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miR-210 Participates in Hepatic Ischemia 
Reperfusion Injury by Forming a Negative 
Feedback Loop With SMAD4
Wen-Ming Pan,1* Hui Wang,1,2* Xiao-Fei Zhang,3 Peng Xu,1 Guo-Liang Wang,4 Yi-Jing Li,2 Kun-Peng Huang,1 Yun-Wei Zhang,5 
Huan Zhao,6 Run-Lei Du,6 Hai Huang,7 Xiao-Dong Zhang,6,7 and Jin-Xiang Zhang1

BaCKgRoUND aND aIMS: Hepatic ischemia-reperfusion 
(IR) injury is a major complication of liver transplantation, 
resection, and hemorrhagic shock. Hypoxia is a key patho-
logical event associated with IR injury. MicroRNA-210 (miR-
210) has been characterized as a micromanager of hypoxia 
pathway. However, its function and mechanism in hepatic IR 
injury is unknown.

appRoaCH aND ReSUltS: In this study, we found 
miR-210 was induced in liver tissues from patients subjected 
to IR-related surgeries. In a murine model of hepatic IR, 
the level of miR-210 was increased in hepatocytes but not 
in nonparenchymal cells. miR-210 deficiency remarkably al-
leviated liver injury, cell inflammatory responses, and cell 
death in a mouse hepatic IR model. In vitro, inhibition of 
miR-210 decreased hypoxia/reoxygenation (HR)–induced cell 
apoptosis of primary hepatocytes and LO2 cells, whereas 
overexpression of miR-210 increased cells apoptosis during 
HR. Mechanistically, miR-210 directly suppressed moth-
ers against decapentaplegic homolog 4 (SMAD4) expression 
under normoxia and hypoxia condition by directly binding 
to the 3′ UTR of SMAD4. The pro-apoptotic effect of 
miR-210 was alleviated by SMAD4, whereas short hairpin 
SMAD4 abrogated the anti-apoptotic role of miR-210 inhi-
bition in primary hepatocytes. Further studies demonstrated 
that hypoxia-induced SMAD4 transported into nucleus, in 
which SMAD4 directly bound to the promoter of miR-210 

and transcriptionally induced miR-210, thus forming a nega-
tive feedback loop with miR-210.

CoNClUSIoNS: Our study implicates a crucial role of 
miR-210-SMAD4 interaction in hepatic IR-induced cell 
death and provides a promising therapeutic approach for liver 
IR injury. (Hepatology 2020;72:2134-2148).

Ischemia-reperfusion (IR) injury is a common 
phenomenon that occurs during the clinical set-
tings such as liver surgery, liver transplantation, 

and trauma.(1,2) IR injury involves two distinct stages 
with different mechanisms of hepatic damage: The 
ischemia stage is a process in which the blood supply 
was restricted and then caused cellular metabolic dis-
turbances, tissue hypoxia, glycogen consumption, and 
adenosine triphosphate depletion, whereas the reper-
fusion stage often results in not only tissue damage 
but also inflammatory responses.(3) Complex molecu-
lar and cellular mechanisms are involved in IR injury. 
The present strategies used to minimize IR injury 
include primarily avoidance of inflow occlusion, isch-
emic preconditioning, and the administration of phar-
macologic agents.(4) However, the hepatic IR injury 
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still remains a severe and frequent complication that 
may result in hepatic dysfunction and increases the 
chances of postoperative mortality and morbidity, 
complicating recovery and overall outcome.(5) Thus, 
it is necessary to make great efforts to explore this 
mechanism as an effective therapeutic strategy for IR 
injury.

MicroRNAs (miRNAs) are small noncoding RNAs 
of 18-22 nucleotides that mediate posttranscriptional 
regulation of gene expression through repressing the 
translation of proteins from mRNAs or increasing the 
degradation of mRNAs.(6-8) miRNAs are involved 
in numerous pathophysiological processes, such as 
hypoxia and inflammation.(9) Reducing the levels of 
pathogenic or aberrantly expressed miRNAs or ele-
vating the levels of miRNAs with beneficial functions 
has been proven to be effective in the treatment of 
various diseases in mice.(10-12) Therefore, the identi-
fication of key miRNAs in ischemia may provide a 
new clinical therapeutic strategy for the treatment of 
ischemic diseases.

miR-210 exerts diverse effects on numerous patho-
logical processes in various diseases, such as TH17 dif-
ferentiation,(13) psoriasis,(10) and human cancers.(14,15) 
miR-210 can be significantly induced by hypoxia–
hypoxia inducible factor 1 alpha subunit (HIF1α)-
mediated transcriptional activation.(13) Under ischemic 
condition, the function of miR-210 is context-specific. 
In hypoxic-ischemic brain injury, elevated miR-210 
aggravates mitochondrial dysfunction, oxidative stress, 

and neuronal loss.(16) By contrast, in renal IR injury, 
miR-210 plays a protective role by enhancement of 
angiogenesis through vascular endothelial growth 
factor (VEGF) signaling pathway.(17) Moreover, 
miR-210 can alleviate myocardial infarction through 
mediating proliferation, survival, and angiogenesis of 
cardiomyocytes.(18,19) However, there are no reports 
about the effects of miR-210 on liver IR.

