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Abstract
Endoplasmic reticulum (ER) stress is considered an important factor in the formation of fibrosis. Therefore, modulation of
ER stress may represent a promising therapeutic strategy in renal fibrosis. MiR-185-5p has been identified to be implicated in
TGF-β1-induced renal fibrosis; however, it is largely unknown whether and how miR-185-5p regulates ER stress in renal
fibrosis. In this study, we demonstrated that miR-185-5p directly bound to ATF6, an ER stress-related protein, and
downregulated the expression thereof. We subsequently constructed an in vitro model of renal fibrosis using HK2 cells
treated with TGF-β1, and found that miR-185-5p attenuated ER stress and dedifferentiation of tubular epithelia by
suppression of ATF6. In addition, we constructed an in vivo mouse model using unilateral urethral obstruction (UUO). Our
in vivo findings showed that miR-185-5p reduced the expression of ER stress-related proteins and inhibited epithelial
dedifferentiation via downregulation of ATF6, thereby improving UUO-induced renal fibrosis. Overall, our findings
revealed that miR-185-5p exerts beneficial effects in renal fibrosis. Thus, the miR-185-5p/ATF6 regulatory pathway may be
a potential target for therapeutic intervention in renal fibrosis.

Introduction

Renal fibrosis, characterized by fibroblast proliferation and
extracellular matrix (ECM) accumulation, is an important
pathological characteristic in chronic kidney disease (CKD)
induced by various causes. Renal fibrosis is an aberrant
wound-healing response to chronic injury. After the initial
epithelial injury, kidney-resident cells are activated, leading
to ongoing inflammation, and in turn promote the activation
of fibroblasts and tubular epithelial cells, or the transition
into ECM-secreting myofibroblasts. Finally, continuous
deposition of ECM leads to trauma of renal parenchyma,
loss of renal function, and end-stage renal failure [1, 2].

Clinically, effective treatment for renal fibrosis only
involves dialysis or kidney transplantation. Therefore,
exploring novel therapeutic targets for antifibrotic therapy is
of utmost importance. Unilateral ureteral obstruction (UUO)
induced in rodents is a well-established model of renal
fibrosis involving urinary pathway obstruction. Continuous
urinary retention results in elevated renal pressure, reduced
renal blood flow, and a reduced glomerular filtration rate,
thereby exacerbating injury of the renal parenchyma, which
ultimately leads to irreversible renal fibrosis [3, 4]. As
characterized by rapid tubular atrophy and interstitial
fibrosis and matrix deposition, UUO is widely used to study
tubulointerstitial fibrosis [5].

Endoplasmic reticulum (ER) stress is a cytoprotective
mechanism to cope with environmental stimuli, such as
reactive oxygen species, glucose deprivation, and aberrant
regulation of calcium. To maintain homeostasis of the ER,
ER stress initiates three branches of unfolded protein
response (UPR): (1) The PERK/eIF2α/ATF4 branch. Dur-
ing ER stress, PERK becomes activated via dimerization
and autophosphorylation, resulting in phosphorylation of
eIF2α and inhibition of protein translation, and phos-
phorylated eIF2α facilitates the expression of transcription
factor ATF4 [6, 7]. (2) The IRE1/XBP1 branch. In response
to ER stress, IRE1 unbinds from GRP78 (also known as
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BiP), becomes activated, and leads to further splicing of
XBP1. The newly produced spliced XBP1 (sXBP1) serves
as a transcription factor to regulate the expression of ER
proteins [8, 9]. (3) The ATF6 branch. When ER stress
occurs, ATF6 dissociates from GRP78, and transports from
the ER membrane to the Golgi apparatus. After cleaving by
serine proteases, the active form of ATF6 translocates to the
nucleus and induces the expression of ER stress-responsive
genes [10, 11]. However, overwhelming or prolonged ER
stress results in the activation of proapoptotic pathways,
epithelial cell dedifferentiation toward a mesenchymal
phenotype, and inflammatory responses, which play an
important role in the formation of fibrosis [12, 13]. ER
stress is involved in the pathological process of renal dis-
eases [14], and is closely related to the onset of renal
fibrosis [15]. In the UUO model of renal fibrosis, ER stress
has been demonstrated [16], and targeted inhibition of ER
stress may inhibit renal fibrosis [17, 18].

