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Several studies have suggested that long intergenic noncoding
RNAs are involved in the progression of diabetic nephropathy
(DN). However, the exact role and regulatory mechanism of
long noncoding RNA (lncRNA) NR_038323 in diabetic ne-
phropathy (DN) remain largely unclear. In the present study,
we found that lncRNA NR_038323 overexpression ameliorated
the high glucose (HG)-induced expression levels of collagen I,
collagen IV, and fibronectin, whereas lncRNA NR_038323
knockdown exerted the opposite effects. Moreover, the results
of bioinformatic prediction, luciferase assay, and fluorescence
in situ hybridization (FISH) demonstrated that lncRNA
NR_038323 directly interacted with miR-324-3p. Additionally,
miR-324-3pmimic aggravated theHG-induced expression levels
of collagen I, collagen IV, andfibronectinbydual-specificity pro-
tein phosphatase-1 (DUSP1) expression to activate p38mitogen-
activated protein kinase (MAPK) and ERK1/2 pathways. In
contrast, overexpression of DUSP1 attenuated the HG-induced
expression levels of collagen I, collagen IV, and fibronectin via
inactivation of p38 MAPK and ERK1/2 pathways. In addition,
lncRNA NR_038323 knockdown increased the expression levels
of collagen I, collagen IV, and fibronectin by upregulating
DUSP1 expression during HG treatment, which were markedly
reversedbymiR-324-3p inhibitor. Furthermore, thesemolecular
changes were verified in the human kidney samples of DN pa-
tients. Finally, overexpression of lncRNA NR_038323 amelio-
rated the interstitialfibrosis in STZ-induced diabetic nephrology
(DN) rat via miR-324-3p/DUSP1/p38MAPK and ERK1/2 axis.
In conclusion, our data indicate that overexpression of lncRNA
NR_038323 may suppress HG-induced renal fibrosis via the
miR-324-3p/DUSP1/p38MAPK and ERK1/2 axis, which pro-
vides new insights into the pathogenesis of DN.
https://doi.org/10.1016/j.omtn.2019.07.007.
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INTRODUCTION
Diabetic nephropathy (DN), a major cause of chronic kidney disease
(CKD), is characterized by progressive renal tubulointerstitial
fibrosis.1 Renal proximal tubular epithelial cells (PTECs) play a
pivotal role in the pathogenesis of DN.2 A large number of studies
have demonstrated that high glucose (HG) induces renal tubular
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cell hypertrophy and increases the levels of cytokines and growth fac-
tors by activating multiple signaling pathways and subsequently lead
to fibrosis.2–5 However, the pathogenetic mechanism underlying HG-
induced fibrosis remains largely unclear.

Long noncoding RNAs (lncRNAs) are defined as transcripts longer
than 200 nucleotides with little (or no) protein-coding ability6 and
involved in a wide variety of physiological and pathological processes,
including DN.4,7–12 We used the lncRNA chip to select the lncRNA
NR_038323. It is located on chromosome 8 (Chr8:23336208–
23366125), but its biological functions, regulatory mechanisms, and
disease relevance remain largely unclarified. To the best of our knowl-
edge, most lncRNAs act as competing endogenous RNAs (ceRNAs)
to regulate the expression levels of targeted genes by interacting
with microRNAs (miRNAs).13–15 Therefore, we hypothesized that
lncRNA NR_038323 is involved in the progression of renal fibrosis
in DN via miRNA regulation.

In this study, the expression levels of lncRNANR_038323were induced
by HG treatment at different time points, as detected using real-time
qPCR. In addition, HG-induced renal fibrosis was aggravated by the
knockdown of lncRNA NR_038323 while ameliorated by its overex-
pression in HK-2 cells. Moreover, the interaction between lncRNA
NR_038323 and miR-324-3p was revealed by bioinformatic analysis,
dual-luciferase reporter assay and fluorescence in situ hybridization
(FISH) method. The data further indicated that lncRNA NR_038323
upregulated dual-specificity protein phosphatase-1 (DUSP1) expres-
sion to inhibition the activation of p38 mitogen-activated protein
: Nucleic Acids Vol. 17 September 2019 ª 2019 The Author(s). 741
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Figure 1. HG Induced the Expression of lncRNA NR_038323

HK-2 cells were treated with NG, mannitol, or HG at indicated time points. (A) The heatmap of lncRNAs. (B) The sequence name and fold change of upregulation of lncRNAs.