Our present study showed that the level of miR-
210 was increased after hepatic IR injury. miR-210 
knockout (KO) mice displayed lower inflammatory 
responses and hepatocytes apoptosis after hepatic IR 
injury. miR-210 directly suppressed the expression of 
SMAD4, which could transport into the nucleus and 
activate miR-210 transcription under hypoxia condi-
tion. We further revealed that the protective effect of 
SMAD4 overexpression could be weakened by miR-
210 mimic in LO2 cells, implicating the interaction of 
miR-210 and SMAD4 as an important requirement 
in hepatic IR injury.

Materials and Methods
aNIMalS aND HUMaN lIVeR 
SpeCIMeNS

The miR-210 KO mice were generated by the 
CRISPR/Cas9-mediated genome editing. The 
sgRNA sequence is GGCCCACCGCACACTGCG 
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TTGCTC. C57BL/6 WT mice were purchased 
from the Animal Experiment Center of Wuhan 
University. All mice were housed in an environment 
with controlled light (12 hours light/12 hours dark), 
temperature (23°C  ±  2°C), and humidity; food and 
water were available ad libitum. Only 8-week-old to 
10-week-old (24-27 g) males were used. All experi-
mental procedures involving animals were performed 
in accordance with the Guide for the Care and 
Use of Laboratory Animals (National Institutes of 
Health publications 80-23, revised 1996) and were 
approved by the Animal Care and Use Committee 
of Wuhan Union Hospital.

The use of human liver specimens was approved 
by the Ethics Committee of Wuhan Union 
Hospital, and informed consent was obtained from 
all participants before the specimen harvest. All 

subjects in the study suffered from hepatic carci-
noma or traumatic hepatic rupture, and received a 
hepatic portal occlusion surgery. For the patients 
with hepatic carcinoma, para-carcinoma tissues were  
collected.

HepatIC IR MoDel aND 
HepatoCyteS ISolatIoN

Nonlethal segmental (70%) liver ischemia was per-
formed as previously described.(20) Mice were sacrificed 
after 1 hour of ischemia and 6 hours of reperfusion. 
The isolation of hepatocytes from IR-model mice liv-
ers was briefly summarized as the livers were excised, 
minced, and strained through a steel mesh, then puri-
fied by low-speed centrifugation (3 times at 50g for 
5 minutes each).

FIg. 1. miR-210 is increased under IR stress and hypoxia condition. (A) Quantitative PCR analysis of miR-210-3p in hepatocytes 
isolated from IR injury mice liver (mice n = 2-8, **P < 0.01, vs. sham). (B) Levels of miR-210 in liver samples from clinical patients 
with IR-related surgeries (n = 4). (C) Quantification of miR-210 levels in primary hepatocytes subjected to hypoxia stimulation (n = 3, 
***P < 0.001, vs. control). (D) Quantification of miR-210 levels in liver cells (LO2) subjected to hypoxia stimulation (n = 3, **P < 0.01, 
***P < 0.001, vs. control). Abbreviation: ns, not significant.
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HIStology StaININg aND 
tUNel StaININg

The hematoxylin and eosin staining was per-
formed to detect the necrosis in the ischemic lobes 
according to protocols as previously described.(21) 
Histopathology images were captured with a light 
microscope (Aperio versa8, Leica Germany). TUNEL 
assay was performed to detect hepatocyte apoptosis 
according to the manufacturer’s instructions (ApopTag 
Plus In Situ Apoptosis Fluorescein Detection Kit; 
EMD Millipore, Burlington, MA).

