram-
ming of cancer cells [2]. Tumor cells modify th-
eir metabolism to adapt to challenging hypoxic
environments to facilitate continuous growth.
This phenomenon is referred to as the Warburg
effect and is a core metabolic hallmark of can-
cer [3]. In addition to generating ATP, this meta-
bolic reprogramming provides glycolytic inter-
mediates that are needed to address the bio-

value for the treatment of HCC.

MicroRNAs (miRNAs) are 18- to 22-nucleotide-
long noncoding RNAs [5]. They regulate gene
expression at the post-transcriptional level by
binding to the 3’-untranslated regions (UTRs) of
their target genes to either block mRNA transla-
tion or trigger mRNA degradation [6]. It is be-
coming increasingly evident that miRNAs are
key modulators of the initiation and progression
of HCC [7]. MiRNAs can act as oncogenes or
tumor suppressors depending on their targets
[8]. Recently, a series of miRNAs were found to
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be involved in the regulation of glucose metab-
olism and hypoxia in cancer [9]. For example,
miR-186, miR-199a-5p, and miR-122 have be-
en shown to control the Warburg effect in HCC
[10]. Notably, miR-873 was shown to be ectopi-
cally expressed in different cancers, such as
glioblastoma multiforme, lung adenocarcino-
ma, and ovarian cancer. By targeting SRCINZ,
CDK3, IGF2BP1, ABCB1, and TRIM25, miR-873
regulates the growth and metastasis of differ-
ent types of cancer [11-14]. However, contro-
versial roles of miR-873 were observed and it is
unknown whether it regulates glucose metabo-
lism or contributes to hepatocarcinogenesis.

In this study, we show that miR-873 is a novel
oncomiR in HCC. By directly targeting Nedd4
family-interacting protein 1 (NDFIP1), miR-873
promoted glycolysis to drive the progression of
HCC. Importantly, in patients with HCC, the
abundance of miR-873 was negatively corre-
lated with NDFIP1 expression.

Methods
Cell culture, reagents, and plasmids

Human HCC and normal liver cell lines were
obtained from Cell Bank of Chinese Academy of
Science (Peking). All of these cells were cul-
tured in RPMI-1640 medium supplemented
with 10% fetal bovine serum (Gibco), 100 ug/
ml streptomycin, and 100 IU/ml penicillin at
37°C in a humidified incubator with 5% CO,.
The primary antibodies against DNFIP1, p-Akt,
Akt, p-S6K1, B-actin, GAPDH were purchased
from Cell Signal Technology (Beverly, USA). To
generate lentiviral constructs, miR-873 (Gene
ID: 100126316) and NDFIP1 genes were sepa-
rately generated by PCR amplification and the
PCR products were then cloned into pCDH-
CMV (System Biosciences, USA). miRNA mimics
and negative control of miRNA mimics (NC)
were synthesized by GenePharma with the fol-
lowing sequences: miR-873 mimics, 5-GCA
GGA ACU UGU GAG UCU CCU-3’; NC mimics,
5-UUG UAC UAC ACA AAA GUA CUG-3'. The
inhibitors of miR-873 and control oligonucle-
otides was obtained from Exiqon. siNDFIP1-#1:
5-UUUGGUCUCUCUCUAAUUA-3’; siNDFIP1-#2:
5-CCUCCACCAUAUAGUAGUA-3'. siHIF1a-#1: 5-
CUGAUGACCAGCAACUUGA-3’; siHIF1a-#2: 5-
AAGCAUUUCUCUCAUUUCCUCAUGG-3'. Mitomy-
cin-C (Sigma-Aldrich, M4287), Z-VAD (Sigma-
Aldrich, V116).
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RNA extraction and quantitative real-time RT-
PCR (qRT-PCR)

The cells and tissues were collected and wa-
shed with ice-cold PBS. Subsequently, 1 ml of
TRIzol reagent was added. Total RNA was ex-
tracted using a miRNA isolation kit (Takara).
Then reverse transcription was performed us-
ing one step PrimeScript® miRNA cDNA synthe-
sis kit (Takara) following the manufacturer’s
instructions. U6 small nuclear RNA acted as an
internal control, and its sequence-specific prim-
ers were: forward, 5-GCTCTCGCATCGCAGCA-3’,
reverse, 5-CTCGGCTAGCGCTACTC-3’; GAPDH
forward 5-GGAGCCAAAAGGGTCATC-3’, and re-
verse 5-CCAGTGAGTTTCCCGTTC-3'. The ampli-
fication of PCR was performed using the SY-
BR Premix Ex Taq (Takara) on a LightCycler®
(Roche Diagnostics). The condition of PCR was
as follows: 30 s at 94°C, 40 cycles at 95°C,
5s, and 60°C for 20 s. The relative expression
levels were calculated by using the compara-
tive 22¢T method. The expression of miR-873 in
clinical samples was detected by real-time RT-
PCR, and the mean value of miR-873 expres-
sion was calculated. The samples that had miR-
873 expression equal to or greater than mean
value were divided into high miR-873 expres-
sion group. The samples that had miR-873 ex-
pression lower than mean value were divided
into low miR-873 expression group.

Western blotting

Briefly, lysates from cultured cells or tissues
were prepared in modified RIPA buffer (150
mM 150 mM sodium chloride, 50 mM Tris-HCI
[pH 7.4], 1% Triton, 0.5% sodium deoxycholate,
0.1% SDS) plus 25 pyg/ml leupeptin, 10 pg/
ml aprotinin. The protein concentrations were
determined by using a BCA Protein Assay Re-
agent kit (Pierce Biotechnology, USA). Then cell
or tissue protein extracts were separated using
SDS polyacrylamide gel electrophoresis and
transferred to a PVDF membrane (Millipore,
MA). The membranes were incubated with indi-
cated antibody for overnight at 4°C. After pri-
mary antibody incubation, PVDF membranes
were washed three times for 30 min in TBST
buffer (0.1% Tween in PBS) before incubation
in the appropriate horseradish peroxidase-
linked secondary antibody for 1 hour at room
temperature. Finally, membranes were washed
three times, and immunoreactive proteins were
assayed using an enhanced chemilumines-
cence substrate reaction (Thermo Scientific,
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USA) according to the manufacturer’s instruc-
tions. Image Lab analysis software (BioRad,
USA) was used for quantification of bands in-
tensities and statistical analysis. Bands inten-
sities were expressed as a ratio between tar-
get proteins and their corresponding GAPDH.
Then the ratio value was normalized to con-
trols. Experiments were repeated at least three
times. The data were expressed as mean + SD.

