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Abstract
Hepatocellular carcinoma (HCC), with life-threatening malignant behaviours, often 
develops distant metastases and is the fourth most common primary cancer in the 
world, having taken millions of lives in Asian countries such as China. The novel miR-
3677-3p is involved in a high-expression-related poor prognosis in HCC tissues and 
cell lines, indicating oncogenesis functions in vitro and in vivo. Initially, we confirmed 
the inhibition of proliferation, migration and invasion in miR-3677-3p knock-down 
MHCC-97H and SMMC-7721 cell lines, which are well known for their high degree of 
invasiveness. Then, we reversed the functional experiments in the low-miR-3677-3p-
expression Hep3B cell line via overexpressing miR-3677-3p. In nude mice xenograft 
and lung metastasis assays, we found suppressor behaviours, smaller nodules and 
low density of organ spread, after injection of cells transfected with shRNA-miR-
3677-3p. A combination of databases (Starbase, TargetScan and MiRgator) illustrated 
miR-3677-3p targets, and it was shown to suppress the expression of SIRT5 in a 
dual-luciferase reporter system. To clarify the conclusions of previous ambiguous 
research, we up-regulated SIRT5 in Hep3B cells, and rescue tests were established 
for confirmation that miR-3677-3p suppresses SIRT5 to enhance the migration and 
invasion of HCC. Interestingly, we discovered hypoxia-induced miR-3677-3p up-reg-
ulation benefited HCC malignancy and invasiveness. In conclusion, the overexpres-
sion of miR-3677-3p mediated SIRT5 inhibition, which could increase proliferation, 
migration and invasion of HCC in hypoxic microenvironments.

K E Y W O R D S

hepatocellular carcinoma, hypoxia, invasion, metastasis, MicroRNA-3677-3p, sirtuin 5

www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0002-8293-0695
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:liuqingguang@vip.sina.com


     |  8719YAO et Al.

1  | INTRODUC TION

Hepatocellular carcinoma ranks as the fourth most frequently diag-
nosed cancer in global surveys, and it was the third highest cause 
of death in China in a 2018 national health survey.1 With its early 
local and systemic metastatic features, increasing amounts of re-
search have been focused on HCC.2,3 Regardless of the many efforts 
made towards the treatment of malignancies, HCC remains incurable 
owing to its high metastatic potential, with most deaths from HCC 
being attributable to its aggressiveness and growing resistance to 
the existing targeted medicines.4,5

Hypoxic environments have been confirmed in many types of 
cancers; they are closely related to metastasis, apoptosis and inva-
sion,6-8 and therefore, identifying pathways and downstream tar-
gets of hypoxic conditions might lead to new therapeutic candidates 
for metastatic HCC. Angiogenesis,9,10 reprogramming of metabo-
lism,11,12 extracellular matrix remodelling13,14 and the promotion 
of inflationary cell chemotaxis are all triggered by hypoxia.15,16 
However, the characteristics of HCC, especially under hypoxic con-
ditions, have not been fully understood.

A number of microRNAs (miRNAs), including miR-2117-19 and miR-
221,20-22 have been widely studied in regard to invasive HCC. miR-
87623 and miR-146824 along with others have been reported in various 
articles. Therefore, there is great potential for identifying an underly-
ing miRNA that can be used to develop treatments for HCC and assist 
in early detection of HCC and the control of metastasis.25-27

miRNAs play an independent role in the pathogenesis and pro-
gression of almost all types of cancers, such as non-small cell lung 
cancer,28,29 breast cancer,30-32 gastric carcinoma33-35 and bladder 
tumours.36,37 They are responsible for modulation of their cellular 
differentiation, as well as in regulating the transcription of their 
downstream targets.

A novel miRNA, miR-3677-3p, has never been reported in any ar-
ticle about neoplasms, including HCC. With the support of advanced 
analysis of a considerable amount of HCC samples, we identified 
miR-3677-3p and investigated its function in HCC and in the hypox-
ia-regulated axis in HCC.

Sirtuin 5 (SIRT5) was initially discovered in 1999, and the five 
human sirtuins, SIRT1 to SIRT5, are widely expressed in foetal and 
adult tissues.38 The various members of the sirtuin family have 
different cellular locations, with SIRT1, SIRT6 and SIRT7 in the nu-
cleus, while SIRT3, SIRT4 and SIRT5 are localized in mitochondria, 
and some researchers have compared traditional histone deacety-
lases (HDACs) to sirtuins.39 All members of this family play similar 
but different roles in gene expression and molecular modifications. 
Previous studies have claimed that SIRT5 differential expression 
could lead to suppressed cellular growth, endoplasmic reticulum 
stress (ER stress), senility and apoptosis in various cancers.40-46

Although the research into the function of SIRT5 in HCC just 
began in 2018,47 several experiments have shown multiple roles 
of SIRT5 in HCC. However, there has not yet been any final ver-
dict reached on whether SIRT5 has a positive or negative role 
in HCC, although it is expressed at only low levels in tumour 

specimens.41,46,48,49 Thus, we investigated its phenomenon of re-
straint in functional and rescue experiments.

Therefore, in this study, we evaluated the potential mechanism 
of the metastatic and invasive promoter, miR-3677-3p, in HCC and 
found that it targeted SIRT5 in hypoxia conditions.

2  | MATERIAL S AND METHODS

2.1 | Patients and tissue samples

Hepatocellular carcinoma tissues and adjacent tissues were obtained 
from 137 patients in the First Affiliated Hospital of Xi'an Jiaotong 
University from January 2013 to December 2014 for the current study. 
This study was approved by the Ethics Committee of the First Affiliated 
Hospital of Xi'an Jiaotong University, and signed informed consent was 
obtained from all participants prior to the study. The patients had a 
mean age of 62.4 ± 8.6 years, including 65 patients under the age of 
65 years and 72 patients older than 65. A total of 114 male patients 
and 23 female patients were included in this study. According to 
Edmondson and the tumour-node-metastasis stages, 89 and 87 cases 
were in early stages and 48 and 50 cases were in advanced stages, 
respectively. In addition, tumour number, tumour size in centimetres, 
venous invasion, hepatitis B virus surface antigen (HBVsAg) and alpha-
fetoprotein (AFP) were collected and analysed by statistical methods.

Some indispensable inclusion criteria when choosing suitable 
patients for our further surveys were as follows: (a) a pathological 
diagnosis of HCC had been made; (b) no previous treatments involv-
ing radiotherapy, chemotherapy or immunotherapy had been ad-
ministered prior to surgery; (c) samples for research only came from 
patients who had undergone liver resection for HCC; (d) complete 
clinical and pathological information as well as the patient's outcome 
were available.