Cell CUltURe aND HR MoDel
Primary hepatocytes were isolated from livers as 

the protocol previously reported.(22)

The isolated cells were cultured overnight in 
Dulbecco’s modified Eagle’s medium (DMEM) con-
tained 10% fetal bovine serum (FBS). LO2 cells were 
grown in complete DMEM supplemented with 10% 
FBS. For the HR model, the medium was replaced with 
serum-free DMEM medium before hypoxia, and cells 
were incubated for 6 hours at 1% oxygen in a hypoxia 
chamber (Biospherix, Lacona, NY), and then for another 
1 hour under normoxic conditions (air/5% CO2).

plaSMID CoNStRUCtS aND 
StaBle tRaNSFeCteD Cell lINe

miR-210 mimics, inhibitors, and the corresponding 
negative control oligos were purchased from Guangzhou 
RiboBio Co., Ltd. (Guangzhou, China). SMAD4 com-
plementary DNA (cDNA) was amplified following 
the primers 5′-ATGGACAATATGTCTATTAC-3′ 
(forward) and 5′-TCAGTCTAAAGGTTGTGGG-3′ 
(reverse). The shRNA sequences against SMAD4 were 
as follows: 1, CGAGTTGTATCACCTGGAATT; 2, 
GTACTTCATACCATGCCGATT; 3, GCAGACAG 
AAACTGGATTAAA; and the scramble sequence, 
AATTCTCCGAACGTGTCACGT. These fragments 
and corresponding vector were ligated by Ligation high 
(Cat: LGK-101, TOYOBO, Osaka, Japan). Cells were 
transfected with mimic control/mimic (50 nmol/L), 
inhibitor control/inhibitor (100 nmol/L) or plasmids 
(3 μg), using Lipofectamine2000 (Invitrogen, Carlsbad, 
CA) at a density of 1.2 × 106 cells. The stable trans-
fected SMAD4 overexpression and knock-down cell 

lines were produced by lentivirus; then the cell lines 
were screened by puromycin (2 μg/mL).

lUCIFeRaSe RepoRteR, 
FloW CytoMetRy, SeRUM 
CHeMIStRy, aND CytoKINe 
aSSayS

Luciferase assays were performed using a dual-lu-
ciferase assay kit (Cat: E1960; Promega, Madison, 
WI). Apoptosis was tested using PI/annexin V-FITC 
staining (Cat: 556547; BD Biosciences, San Jose, CA) 
according to the manufacturer’s protocol. The serum 
AST and ALT were measured using a spectrophotome-
ter (ELx800; BioTek, Winooski, VT). The serum IL-6 
and TNF-α was detected using cytometric bead array 
kits (Cat: 51-9000147; BD Biosciences), and IL-1β 
was detected using an enzyme-linked immunosorbent 
assay kit (Cat: RK00006; ABclonal, Woburn, MA).

ChIp aND QUaNtItatIVe  
Real-tIMe pCR

ChIP analysis was conducted following the man-
ufacturer’s instructions for the SimpleChIP Plus 
Sonication Chromatin IP Kit (#56383; Cell Signaling 
Technology, Danvers, MA). The reagent includes 
anti-SMAD4 antibody (#38454; Cell Signaling 
Technology), rabbit IgG (#2729S; Cell Signaling 
Technology), and ChIP-Grade Protein G Magnetic 
Beads (#9006; Cell Signaling Technology). The 
PCR primer for ChIP assays was forward primer 
(5′-GTTTAGGGCCAGGGAGCTG-3′) and reverse 
primer (5′-AGCCTTGACGGTTTGACCTTC-3′).

Total RNA was extracted using TRIzol reagent 
(#9109; Takara, Kyoto, Japan). miRNAs were 
reverse-transcribed into the cDNA using specific 
Bulge-Loop RT primers and RT reagent kit (#K1622; 
Thermo Fisher Scientific, Waltham, MA). The relative 
miRNA levels were normalized to small nuclear RNA 
U6. All of the Bulge-Loop RT primers and U6 were 
purchased from RiboBio Co., Ltd. (Guangzhou, China).

aNtIBoDIeS aND Cell 
FRaCtIoNatIoN

The antibodies used in this study were as follows: 
SMAD4 (#38454), Bax (#5023), Bcl-2 (#15071), 
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caspase3 (#9665), cleved-caspase3 (#9661), β-actin 
(#3700), Lamin A/C (#4777), β-tubulin (#2128), 
and HIF1α (#36169) (all from Cell Signaling 
Technology).

Cell fraction assay was performed according to the 
protocol previously reported.(23) Briefly, cells were 
lysed in lysis buffer, followed by incubation at 4°C 
for 20  minutes. Thereafter, lysates were subjected to 
centrifugation at 1,000 rpm to separate cytoplasmic 
protein from nuclei.

StatIStICal aNalySIS
All of the data in this study are expressed as means 

± SEM and analyzed with the statistical analysis soft-
ware SPSS 15.0 (SPSS, Inc., Chicago, IL). Statistical 
differences were performed using one-way analysis of 
variance analysis. Statistical significance was consid-
ered when P < 0.05.