(C) Intracellular localization of lncRNA NR_038323 in HK-2 cells was carried out using RNA-FISH assay. (D) The expression levels of lncRNA NR_038323 were detected by

real-time qPCR. Data are expressed as mean ± SD (n = 6). #p < 0.05, HG at 24–72 h groups versus NG or mannitol group.
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kinase (p38MAPK) and ERK1/2 by sponging miR-324-3p. Addition-
ally, the molecular mechanisms underlying lncRNA NR_038323-
suppressed renal fibrosis were uncovered. Finally, overexpression of
lncRNA NR_038323 ameliorated the STZ-induced progression of
DN. Taken together, our results demonstrated that overexpression
of lncRNA NR_038323 may inhibit renal fibrosis in DN via miR-
324-3p/DUAP1/p38MAPK and ERK1/2 axis.

RESULTS
HG Induced the Expression of lncRNA NR_038323

Previous findings demonstrated that lncRNA ZEB1-AS1 was sup-
pressed by HG treatment.4 In the present study, HK-2 cells was
treated with HG or normal glucose (NG) for 72 h, and then mRNA
was extracted for the lncRNA chip assay. A representative heatmap
of lncRNA was shown in Figure 1A. Upregulation (fold change was
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more than 4) of comparisons of lncRNAs between HG and NG
groups was shown in Figure 1B. Among them, fold change of lncRNA
NR_038323 in HG versus NG was 4.48. To further confirm the
expression of it, FISH method was used, nuclei was stained
by DAPI, and 18S rRNA (cytoplasmic positive) and lncRNA
NR_038323 were labeled with CY3. The results showed that lncRNA
NR_038323 was localized in the cytoplasm of HK-2 cells (Figure 1C).
In addition, real-time qPCR analysis revealed that lncRNA NR_
038323 was induced by HG at 24–72 h (Figure 1D). These data sug-
gest that lncRNA NR_038323 may be a DN-related factor.

lncRNA NR_038323 Inhibition Enhanced the HG-Induced

Expression Levels of Collagen I, Collagen IV, and Fibronectin

The effects of lncRNANR_038323 onHG-induced renal fibrosis were
further clarified. The HG-induced expression level of lncRNA



Figure 2. lncRNANR_038323 KnockdownAggravated

the HG-Reduced Expression Levels of Collagen I,

Collagen IV, and Fibronectin

HK-2 cells were transfected with 50 nM lncRNA

NR_038323 siRNA or scramble and then treated with or

without HG for 72 h. (A) Real-time qPCR analysis of lncRNA

NR_038323 expression. (B) Western blot analysis of

collagen I, collagen IV, and fibronectin. (C–E) Densitometric

measurement of western blot bands for collagen I (C),

collagen IV (D), and fibronectin (E). Data are expressed

as mean ± SD (n = 6). #p < 0.05, scramble with HG or

lncRNA NR_038323 siRNA group versus scramble group;

*p < 0.05, lncRNA NR_038323 siRNA with HG group

versus scramble with HG group.
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NR_038323 was notably silenced by small interfering RNA (siRNA)
lncRNA NR_038323 in HK-2 cells (Figure 2A). In addition, siRNA
lncRNA NR_038323 not only increased the basal levels of collagen
I, collagen IV, and fibronectin, but also markedly enhanced the
HG-induced expression levels of them (Figures 2B–2E). These data
indicate that knockdown of endogenous lncRNA NR_038323
enlarged the HG-induced the renal fibrosis in the HK-2 cells, which
further supported that lncRNA NR_038323 has an anti-fibrosis role
in HK-2 cells.

lncRNA NR_038323 Overexpression Attenuated the HG-Induced

Expression Levels of Collagen I, Collagen IV, and Fibronectin

Although lncRNA NR_038323 was induced by HG treatment, the
role of it in HG-induced renal fibrosis remains unclear. The HG-
induced expression level of lncRNA NR_038323 in HK-2 cells was
significantly enhanced by lncRNA NR_038323 overexpression (Fig-
ure 3A). Besides, lncRNA NR_038323 overexpression not only sup-
pressed the basal levels of collagen I, collagen IV, and fibronectin,
but also markedly attenuated the HG-induced expression levels of
them (Figures 3B–3E). These data further suggested that endogenous
Molecular Thera
lncRNA NR_038323 induced by HG was not
enough to limit the HG-induced increasing of
ECM; overexpression of lncRNA NR_038323
almost completely suppressed the HG-induced
the ECM accumulation and supported the anti-
fibrosis role of it in HK-2 cells.

