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signaling pathway-mediated regulation of HMGB1

Lei Zhang1*, Yan Wang2*, Junjie Ma1, Xingqiang Lai1, Jiali Fang1, Guanghui Li1, Lu Xu1, Guanghui Pan1, Zheng 
Chen1

1Department of Organ Transplantation, The Second Affiliated Hospital of Guangzhou Medical University, Guang-
zhou 510260, China; 2Department of Pneumology, Guangdong No. 2 Provincial People’s Hospital, Guangzhou 
510000, China. *Equal contributors.

Received November 2, 2016; Accepted March 21, 2017; Epub May 15, 2017; Published May 30, 2017

Abstract: This study was conducted to investigate the repair mechanism of hypoxia/reoxygenation injury (HRI) in 
renal tubular epithelial cells (HK-2) by exogenous mesenchymal stem cells (MSCs). The activation of the JAK/STAT 
pathway in HK-2 cells after HRI and treatment of MSCs, JAK inhibitor WP1066 and STAT inhibitor SOCS3 was inves-
tigated using Western blot analysis. HK-2 cells were transfected with siRNA STAT3 and analyzed for expression of 
STAT3, JAK2 and HMGB1 using fluorescence quantitative PCR and Western blot. Cell viability and apoptosis were 
analyzed using the MTT assay and flow cytometry. After HRI, the JAK/STAT pathway in HK-2 cells was activated, 
resulting in the upregulation of JAK1, JAK2, JAK3, p-JAK1, p-JAK2, p-JAK3, STAT1, STAT2, STAT3, p-STAT1, p-STAT2 
and p-STAT3. After treatment with MSC conditioned medium (MSCs CM), WP1066, or SOCS, the expression of these 
proteins was significantly down-regulated. When the cells were transfected with siRNA STAT3, the expression of 
STAT3 at protein and mRNA levels and JAK2 and HMGB1 at mRNA level was down-regulated; the cell viability was 
reduced and apoptosis increased. It is concluded that exogenous MSCs reduce HRI of HK-2 cells by suppressing the 
JAK/STAT signaling pathway and down-regulating the expression of HMGB1.

Keywords: Mesenchymal stem cells, receptor tyrosine kinase, signal transducer and activator of transcription, 
high mobility group protein 1, hypoxia/reoxygenation injury

Introduction

Ischemia-reperfusion injury (IRI) is the tissue 
damage or function failure caused when blood 
supply returns to the tissue after a period of 
ischemia or lack of oxygen (hypoxia) [1-3]. Renal 
IRI is an inevitable inflammatory stage in renal 
surgery and transplantation. At present there is 
no effective method to reduce the renal IRI, 
and acute kidney injury in some of patients is 
unable to become chronic renal injury, leading 
eventually to end-stage renal disease. Studies 
of our group and others have demonstrated 
that mesenchymal stem cells (MSCs) can 
improve the repair of acute and chronic renal or 
tissue damages [1, 2, 4]. MSCs are multipotent, 
self-renewing cells that exist in the bone mar-
row, liver, umbilical cord and placenta. They are 
low immunogenic, easy to obtain, proliferate 

and store, and are gradually being used for 
treatment of acute and chronic renal diseases 
[1, 2, 4].

During renal IRI, a variety of inflammatory medi-
ators are released, resulting in chemotaxis and 
accumulation of the neutrophils in the injury 
site and aggravation of the inflammatory reac-
tion. High mobility group box 1 (HMGB1) is con-
sidered to be the most important inflammatory 
mediator in renal IRI. Studies showed that its 
expression is up-regulated in the early stage of 
IRI, reaches a peak as the perfusion continues 
and then declines. Its expression is further sig-
nificantly increased when the tissue is reper-
fused [5, 6]. Meanwhile, the pathological pro-
cess in IRI is related to a number of inflammatory 
signal pathways, such as the JAK/STAT signal 
pathway [7-9]. HMGB1 is shown to mediate the 
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inflammatory responses through the JAK-STAT 
signaling pathway [10, 11]. Therefore, we hypo- 
thesized that MSCs may also regulate the ex- 
pression of HMGB1 through the JAK/STAT sig-
naling pathway to reduce the IRI in the kidney. 
In this study, we constructed a hypoxia and 
reoxygenation injury (HRI) model of renal tubu-
lar epithelial cells (HK-2), and treated the model 
with MSCs and the inhibitors of the JAK-STAT 
signaling pathway and analyzed the expression 
of proteins in the JAK-STAT signaling pathway. 
We also examined the expression of HMGB1 in 
STAT3-knocdown HK-2 cells. The findings will 
provide new insights into the molecular mecha-
nism underlying MSCs-mediated reduction of 
renal IRI.