Result
miR-210 WaS INDUCeD By 
ISCHeMIa aND HypoXIa

To investigate whether miR-210 was involved in 
hepatic IR injury, we detected the levels of miR-
210 in hepatocytes from mice following liver IR 
by quantitative PCR. The results showed that the 
expression of miR-210-3p was increased in hepato-
cytes from mice subjected to 1 hour of ischemia and 
6 hours of reperfusion, compared with the sham-op-
erated group (Fig. 1A). On the contrary, the expres-
sion of miR-210-5p was decreased following IR 
(Supporting Fig. S1A). Moreover, miR-210-3p was 
the dominant one expressed in mice liver tissue, so 
we focused on the function of miR-210-3p in fur-
ther study (Supporting Fig. S1B). Then the levels of 
miR-210 in specimens from clinical patients with 
IR-related surgeries were detected, and we found 
that miR-210 was gradually increased along with 
hepatic portal occlusion time (Fig. 1B). To investi-
gate the main cells differentially expressed miR-210, 
we analyzed miR-210 levels in primary hepatocytes 
and nonparenchymal cells. There was no signifi-
cant change of miR-210 in nonparenchymal cells 
after IR injury (Supporting Fig. S2). Next, primary 
hepatocytes were isolated and exposed to hypoxia 

for 0 hours, 3 hours, 6 hours, and 9 hours with 1% 
oxygen and 5% carbon dioxide. We observed that 
miR-210 levels were gradually increased along with 
exposure time (Fig. 1C). Similarly, LO2 cell line 
exposed to hypoxia exhibited high miR-210 lev-
els in a time-dependent manner (Fig. 1D). These 
results indicated that miR-210 was induced by isch-
emia or hypoxia, suggesting a possible role of miR-
210 in hepatic IR.

miR-210 DeFICIeNCy pRoteCtS 
lIVeR agaINSt ISCHeMIa 
RepeRFUSIoN INJURy

To explore the role of miR-210 in hepatic IR 
injury, miR-210 KO mice were established using the 
CRISPR-Cas9 genome editing system. The genome 
sequencing result showed a deletion of eight bases at 
the miR-210 gene in miR-210 KO mice. Quantitative 
PCR and miR-210 in situ hybridization assay fur-
ther confirmed the successful knockout of miR-210 
(Fig. 2A). Then, miR-210 KO and wild-type (WT) 
mice were subjected to liver IR, and damaged liver 
tissues were harvested for histopathologic analysis. 
IR induced obvious liver necrosis, but miR-210 defi-
ciency resulted in remarkably lower necrotic rate (Fig. 
2B). The levels of pro-inflammatory factors includ-
ing interleukin (IL)-1β, IL-6, and tumor necrosis 
factor α (TNF-α) were markedly reduced in liver 
tissues or serum of IR-challenged mice (Fig. 2C,D). 
Accordingly, significantly lower levels of the serum 
markers alanine aminotransferase (ALT) and aspar-
tate transaminase (AST) were noted in miR-210 KO 
mice than that in WT mice after IR injury (Fig. 2E). 
Next, primary hepatocytes were exposed to 6 hours of 
hypoxia and 1 hour of reoxygenation to mimic mouse 
IR model, and lactate dehydrogenase (LDH) release 
was measured to evaluate cell damage. We observed 
a reduction of LDH release in miR-210 KO hepato-
cytes in both hypoxic and normoxic conditions (Fig. 
2F). Taken together, these data indicate that miR-210 
deletion protects liver against IR-induced tissue dam-
age and the inflammatory insult.