lncRNA NR_038323 Suppressed the

Expression and Activity of miR-324-3p

To our knowledge, miRNAs could be sponged
by lncRNAs. We predicated that miR-324-3p
was a potential downstream target of lncRNA
NR_038323 by using RegRNA 2.0 software. As
shown in Figure 4A, lncRNA NR_038323 con-
tained the binding site of miR-324-3p. The results
of luciferase reporter assay showed that miR-324-
3p mimic inhibited the luciferase activity of
lncRNA NR_038323-WT, but not lncRNA
NR_038323-MUT(Figure 4B). Besides, the results
of intracellular co-localization demonstrated that lncRNANR_038323
interactedwithmiR-324-3p in the cytoplasmofHK-2 cells treatedwith
or without HG as well as the renal tubular cells of minimal change
disease (MCD) and DN patients (Figure 4C). In addition, the HG-
suppressed expression of miR-324-3 was enhanced by lncRNA
NR_038323 overexpression, but this effect was reversed by lncRNA
NR_038323 knockdown (Figures 4Dand4E). Collectively, these results
suggest that miR-324-3p is a direct target of lncRNA NR_038323.

miR-324-3pMimic Enhanced the HG-Induced Expression Levels

of Collagen I, Collagen IV, and Fibronectin

Previous findings have suggested that miR-324-3p promotes the
development of renal fibrosis in progressive proteinuric nephropa-
thy.16 In the present study, we hypothesized that miR-324-3p could
mediate HG-induced renal fibrosis. The results showed that the
expression levels of miR-324-3p was elevated by miR-324-3p mimic
(Figure 5A). Furthermore, miR-324-3p mimic enhanced the HG-
induced expression levels of collagen I, collagen IV, and fibronectin
(Figures 5B–5E). These data suggest that miR-324-3p can mediate
HG-induced renal fibrosis.
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Figure 3. Overexpression of lncRNA NR_038323

Attenuated the HG-Deduced Expression Levels of

Collagen I, Collagen IV, and Fibronectin

HK-2 cells were transfected with lncRNA NR_038323

plasmid or control and then treated with or without HG for

72 h. (A) Real-time qPCR analysis of lncRNA NR_038323

expression. (B) Western blot analysis of collagen I, collagen

IV, and fibronectin. (C–E) Densitometric measurement of

western blot bands for collagen I (C), collagen IV (D), and

fibronectin (E). Data are expressed as mean ± SD (n = 6).

#p < 0.05, control with HG or lncRNA NR_038323 group

versus control group; *p < 0.05, lncRNA NR_038323 with

HG group versus control with HG group.
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DUSP1 Was a Direct Target Gene of miR-324-3p

DUSP1 ameliorates microvascular fibrosis and inflammation via
dephosphorylation of MAPK.17–19 In this study, DUSP1 was identi-
fied as the target gene of miR-324-3p, as predicted by miRbase (Fig-
ure 6A). Moreover, miR-324-3p mimic significantly suppressed the
HG-induced expression of DUSP1 (Figures 6B–6D). The results of
luciferase assay showed that miR-324-3p mimic inhibited the lucif-
erase activity of DUSP1-WT, but not DUSP1-MUT (Figure 6E).
Taken together, these data demonstrate that DUSP1 is a target gene
of miR-324-3p.