ATF6 (activating transcription factor 6) is a major sensor
that becomes activated when ER stress induces UPR. Active
ATF6 translocates to the nucleus to regulate ER proteins at
the transcriptional level, including GRP78, C/EBP homo-
logous protein (CHOP), XBP1, protein disulfide isomerase,
and calreticulin [10, 19–21]. Prior studies have noted the
important role of ATF6 in organ fibrosis. Surveys con-
ducted by Baek et al. have shown that selected ER stress
pathways lead to increased expression of TGF-β-induced
ATF6 in human and murine pulmonary fibroblasts [22]. In
renal fibrosis, the ATF6–CHOP proapoptotic pathway has
been reported to be activated by prolonged ER stress [23].

MicroRNA (miRNA) is a type of small noncoding RNA,
which regulates the expression of target genes at the post-
transcriptional level by degrading mRNA [24]. It has been
confirmed that miRNA can be a regulator of tissue fibrosis
under pathological conditions in CKD, and exerts as
potential therapeutic targets [25, 26]. For example, the
intrarenal expression of miR-200a, miR-200b, and miR-429
is increased in patients with hypertensive nephrosclerosis
[27, 28]. In the past few years, most studies involving miR-
185-5p were focused on its involvement in tumor progres-
sion [29, 30]. In a recent study, it was demonstrated that
miR-185-5p inhibited dedifferentiation and proliferation in
TGF-β1-induced renal fibrosis [31], thereby suggesting that
it may play a role in renal pathology. In addition, miR-185-
5p has also been proven to suppress ER stress-induced
apoptosis in the heart [32]. However, whether miR-185-5p
affects renal fibrosis by regulating ER stress remains to be
elucidated.

In this study, we aimed to identify the role and regulation
of miR-185-5p in renal fibrosis. We found that ER stress-
related protein ATF6 is a target gene of miR-185-5p based
on the microRNA target prediction databases (StarBase and
TargetScan), and we first demonstrated that miR-185-5p

downregulated the expression of ATF6 by directly binding
to recognition sites within the 3′-UTR. In addition, we
induced renal fibrosis in TGF-β1-exposed HK2 cells and in
a mouse model via UUO, and demonstrated that miR-185-
5p-mediated downregulation of ATF6 resulted in alleviation
of ER stress and ER stress-induced dedifferentiation. Taken
together, our findings provided a novel mechanistic expla-
nation for ER stress and renal fibrosis, through the miR-
185-5p/ATF6 regulatory pathway.

Materials and methods

Cell culture

HK2 cells (human renal proximal tubular epithelial cell
line) were cultured in MEM (Procell Life Science &
Technology, China) supplemented with 10% fetal bovine
serum (FBS, Biological Industries, Israel). In addition, 293
T cells were cultured in DMEM (Procell Life Science &
Technology, China) supplemented with 10% FBS. Cells
were grown in a humidified environment at 37 °C and 5%
CO2.

Cell transfection and treatment

Hsa-miR-185-5p mimics and the negative control (NC) or
ATF6 overexpression plasmids and vector plasmids (Invi-
trogen) were co-transfected into HK2 cells accordingly.
Transfections were performed using Lipofectamine 2000
(Invitrogen, 11668-019) with Opti-MEM medium following
the manufacturer’s guidelines. After culturing for 48 h, cells
were harvested, and the transfection efficiency was deter-
mined. Subsequently, cells were incubated with 5 ng/mL
TGF-β1 for 24 h. Groups were as follows: 1: control, 2:
TGF-β1, 3: TGF-β1+NC, 4: TGF-β1+ hsa-miR-185-5p
mimics, 5: TGF-β1+ hsa-miR-185-5p mimics + vector,
and 6: TGF-β1+ hsa-miR-185-5p mimics+ATF6 OE.