Cell growth, migration and invasion assays

Cell growth was examined with a Cell Counting
Kit (CCK)-8 Kit according to the manufacturer’s
instructions (Dojindo). Cells were plated in
96-well plates at a density of 5000 cells per
well, and pre-incubated. At designed time po-
ints (6, 12, 24, 48 and 72 hours) post culture,
10 pL of CCK-8 solution was added to each
well. And the cells were further cultured for 2
hours. Absorbance was read at 450 nm using a
microplate reader.

Cell invasion assay was performed with Matrigel
Invasion Chambers following the manufactur-
er’'s instructions (BD Biosciences). Briefly, tr-
ansfected cells were placed on the upper sur-
face of the transwell insert. After 16 h, the inva-
sive cells were fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet. The num-
ber of invasive cells was averaged in five ran-
domly selected microscope visions and pho-
tographed.

Metabolism measurements

Glucose Uptake Colorimetric Assay kit, Lactate
Assay Kit Il, ATP Colorimetric Assay kit, and
Lactate Dehydrogenase Activity Assay Kit were
used to determine glucose uptake, lactate and
ATP production, and activities of LDH (L-lactate
dehydrogenase), respectively, according to the
manufacturer’s protocols (Biovision). For glu-
cose uptake colorimetric assay, cells were se-
eded at a density of 1500 cells per well in a
96-well plate. The cells were starved for glu-
cose for 40 min by preincubating with 100 pl
Krebs-Ringer-Phosphate-HEPES (KRPH) buffer
containing 2% BSA. Ten microliters of 10 mM
2-DG (2-deoxyglucose) were added and the
cells incubated for 20 min. For lactate and ATP
assays, 1 x 10° cells were homogenized in 100
ul corresponding assay buffer provided by the
kits. Samples were centrifuged, and the soluble
fraction was assayed. For lactate dehydroge-
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nase activity analysis, 1 x 10° cells were lysed
in 100 yl assay buffer in the kit and centrifuged
at 10,000 x g for 15 min at 4°C. Thirty microli-
ters of supernatants were added to a 96-well
plate.

The extracellular acidification rate (ECAR) and
cellular oxygen consumption rate (OCR) were
determined using the Seahorse XF¢ 96 Ex-
tracellular Flux Analyzer (Seahorse Bioscience).
Following the manufacturer’s protocols, all ex-
periments were carried out. ECAR and OCR
were examined using Seahorse XF Glycolysis
Stress Test Kit and Seahorse XF Cell Mito
Stress Test Kit, respectively. Briefly, 2 x 10*
cells/well were seeded into a Seahorse XF 96
cell culture microplate. After baseline measure-
ments, for ECAR, glucose, the oxidative phos-
phorylation inhibitor oligomycin, and the glyco-
lytic inhibitor 2-DG were sequentially injected
into each well at indicated time points. For OCR,
oligomycin, the reversible inhibitor of oxidative
phosphorylation FCCP (p-trifluoromethoxy car-
bonyl cyanide phenylhydrazone), and the mito-
chondrial complex | inhibitor rotenone plus the
mitochondrial complex Il inhibitor antimycin A
(Rote/AA) were sequentially injected. The Se-
ahorse XF-96 Wave software was used to ana-
lyze the data. OCR is shown in pmols/minute
and ECAR in mpH/minute. For basal oxygen
consumption rate measurement, 500 million
trypsinized cells were suspended in culture
medium in a 0.5 ml volume and measured by
an Oxytherm unit (Strathkelvin Instrument Ltd.).
All values were normalized to protein conce-
ntration.

Gas chromatography-mass spectrometry (GC-
MS) analysis of metabolites

HCC cells overexpressing indicated plasmids
were incubated in the culture medium without
glucose and FBS for 7 h, followed by supple-
ment with 10% FBS and 25 mM of **C-labeled
glucose (Cambridge isotope laboratory) and
continued culture for 36 h. Metabolites were
extracted from cells as previously described.
Briefly, cells were rinsed with cold PBS and
lysed in cold 50% acetonitrile, with three quick
cycles of freeze-thawing using liquid nitrogen
and 37°C water bath. Then, the lysates were
centrifuged, and the supernatant was dried in
termovap nitrogen sample concentrator and
resuspended in 80% CH,OH/H,O with ribitol
(0.2 mg/ml), followed by sonication and cen-
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trifugation. The supernatant was dried again
and then derivatized for GC-MS analysis. Data
were collected on an Agilent 6890N GC x GC-
TOF-MS, a two-dimensional gas chromatogra-
phy time-of-flight MS coupled with a Pegasus
HT time-of-flight MS (Leco Corporation).

Intracellular ROS measurement

Trypsinized cells were stained with 2 uyM of
CellROX DeepRed (Life Technologies) in PBS
containing 5% FBS at 37°C for 30 min. Intra-
cellular ROS production was analyzed by FAC-
SVerse flow cytometer (BD Bioscience). Gain
and amplifier settings were held constant dur-
ing the experiment.

Transfection and luciferase assay

Renilla reporter pRLTK and pGL2-promoter
empty vector were cotransfected with or with-
out indicated vector into HEK293 cells. Forty-
eight hours after transfection, cells were lysed,
and luciferase activity was assessed using the
dual-luciferase reporter assay system (Prom-
ega). All experiments were repeated at least
four times.

Tumor xenograft study

In brief, Hep3B cells (5 x 10° cells per mouse in
10 L total) were injected into four-week-old
male BALB/c-nude mice (n = 5 per group).
When tumors reached about 50 mm?3, BAY
87-2243 was used to treat the mice for 15
days. Then tumors were collected and mea-
sured by bioluminescence with an IVIS Lumina
Imaging System (Xenogen). These procedures
were carried out following approval by the
Institutional Animal Care and Use Committee.

