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Abstract: Acute kidney injury (AKI) is characterized as a sudden decline of kidney function and requires renal re-
placement therapy and has high mortality. Although numerous studies have identified microRNAs (miRNAs) served 
as biomarkers for the detection of acute kidney injury, the effects of miRNAs in renal tubule epithelial cell during AKI 
pathogenesis and the underlying molecular mechanism still remain unknown. Here, we found that miR-339 expres-
sion was down-regulated and inversely correlated with SIRT2 expression in AKI patients. Additionally, overexpression 
of miR-339 downregulated LPS-induced inflammatory chemokines CXCL2 and CCL2 expression, while knockdown 
of miR-339 upregulated CXCL2 and CCL2 expression in human proximal tubule cell line (HK-2) cells. Moreover, 
SIRT2 was the direct target of miR-339 and miR-339 suppressed the effects of LPS on CXCL2 and CCL2 expression 
in HK-2 cells via targeting SIRT2. Furthermore, results also indicated that overexpression of SIRT2 reversed the miR-
339-imposed inhibitory effects on LPS-induced up-regulation of the phosphorylation of JNK and p38 in HK-2 cells. 
Taken together, these findings suggested that miR-339 may be an important therapeutic target for AKI.
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Introduction

Acute kidney injury (AKI), defined as the rapid 
loss of renal function, is known as a common 
and significant problem in clinical and lead to 
the dysregulation of volume and electrolyte 
homeostasis [1-3]. Accordingly, various factors 
are responsible for AKI formation. And LPS is 
one of the most common cause of AKI [4, 5]. It 
has been shown that LPS could induce AKI via 
prompting inflammatory response, stimulating 
the secretion of pro-inflammatory cytokines, 
which is linked to the activation of IκBα/NF-κB 
and MAPKs (p38, ERK1/2, and JNK1/2) signal-
ing pathways [6-8]. Therefore, inhibiting LPS-
induced inflammation might be an effective 
method to prevent and treat AKI. 

MicroRNAs (miRNAs), a family of small noncod-
ing RNAs, regulate gene expression by base-
pairing to the 3’ untranslated region (3’UTR) of 
their target genes. As microRNAs can control 

the expression of multiple proteins through 
hundreds or thousands of targets via influenc-
ing multiple signaling pathways, the number of 
studies on the functions of microRNAs in AKI 
progression is increasing. MiR-21 is now con-
sidered a novel biomarker when diagnosing and 
treating AKI [9] and has effects to protect kid-
ney injury induced by sepsis [10]. MicroRNA-
34a suppresses autophagy in tubular epithelial 
cells in AKI [11]. Moreover, miR-146a is essen-
tial for lipopolysaccharide (LPS)-induced cross-
tolerance against kidney ischemia/reperfusion 
injury in mice [12]. However, the effects of miR-
NAs in renal tubule epithelial cell during AKI 
pathogenesis still need to be illustrated.

In this study, we found that miR-339 expression 
was down-regulated and inversely correlated 
with SIRT2 expression in AKI patients. Then, a 
lipopolysaccharide (LPS)-induced AKI experi-
mental model was established in human kidney 
epithelial (HK-2) cells. Finds indicated that miR-
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their control were purchased from GenePhar- 
ma (Shanghai, China), which were chemically 
synthesized fragments. HK-2 cells were seed- 
ed in six-well plates at 2 × 105 cells/well and  
then transfected with different concentration 
of miR-339 mimic, miR-339 inhibitor, pCDNA3-
SIRT2 plasmids or their control via using 
Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s protocol. Finally, the cells 
were collected for further analysis.

Real-Time PCR

Total RNA was isolated from AKI patient’s  
samples and cultured HK-2 cells using Trizol 
reagent (Invitrogen, USA). Reverse Transcription 
for cDNA was performed using TaqMan Micro- 
RNA Reverse Transcription Kit (Applied Bio- 
systems, USA) or iScript™ cDNA Synthesis Kit 
(Bio-Rad, USA). TaqMan Human MiRNA Assay 
Kit (Applied Biosystems) was used to evaluate 
the relative expression of miR-339, U6 was 
used as the internal control for miR-339. Pla- 
tinum SYBR Green qPCR Supermix UDG kit 
(Invitrogen) was used to evaluate the relative 
level of SIRT2, CXCL2 and CCL2, and GAPDH 
was used as the internal control.