Real-time PCR

Total RNA was extracted using the RNAsimple Total RNA
Kit (Tiangen Biotech, DP419) following the manufacturer’s
guidelines. RNA was reverse-transcribed by M-MLV
(Tiangen Biotech, NG212). Real-time PCR was carried
out using 2× Taq PCR MasterMix (Tiangen Biotech,
KT201) and SYBR Green (Solarbio, SY1020). Primers
used were as follows: homo ATF6: forward: 5′-ATAA
GCCTGTCACTGGTC-3′, reverse: 5′-TTTGTTTGAGTCT
TGGGT-3′, mus ATF6: forward: 5′-CTGGACGAGGTGG
TGTCA-3′, reverse: 5′-CTCTTCGGGATTCTTGCT-3′,
homo GAPDH: forward: 5′-GACCTGACCTGCCGTCT
AG-3′, reverse: 5′-AGGAGTGGGTGTCGCTGT-3′, mus
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GAPDH: forward: 5′-TGTTCCTACCCCCAATGTGTCC
GTC-3′, reverse: 5′-CTGGTCCTCAGTG TAGCCCAAGA
TG-3′, mmu/hsa-miR-185-5p: RT primer: 5′-GTTGGCTCT
GGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAA
CTCAGGA-3′, forward: 5′-TGGAGAGAAAGGCAGTT
CCTGA-3′, reverse: 5′-GTGCAGGGTCCGAGGTATT
C-3′, hsa-U6: RT primer: 5′-GTTG GCTCTGGTG
CAGGGTCCGAGGTATTCGCACCAGAGCCAACAAA
ATATGG-3′, forward: 5′-GCTTCGGCAGCACATATA
CT-3′, reverse: 5′-GGTGCAGGGTCCGAGGTAT-3′, and
mmu-U6: RT primer: 5′-GTTGGCTCTGGTGCAGGGT
CCGAGGTA TTCGCACCAGAGCCAACAAAAATATG
G-3′, forward: 5′-CGCAAGGATGACAC GCAAAT-3′,
reverse: 5′-GGTGCAGGGTCCGAGGTAT-3′. GAPDH
and U6 served as internal controls for mRNA and miRNA,
respectively, and the fold change relative to the control was
calculated by the 2−ΔΔCt method.

Nuclear protein extraction

A nuclear protein extraction kit (Solarbio, R0050) con-
taining cytoplasmic lysis buffer and nuclei lysis buffer was
used to extract cytoplasmic and nuclear protein from cells or
tissue.

In brief, cells were lysed in 200 μL of cytoplasmic lysis
buffer on ice for 10 min. The mixture was vortexed for 10 s,
then centrifuged at 12,000 × g for 10 min at 4 °C. The
supernatant contained cytoplasmic proteins. The pellet was
resuspended in 50 μL of nuclei lysis buffer and kept on ice
for 10 min. Nuclear proteins were extracted by centrifuga-
tion at 12,000 × g for 10 min at 4 °C. The supernatant
contained the nuclear extract.

Renal tissue was first cut into small pieces and
mechanically homogenized on ice with PBS. After cen-
trifugation at 500 × g for 3 min at 4 °C, the pellet was lysed
in 200 μL of cytoplasmic lysis buffer. Subsequent proces-
sing steps were similar as the steps mentioned above for the
extraction of nuclear protein from cells.

Western blot analysis

Cells or tissues were lysed with RIPA lysis buffer (Solarbio,
R0010) added with phenylmethylsulfonyl fluoride. The
protein concentration was determined by a BCA Protein
Assay Kit (Solarbio, PC0020). Protein lysates were sepa-
rated by 8–15% SDS-PAGE and electrophoretically trans-
ferred onto PVDF membranes. Membranes were incubated
overnight with primary antibodies at 4 °C followed by
horseradish peroxidase-conjugated goat anti-rabbit or goat
antimouse IgG (Solarbio) at 37 °C for 45 min. The immu-
noreactivity was visualized by ECL reagent (Solarbio,
PE0010). The gray values were analyzed with Gel-pro
Analyzer Software (Media Cybernetics, Bethesda, MD,