Tissue samples and ethics statement

All of the HCC tissues were obtained from
patients collected at Jilin University Affiliated
Hospital. The normal tissue samples were col-
lected from adjacent tissues that were not
more than 3 cm away from the tumors. The
tumor samples were further confirmed by pa-
thologists and classified according to World
Health Organization classification. This study
was approved by the Ethical Committee of Jilin
University Hospital (Protocol Number: 20160-
322). The written informed consent was ob-
tained from every participant who involved in
this study.
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Statistical analysis

All of the experiments in vitro were performed
in triplicate and repeated 3 times. Statistical
analysis was performed using two-tailed St-
udent’s t-test. The statistical assays were cal-
culated by the SPSS 17.0 statistical software
package. The correlation between the expres-
sion of miR-873 and NDFIP1 was examined by
Spearman rank analysis using GraphPad Prism
7. P values of less than 0.05 were considered
statistically significant. *P < 0.05; **P < 0.01.

Results

MiR-873 is increased in HCC and associated
with poor prognosis

The expression pattern of miR-873 was evalu-
ated using qRT-PCR to investigate its potential
role in HCC. In a cohort of 86 patients with HCC,
the relative expression of miR-873 was signifi-
cantly increased in HCC tumor tissues com-
pared with non-tumor tissues (Figure 1A). In
addition, miR-873 levels were higher in ad-
vanced HCC compared with localized HCC, sug-
gesting that miR-873 could be related to the
aggressiveness and poor prognosis of HCC
(Figure 1B and Table 1). Moreover, miR-873
expression was positively associated with tu-
mor, node, metastasis stage and metastasis,
but was negatively correlated with tumor differ-
entiation (Table 1). As expected, Kaplan-Meier
analysis indicated that HCC patients with low
levels of miR-873 expression had a much lon-
ger overall survival and time to relapse than
those with high levels (Figure 1C and 1D).
Multivariate analysis revealed that tumor stage
and miR-873 expression were independent
predictors of overall survival (Table 2). Detail-
ed clinical information regarding the HCC sam-
ples is shown in Tables 3 and 4. Furthermore,
compared with HCC cell lines (SMMC-7721,
HepG2, Hep3B, SK-HEP-1, and MHCC97H),
immortalized human liver epithelial cell lines
(LO2, 7701, and 7702) showed relatively low
miR-873 expression (Figure 1E). Therefore,
miR-873 might be an oncomiR and an impor-
tant prognostic marker in HCC.

MiR-873 promotes the proliferation, migration,
and invasion of HCC cells

Since miR-873 was upregulated in HCC, we
evaluated its biological effects on tumorigene-

Am J Cancer Res 2019;9(5):927-944



The role of miR-873 in hepatocellular carcinoma progression

A = *% B 5 *%
g 4. " % 4. .
2 3 . Q2 3 "
E 2 ng " mn
é 2‘ ° .:' E 2' .. | |
21 21 ik
E— 1 .
§ 0 ..t ° T § 0 T T
Non-tumoi tumor I-1l -1v
(n=86) (n=28) (n=58)
c , . E @ 54
——miR-873 Low (n=38) — miR-873 Low (n=38) S
—— miR-873 High (n=48) ——miR-873 High (n=48) x 4 *%
100+ 1.0- €
—-— d) e
T g0- % 0.8 3
S : :
> 60 2 0.6 @ 21
= 2 S
5 40+ 2 0.4 21
= ©
© 204 p<0.001 =021 p<0.01 <0 N o
0 — ] 0 S — L U SR 2
0 20 40 60 80 0 20 40 60 80 @««Q«‘Qoﬁoge‘sbé‘%q’
Months Months \\\@ < ,3&-'@‘?‘
3

Figure 1. MiR-873 is upregulated in HCC and associated with poor prognosis. A. Scatter dot plots illustrate that the
expression of miR-873 is significantly increased in tumor tissues compared with non-tumor ones in a cohort of HCC
specimens (n = 86). B. The expression of miR-873 is higher in advanced HCC compared with localized ones. C and
D. Kaplan-Meier analysis indicates that the HCC patients with low levels of miR-873 have a much longer time to
relapse (TTR) or overall survival (0S). E. qRT-PCR shows the relative expression of miR-873 in HCC cell lines (SMMC-
7721, HepG2, Hep3B, SK-HEP-1, and MHCC97H) and the immortalized human liver epithelial cell lines (LO2, 7701,
and 7702). All data are from three independent experiments. *P < 0.05 and **P < 0.01.

sis. We transfected miR-873 mimics into SM-
MC-7721 cells, which express miR-873 at a low
level compared to the other HCC cell lines, to
investigate the role of miR-873 (Figure 2A).
CCK-8 analysis showed that miR-873 overex-
pression significantly promoted cell prolifera-
tion (Figure 2B). Moreover, miR-873 overexpr-
ession significantly increased cell migration
and invasion in SMMC-7721 cells with (Figure
2C and 2D) or without (Eigure S1) mitomycin C
treatment. In contrast, silencing miR-873 inhib-
ited the proliferation, migration, and invasion of
Hep3B cells (Figure 2E-H), suggesting that
silencing miR-873 could inhibit the proliferative
and metastatic potential of HCC cells.

MiR-873 promotes the Warburg effect in HCC
cells

Since glycolysis promotes the progression of
HCC [2], we examined whether miR-873 has a
role in glycolysis in HCC cells. To this end, the
ECAR was measured initially. A significant re-
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duction in both the basal and maximal ECAR in
Hep3B cells with miR-873 silencing was ob-
served (Figure 3A, left panel). We also found
that silencing miR-873 decreased glucose up-
take (Figure 3B) and lactate production (Figure
3C), accompanied by increased oxygen con-
sumption (Figure 3A, right-panel, and Figure
3D). This is further confirmed by another anti-
miR-873 sequence (Figure S2A-D). Conversely,
miR-873 overexpression significantly increased
the ECAR, glucose uptake, and lactate produc-
tion in SMMC-7721 cells, accompanied by de-
creased oxygen consumption (Figure 3E-G). Si-
milar results were observed in SKHEP-1 cells
(data not shown). Our results suggest that miR-
873 expression facilitates glycolytic metabo-
lism in HCC cells.