Western blot analysis

Cellular protein was extracted from HK-2 cells 
by using RIPA lysis buffer (Thermo Pierce, USA) 
and quantified by using a BCA Protein Assay Kit 
(Thermo Pierce). Protein samples were sepa-
rated by SDS-PAGE, transferred onto a PVDF 
membrane (Bio-Rad, USA), and incubated with 
SIRT2, CXCL2, CCL2, JNK, p-JNK, P38, p-P38 
and GAPDH antibodies (Santa Cruz, USA) for 
overnight at 4°C. After washing with TBS-T 
three times, the membranes were then probed 
with the appropriate secondary antibodies 
(Santa Cruz) for 2 h at room temperature, and 
enhanced chemiluminescence was performed 
according to the manufacturer’s instructions 
(Beyotime, China). All the experiments were re- 
peated in triplicate.

Immunofluorescent staining

After transfection of pCDNA3-SIRT2, miR-339 
mimic, inhibitor or control (GenePharma, 
Shanghai, China) for 12 h and then treatment 
of LPS (1 μg/ml) for 12 h, HK-2 cells were cul-
tured on sterile glass coverslips and fixed in  
4% paraformaldehyde for 30 min. After washing 

339 regulated LPS-induced inflammatory che-
mokines CXCL2 and CCL2 expression in human 
proximal tubule cell line (HK-2) cells. Moreover, 
SIRT2 was the direct target of miR-339 and 
miR-339 suppressed the effects of LPS on CX- 
CL2 and CCL2 expression in HK-2 cells via tar-
geting SIRT2. Furthermore, our results indicat-
ed that overexpression of SIRT2 reversed the 
miR-339-imposed inhibitory effects on LPS-
induced up-regulation of the phosphorylation 
of JNK and p38 in HK-2 cells. These findings 
prompt us to understand miR-339 may be  
a potential target for treating LPS-induced sep-
sis AKI.

Materials and methods

Samples collection

Eight critical patients who developed acute  
kidney injury (AKI), defined as more than 1.5-
fold increase in serum creatinine in compliance 
with RIFLE-Acute Kidney Injury Network criteria. 
Control samples were collected from 5 healthy 
volunteers. Patients and healthy volunteers 
received a percutaneous renal biopsy guided 
by B ultrasound. These samples were collected 
from October of 2016 to August of 2017. All 
experiments were approved by the research 
ethics committee of Sir Run Run Shaw Hospital, 
College of Medicine, Zhejiang University. The 
informed consents were obtained from all 
patients. All samples were frozen at -80°C. 

Cell culture

Human proximal tubule epithelial cell line HK-2 
was obtained from Shanghai Institute of Cell 
Biology, Chinese Academy of Sciences (Shang- 
hai, China). The cells were cultured in Keratino- 
cyte Serum Free Medium (K-SFM) (Invitrogen, 
USA) containing 10% fetal calf serum (Gbico, 
USA), 100 IU/ml penicillin and 100 mg/ml 
streptomycin (Sigma, USA), and incubated at 
37°C in humidified air containing 5% CO2. HK-2 
cells were stimulated with LPS (1 μg/ml) (Sig- 
ma, USA) for 24 h.

Plasmids and cell transfection

SIRT2 cDNA were purchased from Genewiz 
(Suzhou, China). Expression plasmid for SIRT2 
was generated by inserting cDNA coding for 
SIRT2 into pCDNA3 vectors by Gateway cloning 
(Invitrogen). The miR-339 mimic, inhibitor and 
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Figure 1. MiR-339 expression was decreased and inversely correlated with SIRT2 expression in AKI patients. A. 
miR-339 mRNA levels were examined by real-time PCR in in acute kidney injury (AKI) (n = 8) patients and healthy 
controls (n = 5). Data are shown as mean ± SD. P < 0.05 by Student’s t test. B. SIRT2 mRNA levels were examined 
by real-time PCR in in acute kidney injury (AKI) (n = 8) patients and healthy controls (n = 5). Data are shown as mean 
± SD. P < 0.05 by Student’s t test. C. The association between miR-339 expression and the SIRT2 mRNA levels were 
evaluated by using Spearman’s correlation analysis (n = 13, r = -0.766, P < 0.05). 

with cold PBS three times, the coverslips were 
permeabilized with 0.1% Triton X-100 for 5 min, 
blocked in 5% bovine serum albumin (BSA), and 
then incubated with the primary antibodies 
(CXCL2, CCL2, JNK, p-JNK, P38 and p-P38, 
Santa Cruz) at 4°C overnight. The slips were 
next washed and incubated with anti-rabbit 
secondary IgG (Proteintech Group) at room 
temperature for 1 h. Cells were observed using 
a Nikon (Melvile, NY, USA) Eclipse TE300 fluo-
rescence microscope.