Materials and methods

Reagents

Polyclonal rabbit anti-JAK1, JAK2, JAK3, p-JAK1, 
p-JAK2, p-AK3, STAT1, STAT2, STAT3, p-STAT1, 
p-STAT2, p-STAT3 and β-actin antibodies were 
purchased from Abcam (USA); RNA extraction 
kit and fluorescence quantitative PCR kit, JAK 
inhibitor WP1066 and STAT inhibitor SOCS3 
were purchased from CWbiotech (Beijing, Chi- 
na); Lipofectamine 2000 was from Invitrogen, 
USA; MTT and cell apoptosis detection kits 
were purchased from Keygen Biotech (Nanjing, 
China); siRNA plasmid and empty plasmid were 
from Riobio (Guangzhou, China); fetal bovine 
serum (FBS) and Dulbecco’s modified Eagle’s 
medium (DMEM) were purchased from GIBCO 
(USA).

Cell line

Rat HK-2 cell line was purchased from the Cell 
Bank, the Chinese Academy of Sciences (CM-
H507, Shanghai, China).

Isolation, culture and purification of MSCs

The marrow cavities of bilateral femur and tibia 
of four-week old male Wistar rats were rinsed 
with DMEM medium under sterile conditions  
to obtain cell suspension and MSCs were ob- 
tained using gradient centrifugation as previ-
ously described [12]. MSCs were obtained with 
a protocol and procedures approved by the 
Institutional Animal Care and Use Committee. 
Cells were cultured in DMEM medium contain-
ing 10% FBS at 37°C and 5% CO2. The medium 
was first refreshed in 24 h and then every 3 

days to gradually remove the non-adherent 
cells. When the cells reached 90% confluence, 
they were digested with 0.25% trypsin and pas-
saged at least ten times before being used for 
experimentation.

Hypoxia/reoxygenation treatment

Hypoxia/reoxygenation treatment of HK-2 cells 
was performed as described [13, 14]. Briefly, 
for hypoxia treatment, a mixture of 95% N2 and 
5% CO2 was filled to the airtight containers that 
contain the cells at a flow rate of 10 L/min for 6 
min, and the bottles were screwed, sealed and 
cultured for 4 h. For reoxgenation, the bottles 
were open for 10 min and then cultured for 10 
h.

Cell culture and grouping

MSCs conditioned medium (MSCs-CM) was 
prepared. JAK inhibitor WP1066, STAT inhibitor 
SOCS3 were added to a final concentration of 
10 μmol/L in various combinations: group A, 
saline + HK-2 IRI; group B, MSCs-CM + HK-2 IRI; 
group C, group B + WP1066; group D, group B + 
SOCS and group E, group B + WP1066 + SOCS.

Western blot analysis

Cells were treated and cultured for 48 h, har-
vested and lysed by adding the lysis buffer to 
extract total protein. The protein content was 
determined using the BCA kit and the proteins 
were separated on SDS gels by electrophore-
sis, transferred to membranes for Western blot 
analysis. The membranes were blocked for 1 h 
in block solution containing 5% defatted milk 
powder, and incubated in anti-body solutions 
overnight at 37°C; after rinsing, the mem-
branes were immersed in a second antibody 
solution (horseradish peroxidase-labeled goat 
anti rabbit IgG) at room temperature for 1-2 h. 
The membranes were washed, developed by 
adding with ECL exposure solution, and cap-
tured for images using a gel imaging system 
(ChemiDocTM XRS, Biorad, USA). The gray values 
of the bands were determined using “One 
Quantity” software.

Design and construction of interfering vector

To generate STAT3 knockdown cells STAT3, 
siSTAT3 was designed according to the sequ- 
ence of STAT3 to construct a RNA interfering 
vector pSilencer3.0-H1-STAT3-siRNA-GFP (Rio- 
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bio, Guangzhou, China). The siRNA sequences 
were 5’-GCAGCAGCTGAACAACATGTTCAAGAG- 
ACATGTTGTTCAGCTGCTGCTTTTT-3’ (forward) 
and 5’-AATTAAAAAGCAGCAGCTGAACAACATG- 
TCTCTTGAACATGTTGTTCAGCTGCTGCTGCGG- 
CC-3’ (reverse).

Transfection

The RNAi vector and empty vector were trans-
fected into HK-2 cells using the Lipofectamine 

2000-mediated transfection methods [15]. The 
cells were cultured in DMEM medium for 72 h 
and harvested for assays.