miR-210 pRoMoteS HepatoCyteS 
apoptoSIS DURINg IR INJURy

The levels of cell proliferation and cell death 
determine the extent of liver damage after IR. To 
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FIg. 2. Effect of miR-210 deficiency on IR-induced liver damage. (A) Genome sequencing analysis (left), quantification of miR-210 
expression (middle, n = 3, ***P < 0.001) and representative images of miR-210 in situ hybridization (right) in liver tissues of miR-210 KO 
and WT mice. (B) Representative images of hematoxylin and eosin staining and quantification of necrotic areas in miR-210 KO and WT 
mice after IR injury (mice n = 3 per group, ***P < 0.001). (C,D) Levels of pro-inflammatory factors in liver tissues (C) and serum (D) from 
sham or IR-operated mice (mice n = 8 per group, *P < 0.05, **P < 0.01, ***P < 0.001). (E) Quantification of serum ALT and AST levels in 
miR-210 KO and WT mice after IR injury (mice n = 8 per group, *P < 0.05, ****P < 0.0001). (F) Levels of LDH in the medium from the 
indicated primary hepatocytes after HR stimulation (n = 3, *P < 0.05, **P < 0.01). DAPI, 4′,6-diamidino-2-phenylindole.
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investigate whether miR-210 is a modulator of 
hepatocyte activity or survival during IR, we ana-
lyzed cell proliferation and apoptosis of hepatocytes 
by using Ki67 and terminal deoxynucleotidyl trans-
ferase–mediated deoxyuridine triphosphate nick-
end labeling (TUNEL) staining, respectively. There 
was no significant difference in the number of 
Ki67-positive cells between WT and miR-210 KO 
mice (Fig. 3A); however, miR-210 deficiency sig-
nificantly diminished cell apoptosis in liver tissues 
after IR injury (Fig. 3B). Next, miR-210 mimic/
inhibitor and corresponding control oligos were 
used to modulate the endogenous miR-210 level 
in LO2 (Fig. 3C). Protease inhibitor (PI)/annexin 
V– fluorescein isothiocyanate (FITC) cell apoptosis 
analysis demonstrated that hypoxia/reoxygenation 
(HR) triggered significant cell apoptosis. miR-210 
overexpression increased the apoptotic rate of LO2 
cells, but inhibition of miR-210 reduced cell death 
under HR stimulation (Fig. 3D). However, miR-
210-5p had no effect on cell apoptosis of LO2 fol-
lowing HR (Supporting Fig. S1C). Consistently, the 
level of pro-apoptotic factors cleaved-caspase3 and 
Bax were increased, while anti-apoptotic marker 
Bcl-2 was reduced in primary hepatocytes under 
HR stimulation. miR-210 deletion led to a decrease 
of cleaved-caspase3 and Bax and an increase of Bcl-
2, whereas miR-210 overexpression induced the lev-
els of cleaved-caspase3 and Bax and reduced Bcl-2 
(Fig. 3E). In LO2 cells, inhibition of miR-210 also 
resulted in less apoptosis, whereas miR-210 overex-
pression aggravated cell apoptosis, compared with 
their corresponding control groups (Fig. 3E). These 
results illustrate that miR-210 mediated hepatocytes 
apoptosis during IR/HR stimulation.

miR-210 taRgetS SMaD4
Next, we explored the downstream targets of 

miR-210 by target prediction databases, including 
TargetScan (http://www.targe tscan.org/vert_72/) 
and miRanda (http://www.micro rna.org/micro rna/
home.do). Several candidate targets related to cell 
apoptosis were selected, including SMAD4, PTPN2, 
and IGFBP3. We found that only SMAD4 3′UTR 
reporter activity was suppressed by miR-210 (Fig. 4A).  
The results from luciferase assay indicated that 
miR-210 can repress the reporter activity of WT 
SMAD4 3′UTR, but not the mutant SMAD4 

3′UTR, indicating a direct binding of miR-210 to 
SMAD4 3′UTR (Fig. 4B). This phenomenon was 
also observed in primary hepatocytes (Supporting Fig. 
S3A,B). Biotinylated miRNA pull-down assay further 
identified the interaction between SMAD4 3′UTR 
and miR-210 (Fig. 4B). Further western blot analysis 
showed that miR-210 overexpression could depress 
the expression of SMAD4, whereas miR-210 inhi-
bition promoted SMAD4 expression (Fig. 4C). We 
further examined SMAD4 protein level in response 
to hypoxia. Hypoxia challenge abated the expression 
of SMAD4 over time (Fig. 4D). Hepatocytes iso-
lated from liver of IR injury displayed a lower level 
of SMAD4 than that from the sham-operated group. 
In addition, the level of SMAD4 was significantly 
higher in miR-210-deficient hepatocytes than the 
WT group, both under sham and IR injury conditions 
(Fig. 4E). Accordingly, in vitro HR stimulation also 
decreased the protein levels of SMAD4 in primary 
hepatocytes and LO2 cells, as shown in Fig. 4F. Under 
the HR condition, deletion or inhibition of miR-210 
increased the level of SMAD4, whereas miR-210 
mimics further down-regulated SMAD4 expression 
compared with their corresponding controls (Fig. 4F). 
Collectively, miR-210 directly targets the 3′ UTR of 
SMAD4 to suppress SMAD4 expression.