2.2 | Cell Counting Kit-8 (CCK-8)

A CCK-8 kit (#CK04-05, Dojindo Molecular Technologies Maryland, 
USA) was used for the determination of cell viability. The cells were 
seeded in 96-well plates at a density of 3500 cells per well in 10% foe-
tal bovine serum (FBS) Dulbecco's modified Eagle medium (DMEM) 
for 0, 24, 48 or 72 hours. The total cell numbers were assessed after 
incubation with 10 μL of CCK8 for another 0.5 hours. The optical den-
sity (OD) measured by a microplate reader at 450 nm was reported as 
the means ± SD. The experiments were repeated three times.

2.3 | Haematoxylin and eosin (H&E) staining

The whole staining process consists of five steps: dewaxing, dyeing, 
dehydration, transparency and sealing. After dewaxing, we stained the 
slides in haematoxylin for 10 minutes.50 Then, after washing away the 
haematoxylin and allowing the colour to develop for another 2 minutes, 
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we placed the slide for 10 seconds in 1% hydrochloric acid alcohol, so 
the colour faded to red. Next, we washed the slides for 2 minutes in 
water and put them into the red eosin dye for 4 minutes. The slides 
were rinsed in water, dehydrated and sealed with a coverslip.

2.4 | Dual-luciferase reporter gene assay

A dual-luciferase reporter gene assay was established to demon-
strate that miR-3677-3p targeted SIRT5. The 3′-untranslated re-
gion (3′UTR) of the SIRT5 gene was cloned into mi-vector (#E1330, 
Promega, Madison, WI, USA). Site-directed mutagenesis was per-
formed on the potential binding sites of miR-3677-3p, and the SIRT5-
mutant (MUT) vector or SIRT5-wild (WT) was also constructed. The 
RL-vector containing Renilla luciferase (#E2241, Promega, WI, USA) 
was used as the internal control. The miR-3677-3p mimics or the 
NC plasmids were transfected into MHCC-97H cells together with 
SIRT5-MUT or SIRT5-WT. Two days after transfection, luciferase 
activity was detected in the cells according to the protocol of the 
luciferase assay kit (GeneCopoeia, Rockville, MD, USA).

2.5 | Cell culture

Hepatocellular carcinoma cell lines MHCC-97H, Hep3B and SMMC-
7721 (Shanghai Institute of Biochemistry and Cell Biology Chinese 
Academy of Sciences, Shanghai, China) were incubated in DMEM 
(HyClone, GE, Buckinghamshire, England) supplemented with 10% 
FBS (Gibco, Thermo Fisher, Shanghai, China) and incubated in 5% 
CO2 at 37°C. The cDNA from other HCC cell lines like Huh7, HepG2 
and MHCC-97L was tested. Cells were classified into several groups 
after different treatments. We had negative controls (NC) (6 groups 
including HCC cells transfected with miR-3677-3p inhibitor NC in 
Figures 2,5 and 8, miR-3677-3p NC plasmids in Figures 3 and 5, sh-
miR-NC in Figure 4, SIRT5 NC in Figure 6 and miR-3677-3p inhibitor 
NC/miR-3677-3p NC + SIRT5 si-NC in Figure 7), miR-3677-3p mimics 
(Hep3B transfected with miR-3677-3p mimics plasmid in Figure 5), 
miR-3677-3p inhibitor (MHCC-97H and SMMC-7721 cells trans-
fected with miR-3677-3p inhibitor), SIRT5 siRNA1 in MHCC-97H 
cells and miR-3677-3p inhibitor + SIRT5 siRNA1 (MHCC-97H cells 
transfected with miR-3677-3p inhibitor + SIRT5 siRNA1). The trans-
fections were performed according to the instructions of the manu-
facturer of Lipofectamine 2000 (#11668019, Invitrogen, CA, USA).

2.6 | Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR)

Levels of SIRT5, HIF-1a, miR-3677-3p and beta-actin were determined 
using RT-qPCR. The total RNA was extracted with TRIzol (Invitrogen 
Inc, Carlsbad, CA, USA) following the manufacturer's instructions, and 
then the RNA was reverse transcribed into cDNA (#k1622, Thermo 
Fisher, Shanghai, China). The PCR program was performed following 

the kit's protocol (for reverse transcription, 42°C for 5 minutes, 70°C 
for 62 minutes and 4°C at standby; for qPCR, 95°C for 10 minutes, 
95°C for 5 seconds for cDNA or 95°C for 15 seconds for the miRNA 
RT product, 60°C for 30 seconds and 72°C for 30 seconds for 40 
cycles within the last 3 steps). Beta-actin and U6 were used as inter-
nal references for mRNA and miRNA, respectively. The fold changes 
were calculated by means of relative quantification (2−ΔΔCT method).

2.7 | Western blotting

A bicinchoninic acid (BCA) Protein Assay Kit (#WB003, FiveHeart, Xi'an, 
China) was used for measurement of the protein concentration after 
the total protein had been extracted in RIPA Lysis Buffer (#WB009, 
Five Heart, Xi'an, China). After separation with 8% (for HIF-1a) and 
12% (for the other proteins) sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE), the proteins were transferred onto 
polyvinylidene fluoride membranes (PVDF, #IPVH00010, Merck-
Millipore, , Darmstadt, Germany). The membranes were blocked with 
10% skimmed milk and then incubated at 4°C for 12 hours with the pri-
mary antibodies: mouse monoclonal antibody against β-actin (#ab6276, 
1:5000, Abcam, Cambridge, UK), rabbit polyclonal antibody against 
SIRT5 (#8782, Cell Signaling Technology, Danvers, MA, USA) and rabbit 
monoclonal antibody against HIF-1a (#ab16066, 1:2500, Abcam). After 
washing three times with Tris-buffered saline supplemented with 0.05% 
Tween 20 (TBST), the membrane was incubated with goat anti-mouse 
IgG secondary antibody (#ab7072, 1:6000, Abcam) or goat anti-rabbit 
IgG secondary antibody (#ab6721, 1:6000, Abcam Inc) at room tem-
perature for one and a half hours. Next, the membrane was rinsed three 
times with PBST and exposed to western HRP substrate (#WBLUF0110, 
Merck-Millipore,Darmstadt, Germany) under dark conditions. Relative 
protein levels of the target genes were expressed as the ratio of grey 
values of the target protein bands to those of the β-actin band.

2.8 | 5-ethynyl-2-deoxyuridine (EDU) assay

DNA replication was tested by using an EDU Labeling/Detection 
Kit (#R11053.9, Ribobio, Guangzhou, China). Cells grown in 24-well 
plates at a density of 12 × 105 cells/well were incubated with 325 μL 
EDU (50 μmol/L) labelling media overnight at 37°C. After treatment 
with 4% paraformaldehyde and washing with 0.5% Triton X-100 
and glycine/PBS several times, the plates were stained with Apollo 
working solution. Finally, DAPI was used to stain the cell nuclei. The 
proportion of EDU-positive cells was calculated after fluorescence 
microscopic analyses.