To further confirm the critical role of miR-873 in
regulating the Warburg effect in HCC cells, we
traced the metabolic flux of 3C-labeled gluco-
se in SMMC-7721 cells with miR-873 overex-
pression using gas chromatography-mass spe-
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Table 1. Relationship between miR-873 expression and clini-

copathological features of HCC patients (n = 86)

cellular lactate (Figure 3l), confirm-
ing that miR-873 promoted glycoly-

Relative miR-873 expression

sis in HCC cells. However, miR-873

Variable Low (n=38) High (n = 48) P-value overexpression significantly decre-
Age NS ased the levels of TCA cycle metab-
<50 18 29 olites, including citrate, succinate,

- 50 0 19 fumaratg, and malgte (Flgl-,ll’e. $2I),
suggesting that miR-873 inhibited

Gender NS the oxidative phosphorylation of glu-
Male 25 37 cose in HCC cells. Collectively, our
Female 13 11 findings reveal that miR-873 drives

Histological differentiation P <0.05 glycolytic metabolism rather than
I-Il 15 30 oxidative phosphorylation in HCC
-V 23 18 cells.

Tumor size P <0.05 ) . .
<5cm o 20 MiR-873 ./nh/.b/ts ’NDFIPl expression
>5em 14 o8 by targeting its 3-UTR

Distant metastasis P<0.05 To elucidate the mechanism under-
Yes 15 32 lying the effect of miR-873 in HCC,
No 23 16 we used three different mRNA tar-

Tumor stage P<0.01 get-prediction algorithms (TargetSc-
-1 19 9 an, miRanda, and TargetRank) to
-1V 19 39 identify potential direct targets of

Intrahepatic metastasis NS miR-873 based on binding sites in
Yes 29 23 the 3"-UTRs of candidate genes that
No 13 25 were as§ociated with glycolysis. On

AFP (ug/L) NS thg paS|s of these mRNA .targe_t-.pr-
<20 17 o1 ediction algorlthms_, we |dent|f|_ed

NDFIP1 as a potential target of miR-
> 20 21 21 873 (Figure 4A). We chose NDFIP1

Liver Cirrhosis NS as a candidate target gene because
Yes 27 33 it was shown to regulate the PTEN/
No 11 15

AKT signaling pathway [15]. To con-

Note: HCC patients were divided into miR-873 high group and low group
according to the analysis of gRT-PCR detection. NS, not significant between
different group; AFP, alpha-fetoprotein. Differences among variables were

evaluated by x? or Fisher’s exact x>-test.

ctrometry. It was found that the level of 3C-
labeled glucose was significantly decreased in
the culture medium of SMMC-7721 cells with
miR-873 overexpression (Figure 3H), suggest-
ing enhanced glucose uptake from the medium
by these cells. Consistently, we observed ele-
vated levels of **C-labeled glucose-6-phos-
phate (G6P), 1,6-bisphosphate (F1,6BP), and
phosphoenolpyruvate (PEP) in miR-873-overex-
pressing SMMC-7721 cells (Figure S2E-G).
However, the level of *3C-labeled pyruvate was
not significantly different between miR-873-
overexpressing cells and control cells (Figure
S2H). MiR-873 overexpression also enhanced
the levels of *3C-labeled intracellular and extra-
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firm this in silico prediction, we cl-
oned the 3’-UTR of NDFIP1 contain-
ing the miR-873 target site into a
Renilla luciferase reporter construct
(Figure 4B) and established a lucif-
erase reporter assay with precursor miR-873
(pre-miR-873) transfected into HEK293T cells.
We observed a significant reduction in the lu-
ciferase activity of the reporter construct con-
taining the NDFIP1 3’-UTR in the presence of
miR-873, while miR-873 did not change the
luciferase activity of the mutant 3’-UTR (Figure
4C). To further confirm that NDFIP1 is a target
for miR-873, we examined the level of endo-
genous NDFIP1 protein after transiently trans-
fecting HEK293T cells with pre-miR-873. As
shown in Figure 4D, the level of NDFIP1 expres-
sion decreased as the concentration of trans-
fected pre-miR-873 was increased. The corre-
lation between miR-873 and NDFIP1 expres-
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Table 2. Univariate and multivariate analysis of factors associated with survival in HCC patients (n =

86)
. Univariate analysis Multivariate analysis
Variable
HR (95% ClI) P-value HR (95% ClI) P-value

Gender

Male vs. Female 0.942 (0.571-1.555) 0.816
Age

<50vs.>50 0.917 (0.586-1.433) 0.702
Histological differentiation

Il vs. 1lI-IV 1.859 (1.183-2.919) 0.007
Tumor size

<5cmvs.>5cm 1.564 (0.996-2.455) 0.052
Distant metastasis

Yes vs. No 1.079 (1.067-2.641) 0.025
Tumor stage

Il vs. 1lI-IV 2.321 (1.384-3.893) 0.001 1.823 (1.039-3.201) 0.036
Liver cirrhosis

Yes vs. No 1.135 (0.701-1.837) 0.607
AFP (ug/L)

<20vs.>20 0.875 (0.559-1.369) 0.558
miR-873 expression

High vs. Low 2.189 (1.368-2.488) 0.001 1.757 (1.061-2.912) 0.029

sion in 20 paired clinical HCC samples was also
investigated using qRT-PCR. As expected, miR-
873 expression was inversely correlated with
the levels of NDFIP1 mRNA in the 20 paired
HCC samples (r =-0.62, Figure 4E). The level of
NDFIP1 mRNA was found to be lower in HCC
tissues than in corresponding non-HCC tissues
(Figure 4F). In addition, immunohistochemical
staining showed that miR-873 expression was
significantly lower in HCC tissues with high ND-
FIP1 expression than in those with low NDFIP1
expression, further suggesting an inverse rela-
tionship between the expression of miR-873
and NDFIP1 (Figure 4G). As expected, we fur-
ther confirmed that miR-873 promoted glycoly-
sis by inhibiting NDFIP1, since overexpression
of NDFIP1 could reverse the enhanced glycoly-
sis induced by miR-873 (Figure S3).