USA). Antibodies used were as follows: ATF6 antibody
(Proteintech, 24169-1-AP), sXBP1 antibody (CST,
#12782), IRE1α antibody (Affinity, DF7709), p-IRE1α
(Ser724) antibody (Affinity, AF7150), PERK antibody
(Affinity, AF5304), p-PERK (Thr981) antibody (Thermo
Fisher, PA5-40294), ATF4 antibody (Proteintech, 10835-1-
AP), eIF2α antibody (Affinity, AF6087), p-eIF2α (Ser51)
antibody (Affinity, AF3087), CHOP antibody (Affinity,
DF6025), GRP78 antibody (Affinity, AF5366), cleaved-
caspase 12 antibody (Abcam, ab140882/GeneTex,
GTX59923), fibronectin antibody (Proteintech, 15613-1-
AP), collagen I antibody (Affinity, AF0134), collagen III
antibody (Affinity, AF5457), E-cadherin antibody (Affinity,
AF0131), α-SMA antibody (Affinity, AF1032), TGF-β1
antibody (Affinity, AF1027), GAPDH antibody (Pro-
teintech, 60004-1-Ig), and Histone H3 antibody (GeneTex,
GTX122148).

Double-immunofluorescence staining

For cells grown on chamber slides, slides were fixed for 15
min with 4% paraformaldehyde and permeabilized with
0.1% Triton X-100 for 30 min. For tissue sections, sections
were heated at 60 °C for 2 h, followed by paraffin removal
and rehydration. Antigen retrieval was performed at a
subboiling temperature for 10 min. Subsequently, both cell
slides and tissue sections were blocked with goat serum.
Primary antibodies directed against E-cadherin (Ms) and α-
SMA (Rb) were diluted in PBS (1:200). The antibody
combination of E-cadherin-α-SMA was added to each
section, respectively, and incubated overnight at 4 °C. Then,
sections were washed, and incubated with FITC- or Cy3-
conjugated secondary goat antimouse or rabbit antibody
(1:200) for 90 min. Nuclei were stained with DAPI
(Beyotime, China). After three additional washes with PBS
for 5 minutes, sections were sealed by anti-fade reagent.
Cells were examined at 400× magnification using a
microscope.

Dual-luciferase reporter assay

To investigate whether ATF6 expression was regulated by
miR-185-5p, a dual-luciferase reporter assay was employed.
In brief, 2 × 105 293 T cells (Procell Life Science & Tech-
nology, China) were transfected using Lipofectamine 2000
(Invitrogen) with 0.5 μg of pmirGLO vetor (Promega,
E133A) containing wild type (wt) or mutant (mut) ATF6 3′
UTR, along with 25 pmol hsa-miR-185-5p or mmu-miR-
185-5p mimics, and their NC. Firefly and Renilla luciferase
activity were determined by a dual-luciferase reporter
assay system (Promega, E1910) using a multimode micro-
plate plate reader (Infinite M200PRO, TECAN,
Switzerland).
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Animals and grouping

Male C57BL/6 mice (20–22 g) were obtained from
Changsheng Biotechnology (Liaoning, China). Mice were
housed in an experimental animal facility, at a constant
temperature (22 ± 1 °C) and humidity (45–55%), under a
consistent light cycle (12-h light/dark). Food and water
were allowed ad libitum. Mice were randomly divided into
four groups (n= 12 per group): (1) sham, (2) UUO,
(3) UUO+ LV NC, and (4) UUO+ LV-mmu-miR-185-5p.
All surgical and experimental procedures were performed in
accordance with the Guide for Laboratory Animal Care and
Use, and approved by the Institutional Animal Ethics
Committee of China Medical University.

Induction of unilateral ureteral obstruction

Mice were anesthetized using pentobarbital (50 mg/kg,
intraperitoneally), after which the left ureter was isolated
and exposed through an abdominal incision. A 3-mm steel
wire segment was placed adjacent to the left ureter, and a
nylon thread was tied around the ureter and the steel wire at
the ureteropelvic junction. The wire was removed, leaving
the ligation around the ureter. Subsequently, the incision
was closed. Sham-operated (Sham) mice were subjected to
an identical procedure without ligation of the left ureter.

Lentivirus transfection

After the induction of UUO, mice received a tail-vein
injection. For mice in the UUO+ LV NC and UUO+ LV-
mmu-miR-185-5p groups, 0.2 mL of lentivirus plasmid
(1 × 109 TU/mL) containing the NC or mmu-miR-185-5p
was injected through the tail vein. On the 15th day after
setting up the model, mice were euthanized and kidneys
were collected.