2.9 | Transwell assays

The 8-μm Transwell chambers (Corning, Acton, MA, USA) placed in 
24-well plates were used for migration and invasion assays. In the 
invasion assays, the chamber was coated with a 70 μL mixture of 
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Matrigel (#356234, BD, California, SA, USA) and DMEM at a 1:6 
ratio. Then, 200 μL of MHCC-97H or SMMC-7721 transfected cells 
were seeded into the apical chambers, with complete medium added 
into the lower chamber. The chambers were then incubated at 37°C 
with 5% CO2. After a 36 hours incubation, the cells were fixed and 
stained with 0.1%-0.5% crystal violet. For the migration assay, the 
same procedure was followed omitting the Matrigel. The stained 
cells were counted under the microscope to determine the average 
number of cells in five randomly selected fields.

2.10 | Tumour formation and lung metastasis model 
in nude mice

An MHCC-97H cell suspension was prepared after digestion by 
trypsin-EDTA (HyClone, GE, Buckinghamshire, England). A mix-
ture of PBS and Matrigel (#356234, BD, California, USA) at a 
ratio of 1:1 was prepared for suspending cells transfected with 
sh-NC and sh-miR-3677-3p at a final concentration of 3 × 106 
cells/150 μL.

A total of 16 male 4-week-old nude mice (SLAC Laboratory 
Animal Co. Ltd., Shanghai, China) were divided into two groups, a 
xenograft group and a lung metastasis group, with eight mice per 
group. The mice were allowed to adapt for one week, and then they 
were anaesthetized with chloral hydrate.

The xenograft group was inoculated subcutaneously in the left 
posterior cervical subcutaneous site with the prepared cells. The 
mice were kept in the same specific pathogen-free environment 
and were observed and measured weekly after the injections. 
Tumour length and width were recorded, and the gross tumour 
volume was calculated according to the international common 
formula, volume = (length × width2)/2. On the 28th day, the mice 

were sacrificed by chloral hydrate and the tumours were removed 
and weight.

For the lung metastasis model, the same procedure was followed 
except the cells were injected slowly into the tail vein at 3 × 106 
cells/150 μL. The mice were euthanized after 42 days, and pneu-
monectomy was performed. The number of lung metastasis nodules 
was counted under a 100-fold high-power field of a microscope on 
sections after H&E staining. All animal experiments were approved 
by the Institutional Animal Care and Use Committee of the Xi'an 
Jiaotong University, Xi'an, China.

2.11 | Statistical analysis

The statistical analysis was conducted by using SPSS 19.0 (IBM, 
Armonk, USA) and GraphPad 6.0 (GraphPad Software, San Diego, 
USA). Mean ± standard deviation was used for measurement data. 
Two groups’ data were compared using t tests, and multiple-groups 
data were compared using one-way analysis of variance (ANOVA). 
Fischer's least significant difference (LSD) method was adopted for 
paired comparisons. Enumeration data are presented as percentages 
and were analysed using chi-square tests. Values of P < 0.05, P < 0.01 
or P < 0.001 were defined as varying levels of statistical significance.

3  | RESULTS

3.1 | HCC presenting with high expression of miR-
3677-3p had a poor prognosis

According to databases analyses, we found many miRNAs with abnor-
mal expression in deceased or living samples (OncomiR: http://www.

F I G U R E  1   HCC with high expression 
of miR-3677-3p has a poor prognosis 
Comparing differences in the expression 
levels of miR-3677-3p between (A) HCC 
and matched nontumour tissues; (B) 
aggressive and non-aggressive tumour 
tissues; and (C) HCC cell lines and the 
immortalized hepatic cell line LO2, U6 
was used as internal control. D, Overall 
survival was compared between HCC 
patients with high-expression levels of 
miR-3677-3p and those with low levels 
of miR-3677-3p. *P < .05, **P < .01, 
***P < .001

http://www.oncomir.org/
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oncom ir.org/). In HCC tissues, miR-3677-3p was expressed at a high 
level and it was correlated with a poor prognosis. Its significant up-
regulation in 374 tumour samples was obvious (Figure S1A,B from 
Starbase: http://starb ase.sysu.edu.cn/ and OncomiR). Then, we tested 
its expression in liver cancer specimens from our medical institution, 
which consisted of 40 pairs of adjacent normal and liver tumour tis-
sues, and 42 invasive and 71 non-aggressive tumours. The expression 
of miR-3677-3p was increased in the tumours relative to the normal 
tissue, and it was also increased in the aggressive tumours relative 
to the non-aggressive tumours as expected (Figure 1A,B). Similarly, 
the results of relative expression in HCC cell lines indicated that the 
MHCC-97H and SMMC-7721 cell lines, well known for being invasive, 
expressed miR-3677-3p at high levels. miR-3677-3p was expressed at 
lower levels in noninvasive cell lines like Hep3B, although even in non-
invasive HCC cell lines, its expression level was remarkably elevated 
relative to normal hepatic cells (Figure 1C).

Considering the poor prognostic features of HCC, we investi-
gated the correlation between the prognosis and the expression 
level of this miRNA. We found higher expression of miR-3677-3p 
was correlated with a low survival rate (Figure 1D). In addition, the 
TCGA database (OncoLnc: http://www.oncol nc.org/) corroborated 
the correlation between miR-3677-3p expression, using the me-
dian as the cut-off, with a lower survival percentage over 10 years 
(Figure S1C).

3.2 | Clinical significance of miR-3677-3p in 
HCC patients

To further confirm that expression of miR-3677-3p was associated 
with the clinical features of HCC patients, we divided 160 HCC 
patients into high and low groups according to the median value 

Clinical parameters Cases

Expression level

P 
value

MiR-3677-3phigh 
(n = 70)

MiR-3677-3plow 
(n = 67)

Age (years)

<65 y 72 35 37 .608

≥65 y 65 35 30

Gender

Male 114 62 52 .110

Female 23 8 15

Tumour size (cm)

<5 cm 50 27 23 .723

≥5 cm 87 43 44

Tumour number

Solitary 80 28 52 .001

Multiple 57 42 15

Edmondson

I + II 89 32 57 .003

III + IV 48 38 10

TNM stage

I + II 87 31 56 .011

III + IV 50 39 11

Venous invasion

Present 73 29 44 .016

Absent 64 41 23

AFP

<400 ng/mL 61 35 26 .229

≥400 ng/mL 76 35 41

HBVsAg

Positive 114 56 58 .364

Negative 23 14 9

Note: Bold font statistically significant.
Abbreviations: AFP, alpha-feto protein; HCC, hepatocellular carcinoma; TNM, 
tumour-node-metastasis.