Luciferase assay

Firstly, the miRBase software was used to pre-
dict the binding sites of SIRT2 in the 3’UTR with 
the miR-339, and the wild type and mutated 
SIRT2 3’-UTR sequence were inserted into the 
pmirGLO (Promega, USA), which were named 
pmirGLO-SIRT2-WT and pmirGLO-SIRT2-MUT. 
When co-transfected miR-339 mimics with 
pmirGLO-SIRT2-WT or pmirGLO-SIRT2-MUT into 
HK-2 cells with LPS treatment, luciferase activ-
ity was measured using the dual luciferase 
assay (Promega) according to the manufactur-
er’s instructions and normalized against the 
Renilla luciferase activity.

Statistical analysis

Data are presented as means ± SD of three 
independent experiments. The one-way analy-
sis of variance (ANOVA) test or student’s t test 
were used for statistics. The correlation be- 
tween miR-339 and SIRT2 expression levels 
was determined by Spearman’s correlation 
analysis. Values of P < 0.05 were considered 
statistically significant.

Results

The miR-339 expression was downregulated 
and inversely correlated with SIRT2 expression 
in AKI patients 

To explore whether miR-339 was involved in 
modulating renal inflammation, we firstly stud-
ied miR-339 expression in samples from AKI 
patients. Our results displayed that miR-339 
expression was significantly downregulated in 
AKI patients compared with healthy control 
(Figure 1A). Then, we hypothesized that the 
expression of SIRT2 was regulated by miR-339 
in AKI. Therefore, we detected the expression 
of SIRT2 by performing real-time PCR in sam-
ples from AKI patients and healthy control. As 
expected, our findings displayed that SIRT2 
expression was significantly upregulated in AKI 
patients (Figure 1B), and SIRT2 levels was 
inversely negative correlated with miR-339 
expression in AKI patients (Spearman’s correla-
tion, r = -0.766 and P = 0.0022) (Figure 1C).

MiR-339 suppressed the proinflammatory ef-
fects of LPS on renal tubule epithelial cell 

LPS plays a critical role in renal inflammatory 
injury during sepsis AKI. Renal inflammatory 
injury induced inflammatory cell infiltration 
through the up-regulation of chemokines, such 
as CXCL2 and CCL2 [13, 14]. Therefore, we 
next verified whether miR-339 suppressed the 
CXCL2 and CCL2 expression induced by LPS in 
HK-2 cells. As shown in Figure 2A-F, we per-
formed real-time PCR, Western blot, and Im- 
munofluorescent (IF) assays, the results show- 
ed that miR-339 overexpression significantly 
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Figure 2. MiR-339 regulated LPS-induced CXCL2 and CCL2 expression in renal tubule epithelial cell HK-2. A and 
B. Relative CXCL2 and CCL2 mRNA levels were evaluated by real-time PCR after transfection with miR-339 mimic, 
inhibitor, or control in HK-2 cells. Then cells were stimulated with LPS for 12 h after transfection for 12 h. Data are 
shown as mean ± SD. n = 4, P < 0.05 by ANOVA. C and D. The HK-2 cells were transfected with miR-339 mimic, 
inhibitor, or control and then stimulated with LPS for 12 h after transfection for 12 h. Relative CXCL2 and CCL2 pro-
tein levels were evaluated by Western blot. Data are shown as mean ± SD. n = 4, P < 0.05 by ANOVA. E and F. The 
HK-2 cells were transfected with miR-339 mimic, inhibitor, or control and then stimulated with LPS for 12 h after 
transfection for 12 h. Relative CXCL2 and CCL2 protein levels were evaluated by immunofluorescence. Data are 
representative of three independent experiments. 

repressed LPS-induced CXCL2 and CCL2 ex- 
pression at the mRNA and protein levels, while 
down-regulation of miR-339 levels obviously 
increased LPS-induced CXCL2 and CCL2 ex- 
pression in HK-2 cells. Taken together, our find-
ings confirmed that miR-339 could suppress 
the proinflammatory effects of LPS on HK-2 
cells.