Histological examination

Renal tissues from mice were fixed, embedded in paraffin,
and cut into 5-μm-thick sections. After dewaxing and
rehydrating, sections were stained with periodic acid Schiff
(PAS) reagent (Anhui Leagene Biotechnology, China) or
Masson’s trichrome solution (Sinopharm Chemical
Reagent, China). Sections were visualized using an optic
microscopy (DP73, Olympus, Japan) at 200× magnification.
Semiquantification of PAS staining was performed to
evaluate tubular injury. Tubular injury was defined as tub-
ular atrophy with interstitial fibrosis, tubular dilation, tub-
ular cast formation, thickening of the tubular basement
membrane, and sloughing of tubular epithelial cells, and
scores between 0 and 5 were given [33] as follows: 0: no
tubular injury, 1: <10% of tubules injured, 2: 10–25% of

tubules injured, 3: 26–50% of tubules injured, 4: 51–75% of
tubules injured, and 5: >75% of tubules injured. The posi-
tive area of Masson’s trichrome staining (blue) was calcu-
lated using Image-Pro Plus software.

Statistical analysis

Data are expressed as the mean ± standard deviation (SD).
Data were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s test. P < 0.05 was con-
sidered statistically significant.

Results

MiR-185-5p bound to ATF6 and downregulated the
expression thereof

The expression levels of miR-185-5p and ATF6 were
determined after in vitro transfection. The results showed
that miR-185-5p was prominently upregulated, and ATF6
was downregulated in HK2 cells after transfection with hsa-
miR-185-5p mimics. In addition, overexpression of ATF6
effectively elevated its expression (Fig. 1a–c), which vali-
dated that the transfection was successful. A bioinformatic
target prediction using StarBase and TargetScan showed
that the putative binding site for miR-185-5p was present in
the 3′UTR of ATF6. Wild-type and mutated sequences of
ATF6 3′UTR, as well as the matched sequence for miR-
185-5p, were shown in Fig. 1d. The results of the luciferase
activity analysis demonstrated the direct binding of miR-
185-5p to ATF6 (Fig. 1e). Taken together, these findings
indicated that ATF6 was a direct target of miR-185-5p, and
that miR-185-5p negatively regulated the expression of
ATF6.

MiR-185-5p alleviated the degree of ER stress by
regulating ATF6 in TGF-β1-induced HK2 cells

TGF-β1 has been identified as a master regulator that drives
fibrosis in variety of disease models [34]. In the current
study, we established an in vitro model by inducing HK2
cells with TGF-β1. To investigate whether the miR-185-5p
level was altered during renal fibrosis, real-time PCR was
performed. The results illustrated that TGF-β1-treated HK2
cells showed significantly decreased level of miR-185-5p,
and transfection of miR-185-5p mimics restored this
reduction (Fig. 2a). As shown in Fig. 2b–e, the total protein
level of ATF6 was enhanced in HK2 cells exposed to TGF-
β1, resulting in an increase in ATF6 translocation into the
nucleus. Consequently, the expression of ER stress-
responsive genes, including GRP78 and CHOP, initiated
by nuclear ATF6 was increased. However, pretreatment
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Fig. 2 MiR-185-5p alleviates
the degree of endoplasmic
reticulum stress in TGF-β1-
induced HK2 cells. a Real-time
PCR analysis of miR-185-5p in
TGF-β1-induced HK2 cells.
b Western blot analysis of
ATF6, GRP78, and CHOP
proteins in HK2 cells that were
transfected with miR-185-5p
mimics or scrambled RNA (NC)
after TGF-β1 treatment.
c–e Quantitative analysis of the
relative protein level in (b). Data
are presented as the mean ± SD
(n= 3) with the statistical
significance calculated from
one-way ANOVA with Tukey’s
test (**P < 0.01; ***P < 0.001;
****P < 0.000).