TA B L E  1   Correlation between the 
clinicopathologic characteristics and miR-
3677-3p expression in HCC (n = 137)

http://www.oncomir.org/
http://starbase.sysu.edu.cn/
http://www.oncolnc.org/
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of miR-3677-3p expression. Although 13 and 10 patients’ clinical 
information were incomplete, either blood test results missing or 
multiple other treatments were applied before hepatectomy, we 
still had 67 cases in the low-expression group and 70 in the high-
expression group for subsequent research. As shown in Table 1, we 
demonstrated that miR-3677-3p up-regulation was significantly 
associated with tumour-node-metastasis (TNM) stage (III + IV), 
Edmondson stage (III + IV), venous invasion and multiple tumour 
nodes. These data suggest that miR-3677-3p is a potential bio-
marker for the clinical outcome of HCC patients. To test the clinical 
values and prognostic independent risk factors in our study, uni-
variate and multivariate Cox hazard analysis was applied for mak-
ing confirmation that miR-3677-3p was one of the independent risk 
factor for survival of HCC patients (Table 2).

3.3 | miR-3677-3p promotes metastasis, 
invasion and proliferation of HCC

Functional experiments were established to evaluate miR-3677-3p 
in HCC cell lines. MHCC-97H and SMMC-7721, both with high ex-
pression of miR-3677-3p, were selected as cell lines for its knock-
down (Figure 1C). First, real-time PCR was applied to evaluate the 
knock-down efficiency (Figure 2A).

Compared with the negative control groups of the two cell lines, 
the CCK-8 assay indicated that the vitality of the HCC cells was di-
minished after miR-3677-3p knock-down. Similarly, complementary 
EDU assays illustrated proliferation suppression in both cell lines 
(Figure 2B,C).

We next evaluated the important behaviours, migration and in-
vasion, in Transwells with or without Matrigel. The invasive and mi-
gratory characteristics of MHCC-97H and SMMC-7721 were both 
inhibited after miR-3677-3p knock-down (Figure 2D).

Next, overexpression of miR-3677-3p, tested by qPCR, 
was used to support the results that miR-3677-3p promotes 

cell growth, metastasis and invasion (Figure S2A). The Hep3B 
cell line was chosen for these experiments, and we found miR-
3677-3p did indeed enhance proliferation, invasive and migra-
tion (Figure 3).

3.4 | Knocking-down miR-3677-3p 
blocked the growth of xenografts and lung metastasis 
in nude mice

To confirm the tumour-promoting effects of miR-3677-3p in vivo, 
we used tumour xenograft models. The group with miR-3677-3p 
showed decreased expression, verified by post-transfection sh-
miR-3677-3p qPCR, illustrated a weakened capacity of the HCC 
xenografts (Figure S2B and Figure 4A). Measurement of the in-
jected tumour nodules suggested significant suppression of tu-
mour volume in the sh-miR-3677-3p group (Figure 4B). Not only 
the weight of the nodules but also the weight of the mice them-
selves confirmed that the tumour sites in the negative group were 
larger than the sh-group and the mice had no statistical differ-
ences in regards to weight, sex or age (Figure 4C and Figure S2C). 
Models of lateral vein injection were used, and they showed fewer 
and smaller foci in the lungs of nude mice via microscopic evalu-
ation (Figure 4D). Taken together, these results suggest that miR-
3677-3p promotes oncogenesis and metastatic behaviours of HCC 
in vivo.

3.5 | SIRT5 is a target of miR-3677-3p

Since SIRT5 was predicted to be a target of miR-3677-3p by three 
databases including Starbase v3.0, TargetScan v7.2 (http://www.
targe tscan.org/vert_72/) and MiRgator v3.0 (http://mirga tor.kobic.
re.kr/) (Figure 5A,B), a dual-luciferase reporter gene assay was per-
formed to verify the relationship between miR3677-3p and SIRT5. 

Univariate analysis Multivariate analysis

HR 95% CI HR 95% CI

Age 1.02 0.877-1.135 — —

Gender 0.785 0.674-1.022 — —

Tumour size 2.233 2.036-2.523 — —

Tumour number 2.537 2.327-1.876 2.353 2.214-2.581

Edmondson stage 2.582 1.864-2.933 2.128 1.826-2.759

TNM stage 2.351 2.015-2.574 2.305 2.134-2.704

Venous invasion 2.106 1.772-2.486 1.986 1.688-2.233

AFP 1.163 0.876-1.355 — —

HBsAg 1.055 0.714-1.701 — —

miR-3677-3p 2.252 2.103-2.421 2.222 2.072-2.393

Note: Bold font statistically significant.
Abbreviations: CI, confidence interval; HR, Hazard ratio.

TA B L E  2   Univariate and multivariate 
cox hazard analysis of clinical features for 
survival

http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
http://mirgator.kobic.re.kr/
http://mirgator.kobic.re.kr/
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Compared with the miR-NC group, there was a clear decrease in the 
luciferase activity of WT-SIRT5 in the miR-3677-3p mimic trans-
fected group (Figure 5C). In addition, there was no statistically 
significant difference in the luciferase activity of the MUT-SIRT5 
group. In regard to the mRNA and protein level of SIRT5, there were 
converse changes in response to over- or underexpression of miR-
3677-3p (Figure 5D,E). Therefore, miR-3677-5p could specifically 
bind to SIRT5 gene.

3.6 | SIRT5 plays an inhibitory role in HCC

As indicated previously, research into the function of SIRT5 in 
HCC began in 2018 and several studies have shown multiple roles 
of SIRT5 in HCC. However, there has been no final verdict as to 
whether SIRT5 has a positive or negative role in HCC, although it 
has a relatively low-expression level in tumour specimens in dif-
ferent databases (data not shown). qPCR testing of SIRT5 mRNA 

F I G U R E  2   Down-regulated miR-3677-3p inhibits metastasis, invasion and proliferation of HCC in vitro. A, MHCC-97H and SMMC-7721 
cells that were transfected with the corresponding miRNA inhibitor were subjected to qRT-PCR for evaluation of miR-3677-3p expression. 
B, CCK-8 tests showed lower cellular vitality in both cell lines transfected with miR-3677-3p inhibitor. C, The proportion of EDU in two 
cell lines transfected with miR-3677-3p inhibitor was lower than in the NC group. Bar figures indicate the statistics. D, Cell migration and 
invasion as measured by Transwell assays were inhibited by knock-down of miR-3677-3p in MHCC-97H and SMMC-7721 cells. Bar figures 
indicate the statistics. n = 4 independent experiments. *P < .05, **P < .01
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F I G U R E  3   Up-regulated miR-3677-3p promotes metastasis, invasion and proliferation of HCC in vitro. A, CCK-8 tests showed higher 
cellular vitality in cell lines transfected with miR-3677-3p overexpression plasmid. B, The proportion of EDU in Hep3B cells transfected 
with miR-3677-3p overexpression plasmid was higher than in the NC group. Bar figures indicate the statistics. C, Cell migration and invasion 
as measured by Transwell assays were enhanced by up-regulation of miR-3677-3p in Hep3B cells. Bar figures indicate the statistics. n = 4 
independent experiments. *P < .05