MiR-873 promotes the proliferation, migration,
and invasion of HCC cells via NDFIP1

To investigate whether miR-873 promotes HCC
tumorigenesis by silencing NDFIP1, we asse-
ssed the role of NDFIP1 on HCC cell prolifera-
tion, migration, and invasion using gain-and-
loss assays. We observed that NDFIP1 overex-
pression inhibited cell proliferation, migration,
and invasion in the presence or absence of
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the apoptosis inhibitor Z-VAD (Figure S4). Mo-
reover, we found that the simultaneous inhibi-
tion of NDFIP1 and miR-873 expression in
Hep3B cells restored their proliferation and
metastatic capacity (Figures 5A-D and S5A-D),
while the simultaneous overexpression of ND-
FIP1 and miR-873 in SMMC-7721 cells elimi-
nated the role of miR-873 in proliferation and
metastasis (Figure 5E-G). We also found that
overexpression of NDFP1 can reverse miR-
873-induced cell proliferation and invasion ef-
fect (Figure S5E-G). These results indicate that
miR-873 may promote proliferation, migration,
and invasion via NDFIP1.

Phosphorylated AKT is required for the meta-
bolic shift induced by miR-873

Next, we aimed to identify the target proteins
located downstream of the miR-873/NDFIP1
axis. Previous reports have demonstrated that
hypoxia-inducible factor (HIF) and c-Myc play
central roles in regulating cell glycolysis [2, 8].
However, immunoblot analysis revealed no dif-
ference in the expression of HIF1lax and c-Myc
protein between miR-873-overexpressing HCC
cells and control cells (Figure 6A). Given that
NDFIP1 expression decreases AKT/mammalian
target of rapamycin (mTOR) signaling in cancer

Am J Cancer Res 2019;9(5):927-944
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Table 3. HCC samples clinical information (Part I)

Sample D Age  Gender e e metastasis stage_mewsstos T crosis
1 47 F | 5.1 Yes v Yes 14.32 No
2 50 M 1 2.5 No I No 6.32 No
3 41 F Il 4.6 No Il Yes 11.24 No
4 40 M 1 4.4 No I Yes 3.48 No
5 44 M Il 3.1 No I No 9.45 Yes
6 59 F Il 2.2 No 1] No 8.74 Yes
7 60 M I 4.3 Yes v No 19.15 No
8 58 F I} 10.6 Yes v No 448.65 Yes
9 77 M I 1.9 No Il No 2.48 Yes
10 84 M \% 3.5 No | Yes 117.28 No
11 77 M Il 2.7 No Il No 6.63 Yes
12 69 M | 1.4 No I Yes 6.61 No
13 70 M 1 34 Yes v No 15.32 Yes
14 41 F I 9.8 Yes v Yes 14.52 Yes
15 46 M v 2.1 No I No 6.26 Yes
16 79 F 1l 8.9 Yes v No 58.36 No
17 68 M I\ 7.8 Yes v Yes 482.35 Yes
18 50 M I 3.2 No I No 14.37 No
19 48 M Il 2.5 No Il No 388.14 No
20 47 M 1l 6.5 Yes v Yes 94.26 Yes
21 38 F 1 1.5 No I No 14.26 No
22 87 M \Y 11.6 Yes v Yes 554.24 Yes
23 56 F Il 5.6 Yes v No 89.26 Yes
24 76 M Il 11.7 Yes v Yes 392.63 Yes
25 74 M I\ 7 Yes v No 518.24 Yes
26 81 M Il 6.1 Yes v No 12.44 Yes
27 46 M 1 3.8 No | No 6.89 Yes
28 47 M | 6.6 Yes v Yes 29.37 Yes
29 54 M Il 10.2 Yes v Yes 898.47 Yes
30 80 M 1} 9.5 Yes v No 449.25 Yes
31 11 M I 4.3 Yes v Yes 848.23 Yes
32 a7 M Il 11.9 Yes v Yes 662.15 Yes
33 37 F \% 3.9 Yes v No 15.45 Yes
34 55 M Il 2.7 Yes v No 11.47 Yes
35 81 M \Y 6.7 No 1 Yes 512.24 No
36 39 M | 4.9 Yes v Yes 42.26 Yes
37 42 F 1 4.4 No 1 No 228.3 Yes
38 48 M I 1.6 No I No 16.41 Yes
39 50 M I 11.8 Yes v Yes 752.63 Yes
40 39 M v 12.8 Yes v Yes 479.22 Yes
41 85 M I 14.8 Yes v Yes 632.29 Yes
42 36 M \% 2.9 No 1 No 3.21 Yes
43 48 M | 2.7 No Il No 2.84 Yes
cells and AKT/mTOR activation renders tumor continued growth and survival, we hypothe-
cells dependent on aerobic glycolysis for their sized that miR-873 might stimulate HCC cell
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Table 4. HCC samples clinical information (Part Il)