DUSP1 Mediated the HG-Induced Expression Levels of

Collagen I, Collagen IV, and Fibronectin via Regulation of

p38MAPK and ERK1/2

Although DUSP1 is involved in microvascular fibrosis, its role in HG-
induced fibrosis remains largely unclear. Initially, DUSP1 was
induced by HG treatment at indicated time points (Figures 7A and
7B). DUSP1 knockdown enhanced the HG-induced expression levels
of collagen I, collagen IV, and fibronectin (Figures 7C and 7D). More-
744 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
over, DUSP1 knockdown triggered the activation
of p38MAPK and ERK1/2 pathways (Figures 7E
and 7F). In contrast, overexpression of DUSP1
ameliorated the HG-induced expression levels
of collagen I, collagen IV, and fibronectin via
inactivation of p38MAPK and ERK1/2 pathways
(Figures 7G–7J). Collectively, these data indicate
that DUSP1 plays an anti-fibrotic role in HK-2
cell by inactivating both p38MAPK and
ERK1/2 pathways.

miR-324-3p Mediated the Anti-fibrotic

Effects of lncRNA NR_038323

Further, we investigated whether miR-324-3p
could mediate the anti-fibrotic properties of
lncRNA NR_038323 during HG treatment.
Real-time qPCR results demonstrated that the
transfection of siRNA lncRNA NR_038323 and
miR-324-3p was proved to be effective in HK-2
cells (Figures 8A and 8B). Immunoblot analysis
revealed that siRNA lncRNA NR_038323
enhanced the HG-induced expression levels of collagen I, collagen
IV, and fibronectin, which were reversed by miR-324-3p inhibitor
(Figures 8C–8G). These findings provide a strong evidence that
lncRNA NR_038323 suppresses the renal fibrosis by downregulating
miR-324-3p expression.

lncRNANR_038323/miR-324-3p/DUSP1Axis and the Expression

Levels of Collagen I, Collagen IV, and Fibronectin in Patients

with DN

To further verify our in vitro findings, the renal expression levels of
lncRNA NR_038323, miR-324-3p, and DUSP1, as well as the expres-
sion levels of collagen I, collagen IV, and fibronectin were detected
in patients with DN. The patients’ basic information of MCD
(n = 10) and DN (n = 9) was described in Table S1. Notably, the renal
samples of DN patients demonstrated loss of glomerular function and
tubulointerstitial fibrosis compared to those of MCD patients (Fig-
ures 9A and 9B). Moreover, the expression levels of collagen I,
collagen IV, fibronectin, and DUSP1 were higher in DN patients
than in MCD patients (Figure 9A). These findings were confirmed



Figure 4. lncRNA NR_038323 Directly Bound to

miR-324-3p

(A) Sequence alignment analysis revealed that lncRNA

NR_038323 contained the complementary strand to

miR-324-3p. (B) Detection of luciferase activities after co-

transfection with lncRNA NR_038323-WT or lncRNA

NR_038323-MUT and miR-324-3p or scramble. (C) Intracel-

lular co-localization of lncRNANR_038323 andmiR-324-3p in

HK-2 cells and human DN kidney samples. (D and E) Real-

time qPCR analysis of lncRNA NR_038323 expression. Data

are expressed as mean ± SD (n = 6). #p < 0.05, Scramble with

HG group versus Scramble group; * p < 0.05, siRNA

NR_038323 or NR_038323 with HG group versus Scramble

with HG group or NR_038323 WT/miR-324-3p mimic versus

other groups.
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Figure 5. Overexpression of miR-324-3p Aggravated

the HG-Induced Expression Levels of Collagen I,

Collagen IV, and Fibronectin

HK-2 cells were transfected with 100 nM miR-324-3p

mimics or scramble and then treated with or without HG for

72 h. (A) The mRNA expression levels of miR-324-3p were

detected by real-time qPCR. (B) The protein expression

levels of collagen I, collagen IV, and fibronectin were

analyzed by western blotting. (C–E) Densitometric mea-

surement of western blot bands for collagen I (C), collagen

IV (D), and fibronectin (E). Data are expressed as mean ±

SD (n = 6). #p < 0.05, scramble with HG group versus

scramble group; *p < 0.05, miR-324-3p mimics with HG

group versus scramble with HG group.
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by semiquantitative immunohistochemistry scoring analysis (Figures
9C–9F). Furthermore, the expression levels of lncRNA NR_038323
and miR-324-3p were increased and decreased, respectively, in pa-
tients with DN (Figures 9G and 9H). Taken all together, these data
indicate that lncRNA NR_038323/miR-324-3p/DUSP1 axis may be
involved in human DN.