F I G U R E  4   miR-3677-3p inhibits the growth of nodules and lung metastasis of MHCC-97H cells in nude mice. A, Nodules comparison 
figure for the Sh-miR-3677-3p and sh-NC groups. B, Week-measurement curves of nodules showing smaller volumes in the sh-miR-3677-3p 
group. C, Tumour weight of the subcutaneous nodules. (D) Representative HE staining of lung metastases of the Sh-miR-3677-3p and sh-NC 
cells. Bar figures indicate the statistics of the number of lung nodules. Arrows mark the HCC nodules. *P < .05, **P < .01
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expression in HCC cell lines and the Hep3B cell line led us to select 
a cell line with a median level of expression of SIRT5 to conduct ad-
ditional experiments (Figure S2D).

We overexpressed SIRT5 in HCC cells (Figure S2E). CCK-8, 
EDU, and Transwell invasion and migratory assays showed it had an 
inhibitory effect (Figure 6). To investigate the SIRT5 expression in 

F I G U R E  5   SIRT5 is a direct target of miR-3677-3p in HCC cells. A, Relationship of miR-3677-3p and SIRT5 in HCC in the Starbase 
database. B, Targetscan showing an miR-3677-3p putative binding sequence in the 3’-UTR of SIRT5 and MiRgator supports the strong 
negative correlation in HCC. A mutant binding site was generated in the complementary site for the seed region of miR-3677-3p. C, miR-
3677-3p significantly suppresses the luciferase activity of the wild type (WT) but not mutant (MT) 3'-UTR of SIRT5, which led to a notable 
increase in the luciferase activity of the wt 3'-UTR of SIRT5. D, qRT-PCR analysis of SIRT5 mRNA expression in cells with miR-3677-3p 
inhibitor or NC transfection in MHCC-97H and SMMC-7721 cells. n = 4 repeats with similar results. E, Overexpression or down-regulation 
of miR-3677-3p reduced or increased the expression of SIRT5 protein in Hep3B or MHCC-97H/SMMC-7721 cells, respectively. Bar figures 
indicate the statistics. *P < .05

F I G U R E  6   SIRT5 is down-regulated in HCC and regulates the migration and invasion of HCC. A, CCK-8 tests showing a lower cellular 
vitality in Hep3B cell lines transfected with pcDNA-SIRT5. B, The proportion of EDU in Hep3B cells transfected with pcDNA-SIRT5 was 
lower than in the NC group. Bar figures indicate the statistics. C, Cell migration and invasion as measured by Transwell assays were inhibited 
by up-regulated expression of SIRT5 in Hep3B cells. Bar figures indicate the statistics. n = 4 independent experiments. *P < .05
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HCC samples, we chose to measure the expression of mRNA level 
in samples by qPCR, then we found that SIRT5 showed a lower level 
in HCC (Figure S4A). In vivo, we summarized the data of tumour 
transplantation nodules volume, weight and calculation of lung 
metastasis sites in HPF of H&E. All the data in vivo illustrated the 
inhibition of tumour growth and lung metastasis via overexpressed 
SIRT5 (Figure S4B,C,D). In short, SIRT5 plays the role of an inhibitor 
in liver cancer.

3.7 | Up-regulation of miR-3677-3p or 
silencing of SIRT5 enhances HCC cell proliferation, 
metastasis and invasion

Next, compared with the NC groups, a significant decrease in SIRT5 
protein level with miR-3677-3p inhibitor and rescue with miR-
3677-3p inhibitor + si-SIRT5 groups (Figure 7A) was tested, while 
the siRNA efficiency was tested primarily in the MHCC-97H cell line 

F I G U R E  7   Alterations of SIRT5 partially abolish miR-3677-3p-mediated HCC cell proliferation, migration and invasion. A, miR-3677-
3p-underexpressing MHCC-97H cells that were transfected with inhibitor or SIRT5 expression siRNA were subjected to Western blot 
analysis for SIRT5. B, CCK-8 tests showing lower cellular vitality in both cell lines transfected with miR-3677-3p inhibitor. SIRT5 knock-down 
abrogated the effects of miR-3677-3p knock-down in MHCC-97H cells. C, The proportion of EDU in MHCC-97H cells transfected with 
miR-3677-3p inhibitor was lower than in the NC group. SIRT5 knock-down abrogated the effects of miR-3677-3p knock-down in MHCC-
97H cells. Bar figures indicate the statistics. D, Cell migration and invasion as measured by Transwell assays were inhibited by knock-down 
of miR-3677-3p in MHCC-97H cells. SIRT5 knock-down abrogated the effects of miR-3677-3p knock-down in MHCC-97H cells. Bar figures 
indicate the statistics. n = 4 independent experiments. *P < .05, **P < .01
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(Figure S2F). Moreover, when compared with the NC groups, the cell 
vitality measured by EDU and CCK-8 in the anti-miR-3677-3p group 
was diminished, and at the same time, there was a significant dif-
ference detected in the miR-3677-3p inhibitor + si-SIRT5-1 group 
(Figure 7B,C). The same trend was seen in Transwell assays, and 
the influence of anti-miR-3677-3p and silencing SIRT5 simultane-
ously increased the aggressive nature of the MHCC-97H cell line 
(Figure 7D,E). These findings suggest that miR-3677-3p can promote 
the carcinogenesis level of HCC by inhibiting the expression level 
of SIRT5.

3.8 | Hypoxia induces the promotion of miR-3677-
3p carcinogenesis

HCC, one of the hypoxia-related cancers, exhibits more aggressive 
features in response to the hypoxia signalling network. Reports of 
hypoxia and miRNAs in liver cancer are necessary. We detected the 
expression of all of the genes in the hypoxia-miR-3677-3p-SIRT5 
axis after overexpression of HIF-1a (Figure 8A,B). The expression of 
miR-3677-3p went up, and SIRT5 decreased in response to hypoxia 

(Figure 8D,E). Tests of HCC proliferation, migration and invasion 
showed a powerful tendency towards proliferation and invasion 
under these conditions (Figure 8F-H).

Moreover, the TCGA database had the same predicted outcomes 
about the positive relationship between miR-3677-3p and HIF-1a 
and negative-related SIRT5 (Figure S3). Effective tests in HCC grow 
and transferability when we knocked down the miR-3677-3p or 
overexpressed SIRT5 in hypoxia conditions proved powerful ten-
dency of proliferation and invasion, respectively (Figure 8F,G,H, 
Figure S4E,F). Therefore, we concluded that hypoxia accelerated 
HCC progression via the miR-3677-3p-SIRT5 axis.