Real-time PCR

Total RNA was extracted using the Trizol meth-
od. After the determination of purity, the RNA 
was reversely transcripted into cDNA and used 
for fluorescence quantitative PCR on CFX96 
fluorescence quantitative PCR instrument (Bio- 

Figure 1. Levels of JAK/STAT signaling pathway proteins in HK-2 cells before (A) and after (B) hypoxia/reoxygenation 
treatment. Upper pane, representative Western blots; lower pane, relative protein levels. **P < 0.01 vs untreated 
cells.
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rad, USA) using the following primers: STAT3 
upstream primer 5’-GTACTAGTGTCTCAGGACC 
C-3’ and downstream primer 5’-TTAAGCTTCTC- 
ATACGAGG-3’; JAK upstream primer 5’-ATCCA 
CCCAA CCATG TCTTC C-3’, downstream primer 
5’-ATTCCATGCCGATAGGCTCTG-3’; HMGB1 up- 
stream primer 5’-TCAAAGGAGAACATCCTGGC- 
CTGT-3’ and downstream primer 5’-CTGCTT- 
GTCATCTGCAGCAGTGTT-3-3’. β-actin was used 
as loading control and amplified with upstream 
primer 5’-AGCGAGCATCCCCCAAAGTT-3’ and 
downstream primer 5’-GGGCACGAAGGCTCAT- 
CATT-3’. The reverse transcription system con-
tained 2 µL total RNA template (50 pg-5 µg), 4 
µL dNTP mixture and 2 µL MgCl2. The reaction 
parameters were: pre-denaturing at 95°C for 
10 min, followed by 40 cycles of denaturing at 
95°C for 15 s, annealing at 60°C for 1 min and 
extension at 70°C for 30 s. The relative expres-
sion value was calculated using the 2-ΔΔCT meth-
od [16].

Cell viability assay

HK-2 cells were seeded in wells of 96 well 
plates after transfection or treatment, cultured 
for 48 h and added with 50 µL 1 × MTT buffer 
according to the manufacturer’s instructions. 
After incubation for 4 h, 150 µL DMSO was 
added to each well and optical density at 550 
nm was determined.

Determination of apoptosis

HK-2 cells were harvested and collected by 
centrifugation. 1-5 × 105 cells were suspended 
in 500 µL binding buffer and stained with 5 µL 
Annexin V-FITC and 5 µL propidium iodide for 
5-15 min at room temperature in the dark. The 
stained cells were subjected to flow cytometry 
analysis on FACSCalibar Flow Cytometer 
(Beckton Dickinson, USA).

Statistical analysis

All experiments were repeated at least three 
times and data were expressed as 

_
x±s. The dif-

ference was tested using the Student’s t- test 
and value with P < 0.05 was considered statis-
tically significant. All the data were statistically 
analyzed using SPSS 17.

Results

HRI induces the activation of JAK/STAT signal-
ing pathway in HK-2 cells 

We first examined the expression of proteins in 
the JAK/STAT signaling pathway HK-2 cells after 
hypoxia/reoxygenation treatment. The Western 
blot analyses showed that the levels of Jak1, 
JAK2, JAK3, p-JAK1, p-JAK2, p-JAK3, STAT1, 
STAT2, STAT3 and p-STAT1, p-STAT2, p-STAT3 
were significantly higher after the hypoxia/reox-
ygenation treatment as compared with untreat-
ed cells (P < 0.01, Figure 1).

Exogenous MSC-CM and pathway inhibitors 
down-regulate the expression of JAK/STAT 
signaling pathway proteins in HK-2 cells after 
hypoxia/reoxygenation treatment

We then analyzed the effect of exogenous 
MSCs-CM and pathway inhibitors on expres-
sion of these pathway proteins. In compared 
with the cells incubated with control, MSC-CM 
and pathway inhibitors WP 1066 and SOCS3 
significantly reduced the levels of these pro-
teins in HK-2 after hypoxia/reoxygenation treat-
ment (P < 0.01, Figure 2).

siRNA-STAT3 knockdowns the expression of 
STAT3, JAK2 and HMGB1 in HK-2 cells

When HK-2 cells were transfected with siRNA-
STAT3, the levels of STAT3 mRNA and protein 
were significantly reduced (P < 0.01), while the 
level did not change when the cells were trans-
fected with empty vector or not transfected 
(Figure 3A and 3B). Furthermore, qRT-PCR 
showed that levels of JAK2 and HMGB1 mRNA 
were also significantly reduced (P < 0.01, Figure 
4A and 4B).

siRNA-STAT3 reduces cell viability and increas-
es apoptosis in HK-2 cells

Finally, we examined the effect of STAT3 knock-
down on viability and apoptosis in HK-2 cells. 
As shown in Figure 5A and 5B, the cell viability 
was significantly reduced (P < 0.01) and apop-
tosis significantly increased (P < 0.01) after the 
cells were transfected with siRNA-STAT3.