Overexpression of lncRNA NR_038323 Ameliorated the Renal

Fibrosis in STZ-Induced DN Rats

To further in vitro findings, we further investigated whether over-
expression of lncRNA NR_038323 can ameliorate rat kidney
injury caused by STZ. The male Wistar rats were subjected
to STZ treatment to produced diabetes. After 8 weeks, STZ-
treated rats indicated higher levels of blood glucose and albumin
and creatinine ratio (ACR) but lower body weight; however, only
ACR was improved by overexpression of lncRNA NR_038323
(Figures S1A–S1C). Furthermore, overexpression of lncRNA
NR_038323 markedly ameliorated the STZ-induced tubular epithe-
lial disruption, renal fibrosis, and glomerular hypertrophy (Figures
S1D–S1G).
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Overexpression of lncRNA NR_038323

Attenuated ECM Accumulation via Targeting

miR-324-3p/DUSP1 Axis in STZ-Induced

DN Rats

To further investigate antifibrosis molecular
mechanism of lncRNA NR_038323, we first de-
tected the expression of lncRNA NR_038323.
The real-time qPCR results indicated that
lncRNA NR_038323 only expressed in vein in-
jection of lncRNA NR_038323 plasmids group
but not control group (Figure S2A). The real-
time qPCR also showed that STZ-induced the
downregulation of miR-324-3p, which was
further suppressed by lncRNA NR_038323. The
immunoblotting indicated that overexpression
of lncRNA NR_038323 markedly reduced the
STZ-increased the expressions of collagen I,
collagen IV, and fibronectin; however, it further
increased the DUSP1 induced by STZ treatment
(Figures S2C and S2D). The immunoblotting further detected that
overexpression of lncRNA NR_038323 significantly suppressed the
STZ-induced the activation of p38MAPK and ERK1/2 signaling
(Figures S2E and S2F). The immunohistochemistry staining of
collagen I, collagen IV, and fibronectin results further confirmed
the results of Masson staining and immunoblotting (Figure S3).
The data supplied a strong evidence that lncRNA NR_038323 pre-
vented the progression of STZ-induced DN rats via targeting miR-
324-3p/DUSP1/p38MAPK and ERK1/2 axis.

DISCUSSION
The results of the present study demonstrated, for the first time, that
lncRNA NR_038323 was induced by HG treatment. In addition,
HG-induced renal fibrosis was attenuated by the overexpression of
lncRNA NR_038323, while aggravated by its knockdown. Moreover,
we found that overexpression of lncRNA NR_038323 exerted anti-
renal fibrotic effects via lncRNA NR_038323/miR-324-3p/DUSP1/
p38MAPK/ERK1/2 axis. Furthermore, similar findings were observed
in the renal samples of DN patients. Finally, overexpression of
lncRNA NR_038323 attenuated the STZ-induced the progression of



Figure 6. DUSP1 Was Identified as a Target Gene of miR-324-3p

HK-2 cells were transfected with miR-324-3p analog (100 nM) and then treated with HG for 72 h. (A) Putative miR-301a-5p complementary binding sites in the 30 UTR of

human DUSP1mRNA. (B) ThemRNA expression levels of DUSP1were detected by RT-qPCR. (C) Western blot analysis of DUSP1 andGAPDH. (D) Densitometric analysis of

proteins signals. (E) Measurement of luciferase activities after co-transfection with the 30 UTR luciferase reporter vector of human WT or MUT-DUSP1 and miR-324-3p or

miR-NC. Data are expressed as mean ± SD (n = 6). #p < 0.05, scramble with HG group versus scramble group; *p < 0.05, miR-324-3p mimics with HG group versus

scramble with HG group or DUSP1 WT/miR-324-3p mimic versus other groups.

www.moleculartherapy.org
rat DN. Collectively, these findings provide new insights into the
pathogenesis and treatment of DN (Figure 10).