Fig. 1 MiR-185-5p binds to
ATF6 and downregulates the
expression thereof. a Real-time
PCR analysis of miR-185-5p in
HK2 cells. b ATF6 mRNA level
as determined by real-time PCR.
c ATF6 protein expression and
quantitative analysis in HK2
cells. d Sequence alignment of
the predicted miR-185-5p-
binding site in the 3′UTR of
ATF6 for species, including
Homo sapiens (hsa) and Mus
musculus (mmu). e Binding of
miR-185-5p and ATF6
measured by the dual-luciferase
reporter assay. Data are
presented as the mean ± SD
(n= 3) by one-way ANOVA
with Tukey’s test for multiple
comparisons (**P < 0.01;
****P < 0.0001).
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with miR-185-5p mimics reduced the total protein level of
ATF6 in TGF-β1-induced HK2 cells, and further caused the
decreased level of nuclear ATF6 and relatively increased
cytoplasmic ATF6. ATF6 induced GRP78, and CHOP
expression was blocked by overexpression of miR-185-5p.
We further performed Western blot analysis on ATF6-
silenced HK2 cells (Supplementary Fig. 1). The results
showed that ATF6 knockdown resulted in decreased levels

of GRP78 and CHOP, which confirmed that miR-185-5p
regulated ATF6, thereby affecting the expression of GRP78
and CHOP. Moreover, miR-185-5p suppressed activation of
the IRE1/XBP1 branch (Supplementary Fig. 2A, B) and the
PERK/eIF2α/ATF4 branch (Supplementary Fig. 2C, D) in
TGF-β1-induced HK2 cells. Combined, these results
revealed that miR-185-5p mitigated the degree of ER stress
by downregulating ATF6 in TGF-β1-exposed HK2 cells.

Fig. 3 MiR-185-5p prevents extracellular matrix accumulation
and dedifferentiation of TGF-β1-induced HK2 cells by down-
regulating ATF6. a Expression of fibronectin, collagen I, and col-
lagen III, and quantitative analysis of relative protein expression.
b Western blot and quantitative analysis were employed to determine

dedifferentiation-associated markers in HK2 cells. c Immuno-
fluorescence staining of E-cadherin (green) and α-SMA (red), and
quantitative analysis of the staining intensity. Scale bar, 50 μm. Sta-
tistically significant differences are presented as the mean ± SD (n= 3)
by one-way ANOVA with Tukey’s test for multiple comparisons.
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MiR-185-5p prevented ECM accumulation and
dedifferentiation of TGF-β1-induced HK2 cells by
downregulating ATF6

To investigate the role of miR-185-5p in ECM accumula-
tion, we determined the expression of ECM components,
including fibronectin, collagen I, and collagen III. In TGF-
β1-induced HK2 cells, the expression of fibronectin, col-
lagen I, and collagen III was markedly higher when com-
pared with that of control cells. Administration of hsa-miR-
185-5p mimics blocked the expression of these proteins.
However, this effect was reversed by overexpression of
ATF6 (Fig. 3a). Considering that ER stress induces ded-
ifferentiation, we determined the levels of E-cadherin (epi-
thelial marker) and α-SMA (mesenchymal marker) by
Western blot analysis and immunofluorescence. As shown
in Fig. 3b, c, TGF-β1-induced dedifferentiation of HK2
cells, as evidenced by reduced E-cadherin and increased
expression of α-SMA. In contrast, miR-185-5p increased
the expression of E-cadherin and restrained α-SMA
expression. However, these changes in protein expression
were reversed by ATF6 overexpression. Thus, these find-
ings indicated that miR-185-5p attenuated ECM accumu-
lation and dedifferentiation through downregulating ATF6
in TGF-β1-induced HK2 cells.

MiR-185-5p alleviated the degree of ER stress in a
mouse model of UUO

Next, we tested whether miR-185-5p had a mitigative effect
on ER stress in vivo using a mouse model of UUO. First,
we performed real-time PCR to determine the levels of
miR-185-5p and ATF6 in the kidneys of UUO mice. In the

UUO group, miR-185-5p was downregulated, and ATF6
was upregulated. However, the level of ATF6 was
decreased when mice were injected with miR-185-5p len-
tivirus (Fig. 4a, b). As shown by Western blot analysis,
miR-185-5p inhibited the UUO-induced increase in total
ATF6 protein level, as well as the subsequent ATF6 nuclear
translocation, and increased the expression of CHOP and
GRP78 (Fig. 4c–f). Furthermore, we found that miR-185-5p
suppressed the activation of the IRE1/XBP1 and PERK/
eIF2α/ATF4 branches in the UUO model (Supplementary
Fig. 3). Taken together, these findings verified that miR-
185-5p alleviated the degree of ER stress in the UUO
model.