SampleID  Age Gender Histologicgl Tumor Distant. Tumor Intrahepat.ic _Liver.
differentiation size metastasis stage metastasis cirrhosis
44 72 M v 77 Yes \Y Yes 521.38 Yes
45 39 M | 9 Yes \% Yes 87.26 Yes
46 49 M I 12.7 Yes \Y Yes 295.44 No
47 40 F I 4.7 No Il Yes 18.48 Yes
48 50 M Il 1.2 No Il No 15.61 Yes
49 64 F 1] 3.4 No Il No 52.15 Yes
50 63 M Il 7.6 Yes \% Yes 17.46 Yes
51 42 M | 3.8 No 1 Yes 6.63 No
52 44 M | 7.6 Yes \% Yes 669.26 Yes
53 47 F Il 2.5 No Il No 13.26 Yes
54 64 F I 5.4 No I No 112.39 No
55 82 M v 11 No I No 18.31 Yes
56 45 F I 13.6 Yes v Yes 892.48 Yes
57 75 F v 39 Yes v Yes 526.3 No
58 56 M Il 8.7 Yes \% Yes 924.52 Yes
59 45 M | 8.4 Yes \% Yes 965.52 No
60 41 M 1 10.4 Yes \% Yes 654.48 Yes
61 66 M Il 6.2 No 1 Yes 329.64 Yes
62 49 M Il 4.9 Yes \% Yes 14.12 Yes
63 73 M 11 2.9 No | No 18.26 Yes
64 46 F v 3.4 No I No 7.35 No
65 39 M 11 4.5 Yes I\ No 328.44 Yes
66 79 F v 4.8 No I Yes 188.4 No
67 59 M Il 2.8 No 1l No 638.26 Yes
68 45 M Il 11.7 Yes \% Yes 416.25 Yes
69 36 M | 5.7 Yes \% No 95.22 No
70 47 M 1] 8.8 No I Yes 38.63 No
71 70 F 11 8.1 Yes \Y Yes 19.93 Yes
72 83 M 1] 2.6 No I No 6.38 Yes
73 77 M 1] 3.3 No Il Yes 39.41 Yes
74 44 M 1 4.8 Yes \Y Yes 122.45 Yes
75 51 F Il 12.9 Yes I\ Yes 162.25 No
76 61 M 1 4.1 No Il Yes 411.27 No
77 49 F | 7.4 Yes \% Yes 415.38 Yes
78 41 F Il 3.6 Yes \% No 188.35 Yes
79 47 M Il 34 No 1 No 3.79 Yes
80 77 F v 5 No I No 11.07 Yes
81 45 M 1] 10.9 Yes \Y No 1042.32 Yes
82 87 F v 6.4 Yes \Y No 9.4 No
83 44 M Il 1.6 No I No 9.68 No
84 41 M v 8.8 Yes \% Yes 661.2 Yes
85 55 M v 7.9 Yes \% Yes 18.64 Yes
86 43 M I 6.8 No 1 Yes 344.84 No
glycolysis by increasing the activity of AKT and overexpression in HCC cells was sufficient to
mTOR. Consistent with this prediction, miR-873 induce AKT-S473 and -S6K phosphorylation
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Figure 2. MiR-873 promotes the proliferation, migration, and invasion of liver cancer cells. A. Confirming miR-873
overexpression by qRT-PCR in SMMC-7721 cells transfected with miR-873 mimics. Western blots also were shown.
B. The CCK-8 assay was performed to evaluate the effects of miR-873 mimics on cell proliferation in SMMC-7721
cells. C. Transwell-migration assay in SMMC-7721 cells transfected with miR-873 mimics or its control. D. Invasion
assay was performed in SMMC-7721 cells treated as indicated. E. Confirming miR-873 inhibition by qRT-PCR in
Hep3B cells transfected with miR-873 inhibitors. F. The CCK-8 assay was performed to evaluate the effects of miR-
873 inhibitors on cell proliferation in Hep3B cells. G. Migration assay was performed in indicated cells. H. Invasion

assay. **P < 0.01. C-H. Scale bars, 20 ym.

without affecting the total level of AKT (Figure
6A). These data suggest that increased miR-
873 expression is associated with an increa-
se in AKT-S473 and -S6K phosphorylation. To
examine whether AKT activity might account
for the metabolic shift induced by miR-873,
we treated miR-873-overexpressing cells with
LY294002, a cell-permeable specific inhibitor
of phosphatidylinositol 3-kinase. Western blot
analysis showed that LY294002 significantly
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inhibited AKT phosphorylation and decreased
the miR-873-induced expression of Glutl and
HK2 (Figure 6B). Our results suggest that the
inhibition of AKT activity in miR-873-overex-
pressing cells is sufficient to decrease HCC-
induced alterations in the rate of glycolysis.
Furthermore, both rapamycin, which represses
the activity of mTOR, and LY294002 inhibited
the increased rate of glucose and lactate pro-
duction observed in miR-873-overexpressing
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Figure 3. MiR-873 enhances glycolysis in HCC cells. (A) By using a Seahorse Bioscience XFp analyzer, ECAR and
OCR of Hep3B cells stably expressing anti-miR-873-#1 or anti-NC were measured. (B) Using the glucose assay Kkit,
cellular glucose uptake was measured in Hep3B cells stably expressing anti-miR-873-#1 or anti-NC. The data were
normalized to protein concentrations. (C) By using lactate assay kit, extracellular lactate production was measured
in Hep3B cells stably expressing anti-miR-873-#1 or anti-NC. The above data were normalized to protein concentra-
tions. (D) Equal numbers of Hep3B cells stably expressing anti-miR-873-#1 or anti-NC were subjected to an Oxy-
therm unit to measure the O, consumption rate. (E) ECAR and OCR of SMMC-7721 cells with stable overexpression
of miR-873 were detected using a Seahorse Bioscience XFp analyzer. (F) Cellular glucose uptake and extracellular
lactate production were measured in SMMC-7721 cells with stable overexpression of miR-873 or NC using the glu-
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cose or lactate assay kit. The results were normalized to protein concentration. (G) Equal numbers of SMMC-7721
cells with stable overexpression of miR-873 or NC were subjected to an Oxytherm unit to measure their OCRs. (H,
1) SMMC-7721 cells with stable overexpression of miR-873 or NC were cultured in medium containing *3C-labeled
glucose for the indicated time. Extracellular 3C-labeled glucose (H), intracellular and extracellular **C-lactate (l)
were measured by GC-MS. *P < 0.05 and **P < 0.01.
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4 days after transfection of increasing amounts of pre-miR-873. E. The correlation between miR-873 and NDFIP1
mRNA expression in 20 human HCC samples using quantitative PCR. F. Spearman’s correlation was analyzed. qRT-
PCR data of NDFIP1 expression in 20 paired HCC and adjacent non-tumor tissues. G. Representative IHC relation-
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Figure 5. MiR-873 promotes the proliferation, migration, and invasion of liver cancer cells via NDFIP1. (A) The CCK-8
assay was performed to examine the effects of miR-873 inhibitor and siNDFIP1 on cell proliferation in Hep3B cells.
(B) Western blot assays show that inhibition of miR-873 decreases AKT and S6K phosphorylation. (C) Transwell-
migration assay. (D) Invasion assay was performed. (E) The CCK-8 assay was performed to examine the roles of
miR-873 mimics and NDFIP1 in cell proliferation in SMMC-7721 cells. (F) Migration assay and (G) invasion assay
was performed in SMMC-7721 cells treated as indicated. **P < 0.01.

cells (Figure 6C and 6D). These data suggest
that AKT or mTOR activity is required for miR-
873-induced changes in glycolysis.