INHIBItIoN oF SMaD4 By miR-210 
INCReaSeS Cell DeatH

To investigate the effect of miR-210-SMAD4 
interaction on hepatocyte apoptosis induced by HR, 
we obtained stable cell line–expressed pHAGE-
SMAD4 and pLKO.1–short hairpin SMAD4 
(sh-SMAD4), which could effectively increase or 
decrease the protein level of endogenous SMAD4, 
respectively (Fig. 5A). The results showed that 
overexpression of SMAD4 could reduce cell apop-
tosis, whereas knock-down SMAD4 increased cell 
apoptosis induced by HR (Fig. 5B). An In vitro co- 
transfection study was performed to investigate the 
relationship between miR-210 and SMAD4. The 
results showed that down-regulation of SMAD4 
increased cell apoptosis, and the protective func-
tion of miR-210 inhibitor could be abrogated by 
sh-SMAD4 (Fig. 5C). Overexpression of SMAD4 
reduced cell apoptosis under HR condition, and the 
effect of SMAD4 overexpression could be partly 
impaired by miR-210 mimic (Fig. 5D). Taking these 

http://www.targetscan.org/vert_72/
http://www.microrna.org/microrna/home.do
http://www.microrna.org/microrna/home.do
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FIg. 3. Effect of miR-210 on cell death under IR or HR stimulation. (A) Ki67 staining and quantification of Ki67-positive cells of 
miR-210 KO and WT mice after IR injury (n = 3 per group). (B) TUNEL staining and quantification of TUNEL-positive cells of miR-
210 KO and WT mice after IR injury (n = 3, ***P < 0.001). (C) Quantitative PCR analysis of endogenous miR-210 levels in LO2 cells 
transfected with miR-210 mimics, inhibitors, and corresponding control oligos (n = 3, ***P < 0.001, ****P < 0.0001). (D) Flow cytometry 
cell apoptosis analysis of LO2 cells transfected with indicated oligos under normoxia and HR conditions (n = 2, *P < 0.05, ***P < 0.001). 
(E) Western blot analysis of the indicated proteins in primary hepatocytes and LO2 cells under normoxia or HR condition. Abbreviations: 
I, miR-210 inhibitor; IC, inhibitor control; M, miR-210 mimic; and MC, mimic control.

FIg. 4. miR-210 targets SMAD4. (A) luciferase analysis of SMAD4, PTPN2, and IGFBP3 3′UTR reporter activities (n = 3, *P < 0.05). 
(B) Predicted binding site of miR-210 in the SMAD4 3′UTR and luciferase analysis of SMAD4 3′UTR reporter activities with WT 
or mutated binding seed regions in LO2 transfected with miR-210 mimic or mimic control (left, n = 3, ***P < 0.001) and biotinylated 
miRNA pull-down assay (right, n = 3, ****P < 0.0001). (C) Western blot analysis of SMAD4 levels in LO2 cells transfected with the 
indicated oligos under normoxia condition. (D) Western blot analysis of SMAD4 levels in primary hepatocytes with gradient hypoxia. (E) 
Western blot analysis of SMAD4 in hepatocytes isolated from WT and miR-210 KO mice liver with indicated stimulation. (F) Western 
blot analysis of SMAD4 in primary hepatocytes and LO2 cells transfected with indicated oligos under normoxia or HR condition. 
Abbreviation: Ctrl, control.
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FIg. 5. Interaction of miR-210 and SMAD4 is important for cell apoptosis under hypoxia condition. (A) Western blot analysis of 
SMAD4 levels in stable transfected overexpression and knock-down cell lines. (B) Flow cytometry analysis of stable transfected cell lines 
after HR treatment (n = 2, **P < 0.01, ****P < 0.0001). (C,D) Flow cytometry analysis of cell apoptosis of LO2 cells co-transfected with 
the indicated oligos after HR treatment (n = 2, **P < 0.01, ***P < 0.001).
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results together, we could show that the effect of 
miR-210 in hypoxia-induced cell death was medi-
ated by inhibition of SMAD4.

SMaD4 tRaNSCRIptIoNally 
aCtIVateS miR-210

miR-210 has been reported be regulated by 
HIF1α.(13) To investigate whether there were other 
transcription factors to regulate miR-210, we used 
HIF1α-inhibitor LW6 to suppress endogenous 
HIF1α production. As Fig. 6A shows, LW6 could 
effectively eliminate HIF1α protein under normoxia 
or hypoxia condition; meanwhile, hypoxia-induced 
SMAD4 reduction was weakened following LW6 
treatment. We also found that the level of miR-210 
was still induced in LO2 cells treated with LW6 under 
hypoxia (Fig. 6A), indicating a HIF1α-independent 
transcriptional regulation of miR-210.