Figure 2. Levels of JAK/STAT signaling pathway proteins after treatment with MSC-CM and pathway inhibitors in 
the hypoxia/reoxygenation-treated HK-2 cells. A. Saline + HK-2 HRI (control); B. MSC-CM + HK-2 HRI; C. Group B + 
WP1066; D. Group B + SOCS and E, group B + WP1066 + SOCS. Upper pane, representative Western blots; lower 
pane, relative protein levels. **P < 0.01 vs untreated cells. **P < 0.01 vs saline-treated cells.
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Discussion

When exogenous MSCs are transplanted into 
the kidney IRI model, only less than 3% of them 
are able to reach the damaged sites in the kid-
ney after being intercepted by lung, liver, spleen 
and other organs [2]. This process is highly 
dependent on the systemic or local inflamma-
tory response caused by the renal injury. Renal 
IRI releases a variety of inflammatory factors 
associated with receptors expressed in MSCs. 
Gao et al. found that MSCs inhibit the JAK/STAT 
signaling pathway, suppress the renal IRI 
inflammatory response and promote the migra-
tion of MSCs to the damaged area [17]. The 
JAK/STAT signaling pathway is important for 

inflammatory factors and is activated when 
stimulated by upstream inflammatory factors 
such as interleukins and growth factors. The 
activated JAK receptor tyrosine kinase is phos-
phorylated to phosphorylate STATs to form 
dimers, which are then translocated to the 
nucleus to bind with nuclear DNA to regulate 
the transcription and translation of down-
stream inflammatory genes [18]. The JAK family 
has four kinases JAK1, JAK2, JAK3 and Tyk2. All 
of them have an active domain of tyrosine 
kinase. STATs are the target proteins of JAKs, 
including STAT1, STAT2, STAT3, STAT4, STAT5a, 
STAT5b and STAT6. Previous study confirmed 
that the phosphorylation levels of JAK2 and 
STAT3 are significantly increased after rat myo-

Figure 3. Protein (A) and mRNA (B) level of STAT3 
in HK-2 cells transfected with siRNA-STAT3. Upper 
pane, representative Western blots; lower pane, 
relative protein levels. **P < 0.01 vs empty vector 
control.

Figure 4. mRNA levels of JAK2 (A) and HMGB1 (B) in HK-2 cells transfected with siRNA-STAT3. **P < 0.01 vs empty 
vector control. 
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cardial IRI, which produces a large number of 
inflammatory mediators, such as TNF-α and 
down-regulates Bcl-xl and up-regulates Bax 
expression. When given STAT3 inhibitor AG490, 
these changes are significantly inhibited, sug-
gesting that JAK/STAT is closely related to car-
diac IRI [8]. In addition, Wen et al. showed that 
in rat models subjected to superior mesenteric 
artery occlusion consisting of 60 min of isch-
emia and 2 h of reperfusion, the apoptotic in- 
dex, cleaved caspase 3, phosphorylated JAK2, 
phosphorylated STAT1, and phosphorylated 
STAT3 expression were significantly enhanced, 
while subcutaneous administration of JAK2 
inhibitor AG490 and STAT inhibitor significantly 
reduced the phosphorylated JAK2, phosphory-
lated STAT1, and phosphorylated STAT3, neu-
trophil aggregation and intestinal mucosal ap- 
optosis, suggesting that JAK/STAT pathway 
activation plays a critical role in IRI-induced 
intestinal injury [9]. In addition, study also 
showed that the JAK/STAT signaling pathway is 
not only closely related to myocardium and 
intestinal IRI, but also to the renal IRI [19]. In 
this study, we first constructed a HRI model 
using HK-2 cells to simulate renal IRI, and found 
that in the HRI model, the levels of JAK/STAT 
signaling pathway proteins such as JAK1, JAK2, 
JAK3, p-JAK1, p-JAK2, p-JAK3, STAT1, STAT2, 
STAT3, p-STAT1, p-STAT2, and p-STAT3 were all 
up-regulated, suggesting that after renal IRI the 
JAK/STAT signaling pathway is activated. We 
then applied exogenous MSCs and JAK/STAT 
signaling pathway inhibitors to intervene. As a 
result, we found that exogenous MSCs, WP- 
1066 and SOCS3 significantly inhibited the 
activation of the JAK/STAT signaling pathway, 
resulting in reduced expression of these path-

way proteins, suggesting that exogenous MSCs 
can inhibit the activation of the JAK/STAT sig-
naling pathway to reduce the HRI in HK-2 cells. 
This is consistent with early results [17].