SIRT2 was the direct target of miR-339

TargetScan (http://www.targetscan.org) and 
miRanda (http://www.microrna.org) were used 
to identify potential targets of miR-339. A bind-
ing site for miR-339 in the SIRT2 3’UTR was 
identified (Figure 3A). The luciferase reporter 

assay implied that transfection with miR-339 
mimic significantly reduced the luciferase activ-
ity of SIRT2-WT when compared with that of 
negative control group, while the change in the 
luciferase activity of SIRT2-MUT was not signifi-
cantly (Figure 3B). We further performed real-
time PCR and Western blot analysis to explore 
the association between miR-339 and SIRT2. 
The results showed that SIRT2 mRNA (Figure 
3C) and protein (Figure 3D and 3E) levels were 
decreased in the miR-399 overexpressing 
group compared with negative control group, 
whereas SIRT2 mRNA and protein levels were 
substantially increased in miR-399 downregu-
lating group. Collectively, these data indicated 
that SIRT2 was a direct target of miR-339.
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miR-339 and contributed to 
the suppressive effects of 
miR-339 on LPS-exposed 
HK-2 cells. 

MiR-339 suppressed SIRT2/
JNK/p38 signaling in LPS-
exposed HK-2

LPS activates JNK/p38 path-
way and phosphorylation of 
JNK and p38 are required for 
LPS-induced gene expres-
sion. Following, we further 
examined the phosphoryla-
tion of JNK and p38 by 
Western blot and IF assays. 
Findings displayed that over-
expression of SIRT2 reversed 
the miR-339-imposed inhibi-
tory effects on LPS-induced 
up-regulation of the phos-
phorylation of JNK and p38 
in HK-2 cells (Figure 5A-D). 
Taken together, these results 
indicated that miR-339 in- 
hibited LPS-mediated the se- 
cretion of pro-inflammatory 
cytokines via targeting the 
SIRT2/JNK/p38 signaling in 
HK-2 cells.

Discussion

The biological role of majo- 
rity miRNAs in the patho-
physiology of AKI still rema- 
ins ambiguous [15, 16]. Th- 
erefore, investigation for the 

Figure 3. MiR-339 reduced the expression of SIRT2 via directly targeting 
3’UTR of SIRT2. A. The wild-type (SIRT2-WT) and miR-339-binding site dele-
tion mutation (SIRT2-MUT) of SIRT2 3’UTR. B. HK-2 cells were co-transfected 
with miR-339 mimic and pmirGLO-SIRT2-WT, pmirGLO-SIRT2-MUT, or empty 
pmirGLO plasmid vectors, and then stimulated with LPS for 12 h after trans-
fection for 12 h. Relative luciferase activity was measured after transfection 
for 24 h. Data are shown as mean ± SD. n = 3, P < 0.05 by ANOVA. C. The 
HK-2 cells were transfected with miR-339 mimic, inhibitor, or control, and  
then stimulated with LPS for 12 h after transfection for 12 h. Relative SIRT2 
mRNA levels were evaluated by real-time PCR. Data are shown as mean ± 
SD. n = 5, P < 0.05 by ANOVA. D. The HK-2 cells were transfected with miR-
339 mimic, inhibitor, or control, and then stimulated with LPS for 12 h after 
transfection for 12 h. Relative SIRT2 protein levels were evaluated by Western 
blot. Data are representative of three independent experiments. E. Relative 
intensity measurements provided a quantitative means of examining protein 
bands on the Western blot. GAPDH was used as a control. Data are shown as 
mean ± SD. n = 3, P < 0.05 by ANOVA.

MiR-339 suppressed the proinflammatory ef-
fects of LPS on HK-2 via targeting the SIRT2

Finally, based on our observations that SIRT2 
was the direct target of miR-339, we investigat-
ed whether miR-339 played a suppressive role 
in LPS-induced CXCL2 and CCL2 expression via 
targeting the SIRT2. As shown in Figure 4A-F, 
we also performed real-time PCR, Western blot, 
and Immunofluorescent (IF) assays, overex-
pression of miR-339 by transfecting its mimic 
decreased LPS-induced the CXCL2 and CCL2 
expression at both mRNA and protein levels in 
HK-2 cells, while overexpression of SIRT2 
blocked these suppressive effects. The find-
ings demonstrated that SIRT2 was the target of 

functions and underlying mechanisms of miR-
NAs in AKI may contribute to understand the 
pathogenesis of AKI and provide novel thera-
peutic targets. Here, we focus on the role of 
miR-339 in AKI pathogenesis. In this study, we 
showed that miR-339 expression was de- 
creased and inversely correlated with SIRT2 in 
AKI patient’s samples.