HIF 1o drastically upregulates miR-873 expres-
sion in HCC cells

Finally, we sought to investigate the mecha-
nism by which miR-873 expression is upregu-
lated in HCC. Since HIF1a can regulate miRNA
levels at the transcriptional level and plays a
critical role in HCC cell glycolysis [8], we used
gRT-PCR to explore the change of miR-873
expression in HCC cells under hypoxic condi-
tions. It was observed that CoCl, and dimethyl-
oxalylglycine (DMOG) treatment [16] drastically
upregulated miR-873 expression (Figure 7A).
However, HIF1a siRNA decreased miR-873 ex-
pression in HCC cells (Figure 7B). To further
investigate the regulation of miR-873 by HIF1q,
the miRStart database (http://mirstart.mbc.
nctu.edu.tw/home.php) was used to predict the
transcription start site (TSS) of miR-873. The
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JASPAR database (http://jaspar.genereg.net)
was used to predict conserved HIF1a binding
elements, also called hypoxia response ele-
ments (HREs), in the promoter region of miR-
873. It was observed that HIFLa bound to HREs
in the 1-kb sequence located upstream of the
TSS of miR-873. Thus, we cloned the promoter
region of miR-873 (-1 kb) containing the pre-
dicted HRE sequences into the pGL3 vector. As
expected, treatment of HEK293T cells with
CoCl, increased the luciferase activity of the
miR-873 promoter, while small interfering RNA
targeting HIF1a (Si-HIF1a) markedly decreased
this increase in luciferase activity (Figure 7C).

BAY 87-2243, a specific inhibitor of HIF1x [17],
was used in vivo to treat HCC cell line Hep3B-
xenografted male BALB/c nude mice for 15
days. gRT-PCR analysis indicated that BAY
87-2243 reduced miR-873 expression in HCC
tissues (Figure 7D). Immunohistochemical st-
aining also confirmed the decrease of HIF1la
expression in BAY 87-2243-treated HCC tis-

Am J Cancer Res 2019;9(5):927-944
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Figure 6. Phosphorylated AKT is required for the miR-873-induced metabolic shift. A. Western blot assays show
that miR-873 increases AKT and S6K phosphorylation but does not affect total AKT, c-Myc, or HIFLa expression. B.
Western blot assays show that block of AKT phosphorylation with LY294002 blocks miR-873-induced upregulation
of HK2 and Glut1 in SMMC-7721 cells. C. Block of AKT phosphorylation with LY294002 decreases miR-873-induced
increases in lactate secretion in SMMC-7721 cells. D. Block of AKT phosphorylation with LY294002 decreases miR-
873-induced increases in the rate of glucose uptake in SMMC-7721 cells. *P < 0.05 and **P < 0.01, #represents

not statistically significant.

sues compared to the control group (Figure
7D).

Discussion

Even though considerable progress has been
made in understanding the mechanisms and

940

functional significance of the Warburg effect,
the potential impact of miRNAs on HCC cell
metabolism still needs further exploration. In
this regard, the present study revealed an unex-
pected role for miR-873 in promoting aerobic
glycolysis in HCC cells. Importantly, we identi-
fied NDFIP1 as a direct target of miR-873, and
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enhances the levels of endogenous miR-873 while silencing HIF1a significantly decreases the expression of miR-
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the induction of the metabolic shift by miR-873 There is growing evidence that miRNAs play
was dependent on the NDFIP1/AKT/mTOR axis. critical roles in the regulation of cellular metab-
We also found that miR-873 expression was olism. Recent findings indicate that a few miR-
negatively related to NDFIP1 levels in patients NAs, such as miR-23a, miR-34a, miR-122, and
with HCC. Moreover, we found that miR-873 miR-155, take part in gluconeogenesis, the
expression was regulated by HIF1a, thus form- pentose phosphate pathway, and glycolysis
ing a positive feedback loop to enhance glycoly- [10, 18, 19]. In our present study, we report
sis in HCC cells. Taken together, these findings that miR-873 is an important novel miRNA
support a key role for miR-873 in the develop- linked to HCC cell metabolism. Furthermore,
ment of HCC by enhancing glycolysis, which is our study confirms that miR-873 promotes gly-
potentially significant for designing new thera- colysis and lactate production in HCC cells.
peutic strategies for cancer. Although previous studies reported that miR-
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873 is downregulated in glioblastoma, breast
cancer, and colorectal cancer, and acts as a
tumor suppressor [17, 20], our results demon-
strated that miR-873 expression was negative-
ly associated with the overall survival of HCC
patients. Our finding is consistent with previous
studies indicating that miRNAs might function
as either oncogenes or tumor suppressors in
various cancers, depending on which gene or
pathway they regulate [8]. Furthermore, our
clinical data support the hypothesis that miR-
873 is an independent prognostic indicator for
HCC patients, suggesting the significant rele-
vance of miR-873-mediated aerobic glycolysis
in the development of human HCC. Indeed, by
revealing an unexpected role for miR-873 as a
critical regulator of aerobic glycolysis required
for HCC cell survival and growth, our results
add to our understanding of the mechanisms of
aerobic glycolysis. Our findings also provide an
additional link between cell metabolism and
the progression of HCC. The novel observations
from the present study, together with the sig-
nificant discoveries from previous studies that
miR-873 regulates cell cycle, inflammation, and
cancer drug resistance [21], place miR-873 at
the crossroad of cellular metabolism and tu-
morigenesis. Thus, miR-873 could be used as a
potential biomarker to classify a subtype of
HCC patients who have a higher risk of death.
Therefore, miR-873 might receive more fre-
quent monitoring and be part of an effective
adjuvant treatment. Further studies along this
line will likely lead to a potential new therapeu-
tic strategy for cancer.