As SMAD4 is a key transcription factor for various 
miRNAs(24-26) and participates in IR injury,(27,28) we 
analyzed the predicted targets of SMAD4 through 
hTFtarget Bioinformatic tools (http://bioin fo.life.
hust.edu.cn/guo_lab#!/). As expected, we found 
that miR-210 was one of the predicted targets of 
SMAD4. Then we analyzed the miR-210 gene-pro-
moter region by the JASPAR database (http://jas-
par.gener eg.net/). The results revealed a putative 
binding site of SMAD4 in the miR-210 promoter 
region, suggesting that miR-210 might be a poten-
tial transcriptional target of SMAD4. To identify 
whether SMAD4 could regulate miR-210 transcrip-
tion, chromatin immunoprecipitation (ChIP) assay 
was performed in LO2 cells. The results showed 
that the ChIP fragments of the SMAD4 group 
could be enriched in the predicted promoter region 
compared with the immunoglobulin G (IgG) group 
(Fig. 6B). Approximately 1-kb sequences of the 
putative 5′-promoter region of miR-210 (WT) and 
the region with the mutated binding site (Mutation) 
were cloned into luciferase promoter reporter vec-
tors. We found that SMAD4 induced a 2.5-fold 
increase in the activity of WT miR-210 promoter, 
but the promotion effect was abrogated in cells 
transfected with mutant miR-210 promoter (Fig. 
6C). The luciferase assay was also performed in pri-
mary hepatocytes, and the result was consistent with 
that from LO2 cells (Supporting Fig. S3C). Then 
we measured the levels of miR-210 in SMAD4 

up-regulated or down-regulated LO2 cells by quan-
titative PCR under normoxia and HR conditions. 
As Fig. 6D shows, overexpression of SMAD4 pro-
moted the miR-210 mRNA level, whereas inhibi-
tion of SMAD4 decreased the miR-210 level both 
in stimulation of normoxia and HR. These data 
indicate that SMAD4 could bind to the promoter 
region of miR-210 and activate its expression.

It may appear paradoxical that SMAD4 induced 
the expression of miR-210 under hypoxia while the 
total protein level of SMAD4 was decreased follow-
ing hypoxia treatment. It is well known that SMAD4 
synergistically cooperated with other SMAD members 
or transcription factors, translocated into the nucleus, 
bound to the promoters, and mediated transcription 
of target genes. Therefore, we further investigated 
the cellular distribution of SMAD4 under hypoxia. 
Western blot assay indicated an increase of nucleic 
SMAD4 and a decrease of cytoplasmic SMAD4 
along with hypoxia time (Fig. 6E). Correspondingly, 
we observed a translocation of SMAD4 into the 
nucleus by using confocal microscopy under hypoxia 
stimulation (Fig. 6E). The lower magnification images 
are shown in Supporting Fig. S4. Moreover, primary 
hepatocytes with miR-210 deficiency exhibited higher 
cytoplasmic and nucleic SMAD4 protein levels com-
pared with the WT group (Fig. 6F). Together, these 
results indicate that hypoxia-mediated translocation 
of SMAD4 into the nucleus transcriptionally acti-
vated the expression of miR-210.

Discussion
Hepatic IR is a common phenomenon that occurs 

in clinical settings, such as liver surgery, liver trans-
plantation, and trauma.(1,2) miRNAs, as negative reg-
ulators of gene expression, could participate in IR 
injury and be therapeutic targets in acute ischemic 
diseases.(29) In the current study, we describe a highly 
significant function of miR-210 in liver IR injury. We 
found an increased expression of liver miR-210 in the 
mouse hepatic IR model; deletion of miR-210 sig-
nificantly reduced liver IR induced damage. We also 
found that hypoxia induced SMAD4 to transport into 
the nucleus and activated the expression of miR-210. 
Meanwhile, SMAD4 was a target of miR-210, which 
repressed SMAD4 expression to induce cell apoptosis 
during liver IR injury.

http://bioinfo.life.hust.edu.cn/guo_lab
http://bioinfo.life.hust.edu.cn/guo_lab
http://jaspar.genereg.net/
http://jaspar.genereg.net/
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Hypoxia is a common phenomenon, not only fol-
lowing acute and chronic ischemia, but also during 
several physio-pathological circumstances such as 
rapid tissue growth and organ and tumor develop-
ment.(30) miR-210 is a “master” miRNA of hypoxic 
response, which was found up-regulated by hypoxia 
in all of the cells and tissues tested to date.(31) As 

a solid tumor biomarker,(32) miR-210 can regu-
late tumor cell proliferation,(33) apoptosis,(34) and 
metastasis.(35) In IR injury, miR-210 expression is 
activated.(31) In the current study, we found that 
miR-210 was induced both in human liver speci-
mens after IR-related surgeries and in murine pri-
mary hepatocytes from IR-challenged murine liver. 