Several lines of evidence indicate that lncRNAs are responsible for
renal cell apoptosis in DN.11,12,14,20 However, recent evidence demon-
strates that lncRNAs also mediate renal fibrosis in DN. For instance,
lncRNA NEAT1 promotes renal fibrosis in DN by activating Akt/
mTOR signaling pathway.21 lncRNA 1700020I14Rik attenuates renal
fibrosis in DN via miR-34a-5p/Sirt1/HIF-1a signaling. lncRNA
ASncmtRNA-2 enhances HG-induced renal fibrosis in mesangial
cells through upregulation of pro-fibrotic factors.22 lncRNA-
Gm4419 mediates HG-induced renal fibrosis and inflammation in
mesangial cells via activation of nuclear factor kB (NF-kB)/NLRP3
pathway.23 Our previous findings showed that lncRNA ZEB1-AS ex-
hibited an anti-fibrotic role in DN by regulating ZEB1 expression.4 In
the present study, we found that lncRNA NR_038323 was signifi-
cantly induced byHG treatment via lncRNA chip analysis and located
in the cytoplasm of HK-2 cells, and its expression was induced by
HG treatment (Figure 1). In addition, overexpression of lncRNA
NR_038323 alleviated the HG-induced renal fibrosis (Figure 2), while
the silencing of lncRNANR_038323 aggravated the fibrosis (Figure 3).
Overall, these data suggest that endogenous lncRNA NR_038323 ex-
erts an anti-fibrotic potential; however, its anti-fibrosis ability is lower
than that of HG-induced fibrosis; hence, overexpression of lncRNA
NR_038323 has an anti-fibrosis role in HK-2 cells.
Increasing evidence has demonstrated that lncRNAs can act as
ceRNAs to regulate targeted gene expression.10,23,24 Hence, we
focused on miRNAs as targets of lncRNA NR_038323. Using
RegRNA 2.0 software, we predicated that lncRNA NR_038323 tran-
script contained the binding site of miR-324-3p, suggesting that miR-
324-3p is a putative target of lncRNA NR_038323. The following
findings provide strong support for this prediction. First, we demon-
strated that lncRNA NR_038323 directly bound to miR-324-3p
through dual-luciferase reporter assay (Figure 4B). Second, FISH
co-localization assay revealed that lncRNA NR_038323 interacted
with miR-324-3p both in vitro and in vivo (Figure 4C). Finally,
real-time qPCR data indicated that HG suppressed the expression
of miR-324-3p, which was enhanced by lncRNA NR_038323 overex-
pression and reversed by lncRNA NR_038323 knockdown (Figures
4D and 4E). Taken together, these data suggest that miR-324-3p is
a direct target of lncRNA NR_038323.

A growing body of research has demonstrated that miR-324-3p pro-
motes tumor growth in various types of cancer.25–30 However, little is
known about the role of miR-324-3p in renal fibrosis. Only one study
has reported that miR-324-3p triggers renal fibrosis in proteinuric ne-
phropathy via suppression of angiotensin I-converting enzyme
(ACE).16 Hence, the role of miR-324-3p in DN and its underlying
mechanisms need to be further explored. In this study, miR-324-3p
overexpression aggravated HG-induced renal fibrosis, in which its
Molecular Therapy: Nucleic Acids Vol. 17 September 2019 747
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Figure 7. DUSP1-Mediated HG-Induced Expression Levels of Collagen I, Collagen IV, and Fibronectin via MAPK Signaling

HK-2 cells were transfected with siRNA DUSP1 (100 cnM) or DUSP1 plasmid and then treated with HG for 72 h. (A) Western blot analysis of DUSP1 and GAPDH at

indicated time points. (B) Densitometric analysis of proteins signals. (C and G) Western blot analysis of collagen I, collagen IV, fibronectin, and DUSP1. (E and I) Western blot

analysis of p-p38MAPK/p38MAPK and p-ERK1/2/ERK1/2. (D, F, H, and J) Densitometric measurement of western blot bands. Data are expressed as mean ± SD (n = 6).

#p < 0.05, scramble with HG group or HG at 24–72 h versus scramble group or HG at 0 h; *p < 0.05, siRNA DUSP1 or DUSP1 plasmid with HG group versus scramble with