4  | DISCUSSION

Large numbers of miRNAs have been reported to modulate the path-
ological processes of malignancies, such as differentiation, migra-
tion and invasion of cancer cells. At the beginning of this study, we 
noted that there was an apparent abnormal overexpression of miR-
3677-3p in HCC, while SIRT5 expression was very low in HCC tis-
sues. With the support of databases, we identified a poor prognosis 

F I G U R E  8   miR-3677-3p is up-regulated by hypoxia and mediates the promoting effects of hypoxia on proliferation, migration and 
invasion. (A and B) The expression level of HIF-1α at different time points in a hypoxia condition, beta-actin was the internal control. C-E, 
The expression levels of HIF-1a, miR-3677-3p and SIRT5 in MHCC-97H cells cultured in normoxia and hypoxia. F, OD450 in CCK-8 in 
MHCC-97H cells in normoxia, and the same cells transfected with miR-3677-3p inhibitor in hypoxia. G, EDU percentage of MHCC-97H cells 
in normoxia, and the same cells transfected with miR-3677-3p inhibitor in hypoxia. H, Transwell assays in MHCC-97H cells in normoxia, and 
the same cells transfected with miR-3677-3p inhibitor in hypoxia. *P < .05, **P < .01
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in the high-miR-3677-3p group, which was associated with several 
malignant characteristics, such as tumour-node-metastasis (TNM) 
stage (III + IV), Edmondson stage (III + IV), venous invasion and mul-
tiple tumour nodes. Although there has been no prior research on 
this miRNA, we could easily explore research into other miRNAs and 
HCC progression. miR-21,18,19 the miR-200 family51 and some novel 
miRNAs such as miR-876 and miR-146823,24 have been well studied. 
Moreover, it is known that SIRT5 is down-regulated in HCC, which 
could be considered an underlying biomarker for the treatment of 
HCC.

Sirtuin 5 (SIRT5) was initially identified in 1990s and most re-
searchers believed that since it was localized in the mitochondria, 
it played significant roles in gene expression and molecular modifi-
cation regulation. Previous studies have claimed that SIRT5 differ-
ential expression could lead to decreased cell growth, endoplasmic 
reticulum stress (ER stress), senility and apoptosis in various can-
cers.40-42,44 However, three studies have indicated that SIRT5 can 
serve as a promoter of HCC.46,47,49 Although these results when 
weighed against its relatively low-expression in HCC tissues and 
cell lines seems to beyond common sense, these findings are con-
tributing to revealing the real function of SIRT5 in liver cancer. It is 
gratifying that two researchers believed that SIRT5 suppressed the 
development of HCC. There are still disputes about the function of 
SIRT5 in HCC. In our study, functional assays have shown that SIRT5 
acts as an inhibitor in HCC.

Migration and invasion are the two main aggressive behaviours 
of any kind of solid tumour, especially HCC. Research into the 
causes and signalling of these two features are gradually becom-
ing more complete. Increasing numbers of studies have focused 
on the tumour microenvironment and the cancer-promoting effect 
of hypoxia. Hypoxia is a common characteristic of solid tumours 
and plays an irreplaceable role in tumour heterogeneity, which 
causes different gene expression and protein secretion patterns 
in different tumour nodules. A hypoxic environment is closely re-
lated to metastasis, apoptosis and invasion of many tumour types, 
and therefore, identifying pathways and downstream targets of 
hypoxic conditions might lead to therapeutic candidates for met-
astatic HCC.

Angiogenesis, reprogramming of metabolism, extracellular ma-
trix remodelling and promotion of inflationary cell chemotaxis have 
all turned out to be consequences of hypoxia.9-14 In our study, we 
found that miR-3677-3p was overexpressed in hypoxic conditions, 
which led to promotion of carcinogenesis. We have delineated the 
relationship between miR-3677-3p and HIF-1a, but how hypoxia or 
HIF-1a regulates the expression of miR-3677-3p is still unknown. 
We are preparing a systemic exploration of how HIF-1a up-regu-
lates miR-3677-3p. According to the prediction results, the pre-
miR-3677-3p sequence is provisional, so we still have no effective 
knowledge about miR-3677-3p's promoter.

SIRT5 is a well-known gene that leads to histone acetylation and 
has been reported to be related to hypoxia in some low-quality re-
ports. However, in two cerebral ischaemia model articles, the au-
thor reported that ‘genetic deletion of SIRT5 decreased infarct size, 

improved neurological function and blunted systemic inflammation 
following stroke’.52,53 Beyond the fact that SIRT5 accelerates the 
damage of ischaemia, we may make a bold hypothesis that in the 
hypoxic condition of HCC, there is a failure of SIRT5 to be induced, 
which facilitates carcinogenesis.

5  | CONCLUSION

In conclusion, the aforementioned results demonstrated that 
miR3677-3p could promote cell division, migration and invasion 
of HCC through the direct down-regulation of SIRT5 in a hypoxic 
condition, which provides novel insights for developing therapeu-
tic approaches to HCC. However, this study remains at the stage 
before clinical application and the mechanism of hypoxia and 
whether HIF-1a regulates miR-3677-3p directly are not yet es-
tablished. Therefore, further studies of direct regulation between 
HIF-1a and miRNAs or SIRT5 need to be broadened, and we will ex-
pound more upon the function of miR-3677-3p in different tumour 
microenvironments.

ACKNOWLEDG EMENT
This work was supported by a grant from the National Natural 
Science Foundation of China (81572847). We must thank for all par-
ticipants enrolled in the present study and the complete samples da-
tabase in laboratory of department of hepatobiliary surgery in First 
Affiliated Hospital of Xi'an Jiaotong University. Besides, we feel 
grateful for Center for Translational medicine in the same institution.

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTION
Bowen Yao: Conceptualization (lead); Data curation (lead); 
Investigation (lead); Methodology (lead); Project administration 
(lead); Software (lead); Supervision (lead); Validation (lead); Writing-
original draft (lead); Writing-review & editing (lead). Yazhao Li: 
Conceptualization (equal); Data curation (equal); Investigation 
(equal); Methodology (equal); Project administration (equal); 
Resources (equal); Software (equal); Supervision (lead); Validation 
(lead); Writing-original draft (lead); Writing-review & editing (lead). 
Yongshen Niu: Conceptualization (supporting); Data curation (sup-
porting); Investigation (supporting). Liang Wang: Data curation 
(supporting); Methodology (supporting); Software (supporting). 
Tianxiang Chen: Data curation (supporting); Methodology (sup-
porting). Cheng Guo: Conceptualization (equal); Project administra-
tion (equal); Resources (equal); Supervision (equal). Qingguang Liu: 
Formal analysis (equal); Project administration (lead); Resources 
(lead); Supervision (lead).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.