MiR-185-5p prevented renal fibrosis and epithelial
dedifferentiation in a mouse model of UUO

To confirm the role of miR-185-5p in renal fibrosis and
epithelial dedifferentiation in the UUO model, we first
examined the degree of fibrosis by Masson staining. As
shown in Fig. 5a, the area of interstitial fibrosis was
increased in the UUO group, while administration of miR-
185-5p lentivirus decreased the fibrotic area. The expression
of profibrotic proteins as determined by Western blot ana-
lysis was consistent with those of the Masson staining
(Fig. 5b). Next, the effect of miR-185-5p on epithelial
dedifferentiation was further evaluated. UUO surgery
resulted in dedifferentiation of tubular epithelia, as evi-
denced by blocked expression and reduced fluorescence
intensity of E-cadherin, as well as by upregulated expres-
sion and enhanced fluorescence intensity of α-SMA
(Fig. 5c, d). We found that this phenomenon could be
improved in the UUO+ LV-mmu-miR-185-5p group.

Fig. 4 MiR-185-5p alleviates
the degree of endoplasmic
reticulum stress in a mouse
model of unilateral urethral
obstruction. a Real-time PCR
of miR-185-5p in the kidney of
unilateral urethral obstruction
(UUO) mice (n= 6 per group).
b ATF6 mRNA level in the
kidney of UUO mice. c Western
blot analysis of ATF6, GRP78,
and CHOP proteins in the
kidney of UUO mice.
d–f Quantification of the gray
values of Western blots in (c).
Data are presented as the mean
± SD (n= 6) based on one-way
ANOVA with Tukey’s test of
three independent experiments.
**P < 0.01; ***P < 0.001;
****P < 0.0001.
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Thus, these data suggested that miR-185-5p protected
against renal fibrosis and epithelial dedifferentiation.

Effects of miR-185-5p on renal structure in a mouse
model of UUO

We evaluated renal injury using PAS staining, and semi-
quantitative analysis was employed. Significant tubular
damage was observed in the kidney of UUO mice, as evi-
denced by tubular atrophy and interstitial fibrosis. However,
this damage was attenuated after the injection of miR-185-

5p lentivirus (Fig. 6a, b). These data implied that miR-185-
5p improved renal injury in UUO mice.

Discussion

In recent studies, a strong relationship has been reported
between miRNAs and ER homeostasis, as well as UPR
signaling. Gu et al. demonstrated that inhibition of miR-
200b reversed high glucose-induced ER stress, UPR sig-
naling, and apoptosis via regulation of CITED2 [35].

Fig. 5 MiR-185-5p prevents renal fibrosis and epithelial dediffer-
entiation in a mouse model of unilateral urethral obstruction.
a Masson staining and quantitative analysis of representative tissue
sections from each group (n= 6). Scale bar, 100 μm. b The expression
of profibrotic proteins TGF-β1, fibronectin, collagen I, and collagen III
in the kidney of unilateral urethral obstruction (UUO) mice, and

quantitative analysis. c Western blot analysis of E-cadherin and α-
SMA, and quantitative analysis of relative protein expression.
d Immunofluorescence staining of E-cadherin (green) and α-SMA
(red), and quantitative analysis of the staining intensity. Scale bar, 50
μm. Statistical analyses were based on one-way ANOVA with Tukey’s
test for multiple comparisons.
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During ER stress, miR-34c-5p directly decreased the
mRNA level of XBP1s, thereby regulating the proadaptive
component of the UPR [36]. In the current study, we
attempted to illuminate the role of miR-185-5p in renal
fibrosis. We revealed that miR-185-5p suppressed ECM
accumulation, alleviated ER stress, and blocked dediffer-
entiation in TGF-β1-induced HK2 cells, and the exertion of
such roles was dependent on the downregulation of ATF6.
In addition, we found that miR-185-5p ameliorated renal
fibrosis using a mouse model of UUO. Our findings pro-
vided novel insights into how miR-185-5p emerged as a
central regulator in renal fibrosis and the associated mole-
cular mechanisms.