The underlying mechanism for the altered
metabolism of HCC cells might be complicated
due to the multiple genes and pathways in-
volved. Of note, NDFIP1, AKT, and S6K1 are
reported to be involved in glycolysis [22]. As
miRNAs often exert their functions via multiple
target genes, in the present study, we focused
on the potential role of the miR-873/NDFIP1
axis in the metabolic changes of HCC cells.
NDFIP1 is a small endosomal PY-motif-cont-
aining membrane protein. It is a potent activa-
tor of Nedd4 family members through multiple
interactions with the WW domains and also
functions as an adaptor protein that brings E3
ligases not only to endosomes but also directly
to their substrates [22]. Recently, NDFIP1 was
shown to regulate the PTEN/AKT signaling path-
way [15], suggesting that NDFIP1 might affect

942

glycolysis in HCC cells. Our data demonstrated
that NDFIP1 is a direct target of miR-873. Most
importantly, we discovered that the inhibition of
the Warburg effect by miR-873 is dependent on
the NDFIP1/AKT/mTOR axis, as overexpression
of NDFIP1 or treatment with an AKT/mTOR
inhibitor abated the effects of miR-873 on aer-
obic glycolysis. As NDFIP1 is a regulator of gly-
colysis [22], we also demonstrated that the
expression of glycolysis-related genes, includ-
ing GLUT1, HK2, AKT, and S6K, was affected
by NDFIP1 and miR-873, suggesting that miR-
873 is linked to metabolic control through its
downstream regulation of NDFIP1. Our study
identifies NDFIP1 as a key mediator of the met-
abolic effects triggered by miR-873 in HCC.
Thus, our data establish the physiological and
pathological significance of miR-873 in regulat-
ing the NDFIP1/AKT/mTOR-mediated Warburg
effect. An inhibitor of miR-873 may be useful
for the treatment of HCC patients with low ND-
FIP1 expression.

Hypoxia in the microenvironment is one of the
most common features of solid tumors [2]. HCC
cells adjust their transcription and translation
to maintain cellular homeostasis and enable
adaptive survival under hypoxic stress condi-
tions. Some miRNAs are regulated by hypoxia
and are thus termed hypoxia-responsive miR-
NAs. Consistent with previous studies, we fo-
und the upregulation of miR-873 expression in
HCC cells subjected to hypoxia or in a hypoxic
environment induced by the use of CoCl,. Mo-
reover, we found that miR-873 is a HIFla-
responsive miRNA and the ectopic expression
of HIF1a can greatly increase miR-873 expres-
sion. The upregulation of miR-873 can, in turn,
lead to the further upregulation of glycolysis-
related genes, thus forming a positive feedback
loop. This positive feedback reinforces the criti-
cal role of miR-873/NDFIP1 in mediating the
Warburg effect and tumor progression in HCC.
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Figure S1. MiR-873 promotes the migration, and invasion of liver cancer cells. SMMC-7721 cells transfected with
miR-873 mimics or its control were pre-treated with mitomycin-C (10 ug/ml) and then migration and invasion were

analyzed.
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Figure S2. MiR-873 enhances glycolysis in HCC cells (Part Il). (A) By using a Seahorse Bioscience XFp analyzer,
ECAR and OCR of Hep3B cells stably expressing anti-miR-873-#2 or anti-NC were measured. (B) Using the glucose
assay Kkit, cellular glucose uptake was measured in Hep3B cells stably expressing anti-miR-873-#2 or anti-NC. The
data were normalized to protein concentrations. (C) By using lactate assay kit, extracellular lactate production was
measured in Hep3B cells stably expressing anti-miR-873-#2 or anti-NC. The above data were normalized to protein
concentrations. (D) Equal numbers of Hep3B cells stably expressing anti-miR-873-#2 or anti-NC were subjected to
an Oxytherm unit to measure the O, consumption rate. SMMC-7721 cells with stable overexpression of miR-873 or
NC were cultured in medium containing *3C-labeled glucose for the indicated time. **C-G6P (E), *C-F1,6BP (F), 3C-
PEP (G), **C-pyruvate (H), and cellular *3C-labeling TCA cycle metabolites (I) were measured by GC-MS.
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Figure S3. MiR-873 enhances glycolysis in HCC cells via NDFIP1. A. ECAR and OCR of SMMC-7721 cells with miR-
873 mimics and NDFIP1 overexpression were detected using a Seahorse Bioscience XFp analyzer. B. Cellular glu-
cose uptake and extracellular lactate production were measured in SMMC-7721 cells with miR-873 mimics and
NDFIP1 overexpression using the glucose or lactate assay kit. The results were normalized to protein concentration.
C. Equal numbers of SMMC-7721 cells with miR-873 mimics and NDFIP1 overexpression were subjected to an Oxy-
therm unit to measure their OCRs. *P < 0.05 and **P < 0.01.
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Figure S4. NDFIP1 inhibited the proliferation, migration and invasion of HCC cells. A. SMMC-7721 cells were trans-
fected with NDFIP1 or vector. CCK-8 assay, transwell-migration assay and invasion assay were performed. B. Above
assay was conducted under the treatment of Z-VAD.
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Figure S5. MiR-873 promotes the proliferation, migration, and invasion of liver cancer cells via NDFIP1. (A) Relative
expression level of NDFIP1 with 2 specific siRNA. (B) The CCK-8 assay was performed to examine the effects of miR-
873 inhibitor and siNDFIP1 on cell proliferation in Hep3B cells. (C) Transwell-migration assay. (D) Invasion assay
was performed. (E) The CCK-8 assay was performed to examine the roles of miR-873 mimics and NDFIP1 in cell
proliferation in SMMC-7721 cells. (F) Migration assay and (G) invasion assay was performed in SMMC-7721 cells
treated as indicated. **P < 0.01.