8730  |     YAO et Al.

ORCID
Bowen Yao  https://orcid.org/0000-0002-8293-0695 

R E FE R E N C E S
 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. 

Global cancer statistics 2018: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA Cancer 
J Clin. 2018;68:394-424.

 2. Ji F, Yeo YH, Wei MT, et al. Sustained virologic response to di-
rect-acting antiviral therapy in patients with chronic hepatitis C and 
hepatocellular carcinoma: a systematic review and meta-analysis. J 
Hepatol. 2019;71:473-485.

 3. Modin L, Arshad A, Wilkes B, et al. Epidemiology and natural his-
tory of hepatitis C virus infection among children and young people. 
J Hepatol. 2019;70:371-378.

 4. van der Pol CB, Lim CS, Sirlin CB, et al. Accuracy of the liver im-
aging reporting and data system in computed tomography and 
magnetic resonance image analysis of hepatocellular carcinoma 
or overall malignancy-a systematic review. Gastroenterology. 
2019;156:976-986.

 5. Zanetto A, Campello E, Spiezia L, Burra P, Simioni P, Russo FP. 
Cancer-associated thrombosis in cirrhotic patients with hepatocel-
lular carcinoma. Cancers. 2018;10(11):450.

 6. Song Z, Liu T, Chen J, et al. HIF-1alpha-induced RIT1 promotes liver 
cancer growth and metastasis and its deficiency increases sensitiv-
ity to sorafenib. Cancer Lett. 2019;460:96-107.

 7. Wei Y, Chen X, Liang C, et al. A noncoding regulatory RNAs network 
driven by circ-CDYL acts specifically in the early stages hepatocel-
lular carcinoma. Hepatology. 2020;71(1):130-147.

 8. Yoon AR, Hong J, Li Y, et al. Mesenchymal stem cell-mediated de-
livery of an oncolytic adenovirus enhances antitumor efficacy in 
hepatocellular carcinoma. Can Res. 2019;79(17):4503-4514.

 9. Laouirem S, Sannier A, Norkowski E, et al. Endothelial fatty 
liver binding protein 4: a new targetable mediator in hepato-
cellular carcinoma related to metabolic syndrome. Oncogene. 
2019;38:3033-3046.

 10. Wen Y, Zhou X, Lu M, et al. Bclaf1 promotes angiogenesis by 
regulating HIF-1alpha transcription in hepatocellular carcinoma. 
Oncogene. 2019;38:1845-1859.

 11. Li Q, Pan X, Zhu D, Deng Z, Jiang R, Wang X. Circular RNA MAT2B 
promotes glycolysis and malignancy of hepatocellular carci-
noma through the miR-338-3p/PKM2 axis under hypoxic stress. 
Hepatology. 2019;70(4):1298-1316.

 12. Umezaki N, Nakagawa S, Yamashita YI, et al. Lysyl oxidase induces 
epithelial-mesenchymal transition and predicts intrahepatic metas-
tasis of hepatocellular carcinoma. Cancer Sci. 2019;110:2033-2043.

 13. Garcia-Irigoyen O, Latasa MU, Carotti S, et al. Matrix metallopro-
teinase 10 contributes to hepatocarcinogenesis in a novel crosstalk 
with the stromal derived factor 1/C-X-C chemokine receptor 4 axis. 
Hepatology. 2015;62:166-178.

 14. Tse AP, Sze KM, Shea QT, et al. Hepatitis transactivator protein X 
promotes extracellular matrix modification through HIF/LOX path-
way in liver cancer. Oncogenesis. 2018;7:44.

 15. Lai FB, Liu WT, Jing YY, et al. Lipopolysaccharide supports main-
taining the stemness of CD133(+) hepatoma cells through ac-
tivation of the NF-kappaB/HIF-1alpha pathway. Cancer Lett. 
2016;378:131-141.

 16. Won C, Kim BH, Yi EH, et al. Signal transducer and activator of tran-
scription 3-mediated CD133 up-regulation contributes to promo-
tion of hepatocellular carcinoma. Hepatology. 2015;62:1160-1173.

 17. Shih YT, Wang MC, Zhou J, Peng HH, Lee DY, Chiu JJ. Endothelial 
progenitors promote hepatocarcinoma intrahepatic metasta-
sis through monocyte chemotactic protein-1 induction of mi-
croRNA-21. Gut. 2015;64:1132-1147.

 18. Tian XP, Wang CY, Jin XH, et al. Acidic microenvironment up-reg-
ulates exosomal miR-21 and miR-10b in early-stage hepatocellular 
carcinoma to promote cancer cell proliferation and metastasis. 
Theranostics. 2019;9:1965-1979.

 19. Wu H, Ng R, Chen X, Steer CJ, Song G. MicroRNA-21 is a potential 
link between non-alcoholic fatty liver disease and hepatocellular 
carcinoma via modulation of the HBP1-p53-Srebp1c pathway. Gut. 
2016;65:1850-1860.

 20. Fornari F, Pollutri D, Patrizi C, et al. In hepatocellular carcinoma 
miR-221 modulates sorafenib resistance through inhibition of 
caspase-3-mediated apoptosis. Clin Cancer Res. 2017;23:3953-3965.

 21. Shi SQ, Ke JJ, Xu QS, Wu WQ, Wan YY. Integrated network analysis 
to identify the key genes, transcription factors, and microRNAs in-
volved in hepatocellular carcinoma. Neoplasma. 2018;65:66-74.

 22. Yuan Q, Loya K, Rani B, et al. MicroRNA-221 overexpression ac-
celerates hepatocyte proliferation during liver regeneration. 
Hepatology. 2013;57:299-310.

 23. Xu Q, Zhu Q, Zhou Z, et al. MicroRNA-876-5p inhibits epitheli-
al-mesenchymal transition and metastasis of hepatocellular carci-
noma by targeting BCL6 corepressor like 1. Biomed Pharmacother. 
2018;103:645-652.

 24. Liu Z, Wang Y, Dou C, et al. MicroRNA-1468 promotes tumor pro-
gression by activating PPAR-gamma-mediated AKT signaling in 
human hepatocellular carcinoma. J Exp Clin Cancer Res. 2018;37:49.

 25. Lim LJ, Wong SYS, Huang F, et al. Roles and regulation of long 
non-coding RNAs in hepatocellular carcinoma. Cancer Res. 
2019;79(20):5131-5139.

 26. Lv H, Lv G, Han Q, Yang W, Wang H. Noncoding RNAs in liver 
cancer stem cells: the big impact of little things. Cancer Lett. 
2018;418:51-63.

 27. Ziogas IA, Sioutas G, Mylonas KS, Tsoulfas G. Role of microRNA 
in the diagnosis and management of hepatocellular carcinoma. 
MicroRNA. 2019;9(1):25-40.