LPS is one of the potent pro-inflammatory stim-
ulants via inducing the expression of pro-
inflammatory cytokines in AKI pathogenesis, 
such as CXCL2 and CCL2 [13, 14, 17]. Our data 
revealed that miR-339 overexpression signifi-
cantly inhibited LPS-induced CXCL2 and CCL2 
expression at the mRNA and protein level in 
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Figure 4. SIRT2 acted as the functional target of miR-339 in HK-2 cells. A and B. The HK-2 cells were transfected 
with control, miR-339 mimic and miR-339 mimic + pCDNA3-SIRT2, and then stimulated with LPS for 12 h after 
transfection for 12 h. Relative SIRT2 mRNA levels were evaluated by real-time PCR. Data are shown as mean ± SD. n 
= 5, P < 0.05 by ANOVA. C and D. The HK-2 cells were transfected with control, miR-339 mimic and miR-339 mimic + 
pCDNA3-SIRT2, and then stimulated with LPS for 12 h after transfection for 12 h. Western blot assay was performed 
to detect the levels of CXCL2 and CCL2 protein. Blots are representative of three independent experiments. Data 
are shown as mean ± SD. n = 3, P < 0.05 by ANOVA. E and F. The HK-2 cells were transfected with control, miR-339 
mimic and miR-339 mimic + pCDNA3-SIRT2, and then stimulated with LPS for 12 h after transfection for 12 h.  
Immunofluorescence assay was performed to detect the levels of CXCL2 and CCL2 protein. Data are representative 
of three independent experiments. 

HK-2 cells, while lack of miR-339 had the oppo-
site effect. CXCL1/CXCL2 regulates the early 
phase of neutrophil recruitment in LPS-induced 
inflammation [18]. CCL2 also plays a critical 
role in inflammatory renal injury via recruitment 
and activation of monocytes and macrophages 
[19, 20]. Together, these data suggested that 
miR-339 was involved in modulating the early 
stages of LPS induced AKI.

Recent studies have shown that microRNAs are 
involved in the pathogenesis of acute kidney 
injury via regulating their target gene expres-

sion [21-23]. MiR-339 is shown to suppress 
gastric carcinogenesis through targeting NO- 
VA1 [24], and luciferase assay implies that 
SIRT2 was a direct target of miRNA-339 in 
SH-SY5Y cells [25]. Here, we not only discov-
ered that SIRT2 expression was inversely cor-
related with miR-339, but also SIRT2 was the 
target of miR-339. 

Sirtuin 2 (SIRT2), a NAD-dependent histone 
deacetylase, regulates LPS-induced renal tubu-
lar CXCL2 and CCL2 expression via activating 
p38/JNK pathway [26]. To confirm whether the 
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Figure 5. Overexpression of SIRT2 reversed the miR-339-imposed suppressive effects on LPS-induced activation of 
the JNK and p38 pathway in HK-2 cells. A and B. The HK-2 cells were transfected with control, miR-339 mimic and 
miR-339 mimic + pCDNA3-SIRT2, and then stimulated with LPS for 12 h after transfection for 12 h. Western blot  
assay was performed to detect phosphorylation of JNK and p38 levels. Blots are representative of three indepen-
dent experiments. Data are shown as mean ± SD. n = 3, P < 0.05 by ANOVA. C and D. The HK-2 cells were trans-
fected with control, miR-339 mimic and miR-339 mimic + pCDNA3-SIRT2, and then stimulated with LPS for 12 h 
after transfection for 12 h. Immunofluorescence assay was performed to detect phosphorylation of JNK and p38 
levels. Data are representative of three independent experiments.

SIRT2 is the functional target of miR-339 in AKI 
pathogenesis, we performed further experi-
ments on HK-2 cell by co-transfecting with 
SIRT2 plasmid and miR-339 mimic in response 
to LPS. Our date shown that overexpression of 
SIRT2 reversed the miR-339-imposed inhibito-
ry effects on LPS-induced up-regulation of 
CXCL2 and CCL2 expression. Moreover, miR-
339 inactivated the p38/JNK pathway, while 
exogenous overexpression of SIRT2 reversed 

this suppressive effect in HK-2 cells stimulated 
with LPS. In conclusion, this study provides 
novel evidence that may be useful for future 
studies exploring therapeutic approaches for 
AKI by targeting miR-339.
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