FIg. 6. SMAD4 promotes miR-210 expression. (A) Western blot analysis of indicated protein levels and quantitative PCR analysis of 
miR-210 expression in LO2 cells treated with HIF1α inhibitor LW6 (20 μM) under normoxia or hypoxia (n = 3, **P < 0.01, ***P < 0.001). 
(B) ChIP analysis of the binding of SMAD4 to miR-210 promoter (n = 3, ***P < 0.001). (C) SMAD4 binding sequence on miR-210 
promoter predicted by JASPAR database and luciferase analysis of the effect of SMAD4 on miR-210 promoter activity in LO2 cells 
(n = 3, ****P < 0.0001). (D) Quantitative PCR analysis of miR-210 expression in LO2 cells transfected with indicated plasmids under 
normoxia or HR stimulation (n  =  3, **P  <  0.01, ***P  <  0.001). (E) Cell fractionation western blot analysis and immunofluorescence 
analysis of the cellular distribution of SMAD4 in LO2 cells following normoxia or 6 hours of hypoxia (63× lens, scale [up] = 25 μm, scale 
[down] = 7.5 μm). (F) Cell fractionation western blot analysis of SMAD4 in primary hepatocytes following normoxia or HR.

FIg. 7. Schematic model of miR-210-SMAD4 interaction during hepatic IR injury. Hypoxia or ischemia induced the transportation of 
HIF1α and SMAD4 into nucleus, which triggered the transcription of miR-210 by directly binding to its promoter region. Up-regulated 
miR-210 matured in cytoplasm, incorporated into RNA-induced silencing complex to pair to SMAD4 3′UTR, and subsequently 
suppressed the expression of SMAD4. The negative feedback of SMAD4 and miR-210 suppressed the levels of SMAD4, which further 
impaired SMAD4-mediated anti-apoptosis and induced cell death and liver damage.
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In addition, we showed that miR-210 inhibition 
alleviated cell apoptosis in vivo and in vitro, which 
is consistent with previous reports indicating miR-
210 as an inducer of neural cell apoptosis through 
targeting iron-sulfur cluster scaffold homolog in 
brain IR injury.(16,36) Consistently, miR-210 defi-
ciency resulted in lower inflammatory responses by 
reducing pro-inflammatory markers IL-1β, TNF-
α, and IL-6 both in liver tissues and serum, which 
is in contrast to the previous studies that miR-210 
exhibits anti-inflammatory and pro-vascularization 
properties by enhancing VEGF signaling in renal IR 
injury(17) and myocardial infarction.(18,19) Therefore, 
the organ-specific or cell-specific role of miR-210 
in IR injury may be due to the different regulation 
targets or signals.

The SMAD family of transcription factors includes 
eight known members (SMAD1–8) in mammals, 
which can be divided into the receptor-regulated 
SMADs/R-SMADs (Smads-1, -2, -3, -5, and -8) and 
the co-SMADs, of which SMAD4 is the only mem-
ber.(37) In the nucleus, SMADs are associating with 
additional transcription factors or cofactors to posi-
tively or negatively control the expression of various 
genes,(38) including miRNAs.(25,26,39) In the present 
study, SMAD4 was characterized as a transcription 
activator of miR-210, apart from the well-known 
HIF1α or nuclear factor kappa B.(13,40) We further 
illustrated a significant increase of nucleic SMAD4 
levels after hypoxia, although the total protein level of 
SMAD4 was reduced by hypoxia. It is worth noting 
that IR or HR challenges significantly decreased the 
level of SMAD4, which could not be fully restored by 
miR-210 deletion, suggesting that hypoxia-induced 
SMAD4 reduction was partially mediated by miR-
210. Further studies are needed to explore the upstream 
factors contributed to SMAD4 reduction during IR 
injury and the downstream genes of SMAD4 to medi-
ate the anti-apoptotic effect of SMAD4.

In conclusion, as shown in Fig. 7, the present study 
provides evidence that miR-210 deficient mice are 
resistant to liver IR injury, and the expression of mir-
210 under hypoxia was regulated by SMAD4, apart 
from the well-known HIF1α. Moreover, miR-210 
directly suppresses SMAD4 expression. This nega-
tive-feedback loop is crucial for cell apoptosis under 
IR or HR conditions. Our study suggests inhibition 
of miR-210 in vivo as an effective therapeutic strategy 
for hepatic IR injury.
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