 28. Li WQ, Zhang JP, Wang YY, Li XZ, Sun L. MicroRNA-422a func-
tions as a tumor suppressor in non-small cell lung cancer through 
SULF2-mediated TGF-beta/SMAD signaling pathway. Cell Cycle. 
2019;18:1727-1744.

 29. Vo DT, Karanam NK, Ding L, et al. miR-125a-5p functions as 
tumor suppressor microRNA and is a marker of locoregional re-
currence and poor prognosis in head and neck cancer. Neoplasia. 
2019;21:849-862.

 30. Wang HX, Gires O. Tumor-derived extracellular vesicles in breast 
cancer: from bench to bedside. Cancer Lett. 2019;460:54-64.

 31. Xu H, Li W, Luo S, Yuan J, Hao L. Adipose derived stem cells pro-
mote tumor metastasis in breast Cancer cells by stem cell factor 
inhibition of miR20b. Cell Signal. 2019;62:109350.

 32. Zhao C, Ling X, Li X, Hou X, Zhao D. MicroRNA-138-5p inhibits cell 
migration, invasion and EMT in breast cancer by directly targeting 
RHBDD1. Breast Cancer. 2019;26(6):817-825.

 33. Dong XZ, Song Y, Lu YP, Hu Y, Liu P, Zhang L. Sanguinarine inhib-
its the proliferation of BGC-823 gastric cancer cells via regulating 
miR-96-5p/miR-29c-3p and the MAPK/JNK signaling pathway. J Nat 
Med. 2019.

 34. Jiang F, Shen XB. miRNA and mRNA expression profiles in gastric 
cancer patients and the relationship with circRNA. Neoplasma. 
2019;66(06):879-886.

 35. Wang CJ, Zhu CC, Xu J, et al. The lncRNA UCA1 promotes prolif-
eration, migration, immune escape and inhibits apoptosis in gastric 
cancer by sponging anti-tumor miRNAs. Mol Cancer. 2019;18:115.

 36. Lu Q, Liu T, Feng H, et al. Circular RNA circSLC8A1 acts as a sponge 
of miR-130b/miR-494 in suppressing bladder cancer progression 
via regulating PTEN. Mol Cancer. 2019;18:111.

 37. Richter C, Marquardt S, Li F, et al. Rewiring E2F1 with classical 
NHEJ via APLF suppression promotes bladder cancer invasiveness. 
J Exp Clin Cancer Res. 2019;38:292.

https://orcid.org/0000-0002-8293-0695
https://orcid.org/0000-0002-8293-0695


     |  8731YAO et Al.

 38. Frye RA. Characterization of five human cDNAs with homology to 
the yeast SIR2 gene: Sir2-like proteins (sirtuins) metabolize NAD 
and may have protein ADP-ribosyltransferase activity. Biochem 
Biophys Res Comm. 1999;260:273-279.

 39. Nakamura Y, Ogura M, Tanaka D, Inagaki N. Localization of mouse 
mitochondrial SIRT proteins: shift of SIRT3 to nucleus by co-expres-
sion with SIRT5. Biochem Biophys Res Comm. 2008;366:174-179.

 40. Bao X, Xiong Y, Li X, Li XD. A chemical reporter facilitates the detec-
tion and identification of lysine HMGylation on histones. Chemical 
science. 2018;9:7797-7801.

 41. Guo D, Song X, Guo T, et al. Vimentin acetylation is involved in 
SIRT5-mediated hepatocellular carcinoma migration. Am J Cancer 
Res. 2018;8:2453-2466.

 42. Lu X, Yang P, Zhao X, et al. OGDH mediates the inhibition of SIRT5 on 
cell proliferation and migration of gastric cancer. Exp Cell Res. 2019.

 43. Shuai L, Zhang LN, Li BH, et al. SIRT5 regulates brown adipocyte 
differentiation and browning of subcutaneous white adipose tissue. 
Diabetes. 2019;68:1449-1461.

 44. Tang Z, Li L, Tang Y, et al. CDK2 positively regulates aerobic 
glycolysis by suppressing SIRT5 in gastric cancer. Cancer Sci. 
2018;109:2590-2598.

 45. Wang G, Meyer JG, Cai W, et al. Regulation of UCP1 and mitochon-
drial metabolism in brown adipose tissue by reversible succinyla-
tion. Mol Cell. 2019;74:844-857.e7.

 46. Zhang R, Wang C, Tian Y, et al. SIRT5 promotes hepatocellular car-
cinoma progression by regulating mitochondrial apoptosis. J Cancer. 
2019;10:3871-3882.

 47. Chang L, Xi L, Liu Y, Liu R, Wu Z, Jian Z. SIRT5 promotes cell prolif-
eration and invasion in hepatocellular carcinoma by targeting E2F1. 
Mol Med Rep. 2018;17:342-349.

 48. Chen XF, Tian MX, Sun RQ, et al. SIRT5 inhibits peroxisomal ACOX1 
to prevent oxidative damage and is downregulated in liver cancer. 
EMBO Rep. 2018;19(5):e45124.

 49. Dang S, Zhou J, Wang Z, Wang K, Dai S, He S. MiR-299-3p functions 
as a tumor suppressor via targeting Sirtuin 5 in hepatocellular carci-
noma. Biomed Pharmacother. 2018;106:966-975.

 50. Dou CW, Liu ZK, Tu KS, et al. P300 acetyltransferase mediates stiff-
ness-induced activation of hepatic stellate cells into tumor-promot-
ing myofibroblasts. Gastroenterology. 2018;154:2209-2221.

 51. Zhang L, Yang F, Yuan JH, et al. Epigenetic activation of the MiR-
200 family contributes to H19-mediated metastasis suppression in 
hepatocellular carcinoma. Carcinogenesis. 2013;34:577-586.

 52. Diaz-Canestro C, Merlini M, Bonetti NR, et al. Sirtuin 5 as a novel 
target to blunt blood-brain barrier damage induced by cerebral 
ischemia/reperfusion injury. Int J Cardiol. 2018;260:148-155.

 53. Morris-Blanco KC, Dave KR, Saul I, Koronowski KB, Stradecki HM, 
Perez-Pinzon MA. Protein Kinase C epsilon promotes cerebral 
ischemic tolerance via modulation of mitochondrial Sirt5. Sci Rep. 
2016;6:29790.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Yao B, Li Y, Niu Y, et al. Hypoxia-
induced miR-3677-3p promotes the proliferation, migration 
and invasion of hepatocellular carcinoma cells by suppressing 
SIRT5. J Cell Mol Med. 2020;24:8718–8731. https://doi.
org/10.1111/jcmm.15503

https://doi.org/10.1111/jcmm.15503
https://doi.org/10.1111/jcmm.15503