STAT3 is the downstream target protein of JAK 
and the core member of the STATs family. After 
renal IRI, STAT3 and STAT5 phosphorylation lev-
els are significantly increased [20]. To better 
understand and validate the role of the JAK/
STAT signaling pathway in HRI-induced injury in 
HK-2 cells, we used a STAT3 knockdown vector 
to transfect HK-2 cells. Analysis showed that 
STAT3 mRNA and protein levels were signifi-
cantly reduced, suggesting that the knockdown 
was successful. Furthermore, the expression of 
upstream signal molecule JAK2 was also 
reduced. This would allow to further deliberate 
the role of the JAK/STAT signaling pathway in 
HRI in HK-2 cells. In addition, we found that 
viability and apoptosis of HK-2 cells were 
reduced and increased, respectively, after they 
were transfected with siRNA-STAT3, suggesting 
that the JAK/STAT signaling pathway is associ-
ated with proliferation and apoptosis of HK-2 
cells. Further study is needed to elucidate the 
detail relationship between the pathway and 
proliferation or apoptosis of HK-2 cells in HRI 
models.

HMFB1 is the most important mediators in 
renal IRI inflammatory response [6]. Lu et al. 
confirmed that the JAK/STAT signaling pathway 
can regulate the release of HMGB1 induced by 
LPS and IFN-β [11]. Liu et al. found that LPS can 
stimulate the expression of HMGB1 in macro-
phages to activate the JAK/STAT signaling path-
way, while JAK2 inhibitor AG490 and STAT1 
inhibitor fludarabine added to LPS-induced 

Figure 5. Viability (A) and apoptosis (B) of HK-2 cells after transfection with siRNA-STAT3. **P < 0.01 vs empty vec-
tor control.
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macrophages can significantly down-regulate 
HMGB1 expression and inactivate the JAK/
STAT signal pathway. When macrophages were 
further treated with 10 µg/mL HMGB1, they 
found that that JAK/STAT signaling pathway is 
activated and TNF-β expression is increased, 
while the JAK/STAT signaling pathway inhibitors 
can reverse the changes, suggesting that 
HMGB1 can modulate inflammatory response 
via the JAK/STAT signaling pathway [10]. We 
found that HMGB1 expression was significantly 
down-regulated in siRNA-STAT3 transfected 
HK-2 cells, suggesting that the inactivation of 
JAK/STAT signaling pathway reduces the 
expression level of HMGB1 to modulate the 
inflammatory reaction. HMBG is a class of high-
ly conserved non-histone DNA binding proteins, 
consisting of HMGB1, HMGB2 and HMGB3. 
HMGB1 is widely distributed in heart, liver, 
spleen, lung, kidney and brain tissues, and 
mainly exists in the nucleus. It is involved in 
DNA repair and recombination. HMGB1 as an 
important inflammatory mediator in the IRI of 
kidney and other tissues is induced by TNF-α, 
IL-1β and IL-6, which in turn stimulates the pro-
duction of IFN-γ and TNF-α [21]. Studies have 
demonstrated that HMGB1 may play an impor-
tant role in lupus nephritis, acute kidney injury, 
interstitial nephritis and IRI. For example, Li et 
al. found that its expression is low in normal 
mouse renal parenchymal cells, but increased 
after renal ischemia for 1 h and reached the 
maximum after reperfusion for 3 h [5]. Several 
other studies also show that the HMGB1 can 
neutralize antibody to induce renal IRI and 
inhibit the expression of inflammatory factors 
such as MCP1 [22-24], suggesting that by inhib-
iting the expression of HMGB1 in the kidney 
after IRI, it may be possible to reduce the IRI-
induced inflammatory reactions to a certain 
extent, thereby preventing further deterioration 
of renal IRI. Our study also confirms that sup-
pressing JAK/STAT signaling pathway results in 
reduced HMGB1 expression, indicating that 
this mechanism may be involved in intervening 
renal IRI inflammatory response.

Conclusion

Our findings demonstrate that exogenous MSCs 
down-regulate the expression of HMGB1 
through inhibiting the JAK/STAT signaling path-
way, resulting in reduced HRI in HK-2 cells.
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