HG group.
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function was opposed to lncRNA NR_038323 (Figure 5). Besides,
DUSP1 was identified as a target of miR-324-3p, as indicated by
the following evidence. First, the dual-luciferase reporter assay re-
vealed that miR-324-3p interacted with DUSP1 (Figures 6A and
6E). Second, miR-324-3p overexpression markedly suppressed the
HG-induced expression of DUSP1 (Figures 6B–6D). A previous study
has reported that DUSP1 is expressed in multiple cell lines and serves
as a negative regulator for the MAPK signaling pathway.31 Another
more recent study demonstrates that DUSP1 inhibits glomerular
cell apoptosis in DN through the inactivation of the JNK-Mff-mito-
chondrial fission pathway.17 However, the effects of DUSP1 on renal
748 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
fibrosis in DN and its regulatory mechanisms have yet to be investi-
gated. Interestingly, we found that DUSP1 was induced by HG treat-
ment (Figures 7A and 7B), and the knockdown of DUSP1 enhanced
HG-induced renal fibrosis via p38MAPK and ERK1/2 pathway acti-
vation (Figures 7C–7F). Furthermore, we verified that lncRNA
NR_038323 knockdown aggravated HG-induced renal fibrosis via
downregulation of DUSP1, which could be reversed by miR-324-3p
inhibitor (Figure 8). All these molecular changes were confirmed
using human kidney samples of DN patients (Figure 9). Finally,
overexpression of lncRNA NR_038323 attenuated STZ-induced the
rat renal fibrosis via targeting miR-324-3p/DUSP1/p38MAPK and



Figure 8. lncRNA NR_038323 Knockdown Aggravated the HG-Induced Expression Levels of ECM-Related Genes, Which Were Reversed by miR-324-3p

Inhibitor

HK-2 cells were co-transfected with siRNA lncRNA NR_038323 (100 cnM) and anti-miR-324-3p or scramble and then treated with HG for 72 h. (A) Real-time qPCR analysis

of lncRNANR_038323 expression. (B) Real-time qPCR analysis of miR-324-3p expression. (C) Western blot analysis of collagen I, collagen IV, fibronectin, and DUSP1. (D–G)

Densitometric measurement of protein signals in collagen I (D), collagen IV (E), fibronectin (F), and DUSP1 (G). Data are expressed as mean ± SD (n = 6). #p < 0.05, scramble

with HG group versus scramble group, lncRNANR_038323 siRNAwith HG group versus scramble with HG group; *p < 0.05, lncRNANR_038323 plus anti-miR-324-3p with

HG group versus lncRNA NR_038323 siRNA with HG group.
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Figure 9. lncRNA NR_038323/miR-324-3p/DUSP1 Axis in Patients with DN

(A) Renal tissues were stained with Masson’s trichrome for fibrosis analysis and immunohistochemical staining for the levels of DUSP1- and ECM-related proteins.

(B) Quantitative analysis of tubulointerstitial fibrosis in the kidney cortex. (C–F) Quantification of immunohistochemical staining. (G and H) Real-time qPCR analysis

of the expression levels of miR-324-3p and lncRNA NR_038323. Original magnification,�200. Data are expressed as mean ± SD (n = 6). #p < 0.05, DN group versus MCD

group.
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ERK1/2 axis (Figures S1–S3). These data support that high expres-
sion of lncRNA NR_038323 suppresses HG-induced renal fibrosis
by reducing miR-324-3p expression and results in increased
DUSP1 expression to inactivate p38MAPK and ERK1/2 pathways
(Figure 10).

In sum, our findings reveal that HG induces the expression of lncRNA
NR_038323. Interestingly, lncRNA NR_038323 inhibition aggravates
HG-induced renal fibrosis, whereas its overexpression attenuates the
fibrosis. Mechanistically, overexpression of lncRNA NR_038323
directly interacts with miR-324-3p to upregulate DUSP1 expression
to inactive p38MAPK and ERK1/2 pathways, leading to the suppres-
750 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
sion of renal fibrosis. Taken all together, our data suggest that over-
expression of lncRNA NR_038323 plays an anti-fibrotic role, which
may serve a novel therapeutic target for DN.

MATERIALS AND METHODS
Antibodies and Reagents

Collagen _ (cat. no. 14695-1-AP) and IV (cat. no. 55131-1-AP), fibro-
nectin (cat. no. 15613-1-AP), ERK1/2 (cat. no. 6619-1-Ig), and
GAPDH (cat. no. 60004-1-Ig) were purchased from Proteintech
North America (Rosemont, IL, USA), whereas DUSP1 (cat. no.
Ab61201) and p38MAPK (cat. no. ab31828) were obtained from
Abcam (Cambridge, MA, USA); phospho-p38MAPK (cat. no.
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4511) and phospho-ERK1/2 (cat. no. 3470) were from Cell Signaling
Technology (Danvers, MA, USA). The luciferase assay kit was pur-
chased from BioVision (Milpitas, CA, USA).