Sustained ER stress might lead to fibrosis via activation
of apoptosis, induction of dedifferentiation, and inflamma-
tory response [12, 13]. In our study, we demonstrated that
miR-185-5p prevented the process of dedifferentiation
through downregulation of ATF6 during renal fibrosis,
which coincides with the research conducted by Xue et al.
Their research showed that miR-185/DNMT1/MEG3 path-
way affects dedifferentiation process in TGF-β1-induced
HK2 cells [31]. Moreover, we found that miR-185-5p
regulated the expression of CHOP, both in TGF-β1-induced
HK2 cells and in kidneys of UUO mice. CHOP, a proa-
poptotic transcription factor, has been proven to regulate
several proapoptotic and antiapoptotic genes, including Bcl-
2 and GADD34 [37]. MiR-185-5p may regulate apoptosis
during renal fibrosis depending on CHOP-mediated proa-
poptotic pathways. This possibility remains to be further
elucidated. Regarding inflammation, it was suggested that
inflammatory responses occurred in a model of diabetic

nephropathy, especially TNF-α was described to cause ER
stress in the kidneys of aging diabetic mice [38]. Con-
sidering the correlation of inflammation and ER stress, it
would be reasonable to further investigate the possibility
that miR-185-5p is involved in inflammatory responses in
renal fibrosis.

In this study, we found that miR-185-5p prevented ER
stress through downregulating ATF6. Moreover, miR-185-
5p had an inhibitory effect on activation of the PERK/
eIF2α/ATF4 branch and the IRE1/XBP1 branch. Con-
sidering that activation of ATF6 upregulated PERK sig-
naling in colorectal cancer development [39], we
hypothesized that the other two UPR branches were inac-
tivated because of reduced ATF6 expression mediated by
miR-185-5p. Therefore, we knocked down ATF6 using
siRNA in TGF-β1-induced HK2 cells. Silencing of ATF6
did not affect the expression of markers in the other two
UPR branches (data not shown). There may be a possibility
that miR-185-5p targeted additional genes involved in the
other two branches. The multiple substrates of miR-185-5p
further revealed its important roles in managing ER stress,
and how miR-185-5p regulated these two branches will be
investigated in our future studies.

It has been validated by several studies that ATF6 can be
regulated by miRNAs. For example, miR-103/107 facil-
itates ER stress-mediated apoptosis through targeting the
Wnt3a/β-catenin/ATF6 pathway in preadipocytes [40].
MiR-199a-5p modulates UPR activation by controlling
ATF6, thereby protecting cardiac myocytes during chronic
hypoxia [41]. To the best of our knowledge, the current
study was the first to reveal a mechanism by which ATF6

Fig. 6 Effects of miR-185-5p
on renal structure in a mouse
model of unilateral urethral
obstruction. a Upper panel:
PAS staining in the kidney of
UUO mice. Scale bar, 100 μm.
Lower panel: inset at a higher
magnification of the image
above. Scale bar, 25 μm.
b Semiquantitative analysis of
tubular injury. Data are
presented as the mean ± SD
(n= 6, one-way ANOVA with
Tukey’s test).
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was the target gene of miR-185-5p, and downregulation of
ATF6 by miR-185-5p mitigated ER stress in renal fibrosis.
ATF6 consists of two isoforms, ATF6α and ATF6β. Of the
two isoforms, ATF6α plays an important role in cell sur-
vival under ER stress. It has been shown that double
knockouts of ATF6α and ATF6β result in embryonic leth-
ality, while single deletion of ATF6α or ATF6β does not
induce an aberrant phenotype. ATF6α-null mice showed
reduced survival [42]. To identify which ATF6 isoform was
required for miR-185-5p-modulated ER stress, further work
needs to be performed.

In conclusion, in our study, we elucidated that miR-185-
5p alleviated ER stress and epithelial dedifferentiation, and
finally reduced renal fibrosis by downregulating ATF6. The
miR-185-5p/ATF6 pathway was proposed as a novel reg-
ulatory mechanism for renal fibrosis, and provided a
potential therapeutic strategy for renal fibrosis associated
with ER stress.
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