Cell Culture and Treatments

HK-2 cells were cultured in DMEM (Sigma-Aldrich) supplemented
with 10% fetal bovine serum at 37�C in a humidified atmosphere of
5% CO2, followed by NG (5 mmol/L D-glucose), HG (25 mmol/L
D-glucose), or mannitol (25 mmol/L) treatment for 24–72 h. For
gene disruption experiments, the cells were incubated with miR-
324-3p mimic (100 nM), miR-324-3p antagomir (100 nM), siRNA
lncRNA NR_038323 (100 nM), DUSP1 siRNA (100 nM), or negative
control (Ruibo, Guangzhou, China) using Lipofectamine 2000 (Life
Technologies, Carlsbad, CA, USA).

Luciferase Reporter Assays

Luciferase reporter assays were performed as previously
described.24,32,33 The pmirGLO dual-luciferase miRNA target expres-
sion vector was used to assess miRNA activity via the insertion of
miRNA target sites 30 of the firefly luciferase gene (luc2). The lucif-
erase vectors of DUSP1-30 UTR (WT-Luc-DUSP1) or lncRNA
NR_038323 (WT-Luc- lncRNA NR_038323) containing response
elements of DUSP1 or lncRNA NR_038323 interaction with miR-
324-3p, as well as the mutant plasmids of DUSP1 (MU-Luc-
DUSP1) or lncRNA NR_038323 (MU-Luc-lncRNA NR_038323)
lacking the response elements, were respectively used. Meanwhile,
PGMLR-TK luciferase reporter was used as a control vector. All plas-
mids were constructed by RuQi Biotechnology (Guanzhou, Guan-
dong, China). In brief, the plasmids of WT-Luc, Mut-Luc, or
pGMLR-TK and miR-324-3p mimics were transfected into HK-2
cells for 48 h. Luciferase activities were then measured using a Spec-
Molecular Thera
traMax M5 (Molecular Devices, Sunnyvale, CA,
USA) and normalized according to pGMLR-TK
activity.

Animal Models

The Wistar rats were purchased from Shanghai
Animal Center (Shanghai, People’s Republic of
China). Animal experiments were performed
according to the guidelines established by the
Animal Care Ethics Committee of Second Xian-
gya Hospital, People’s Republic of China. After
ethics approval was acquired, the rats were
housed in a 12-h light/dark cycle and had free
to access to food and water. For the STZ-induced
the model of diabetes, rats (250–300 g) were injected with 50 mg/kg
body weight STZ for 5 consecutive days, with sodium citrate (SC)
as a control. Fasting blood glucose levels of more than 200 mg/dL
for two consecutive readings were considered as diabetic. Rats were
injected with lncRNA NR_038323 or control plasmid via tail vein
at 25 mg each 3 weeks for 8 weeks.

Analysis of Physiological Parameters

The body weights and blood glucose levels of rats were measured. The
urine albumin and creatinine levels were analyzed as previously
described.4 The ACR was calculated using the method described
previously.34

Histology and Immunohistochemistry

Histological analysis was analyzed by H&E staining. The glomerular
and tubular damage score of kidney according to the method previ-
ously described.35,36 Masson’s trichrome staining was used to assess
the fibrosis degree. Immunohistochemical analysis was performed us-
ing anti-a-collagen I (1:100 dilution), collagen IV (1:100 dilution), FN
(1:50 dilution), anti-a-SMA (1:100 dilution), and anti-DUSP1 (1:50
dilution) according to the previous protocol.35 Stained samples
were analyzed using an Olympus microscope equipped with UV
epi-illumination.

Real-Time qPCR

Total RNA was extracted from HK-2 cells using Trizol Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. Approximately 40 ng of total RNA was reverse-transcribed
by M-MLV reverse transcriptase (Invitrogen). To detect the expres-
sion levels of miRNA, mRNA, and lncRNA, real-time qPCR was per-
formed using Bio-Rad (Hercules, CA, USA) IQ SYBR green supermix
py: Nucleic Acids Vol. 17 September 2019 751
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with Opticon (MJ Research, Waltham, MA, USA) in accordance
with the manufacturer’s instructions. The sequences of lncRNA
NR_038323 and miR-324-3p were retrieved from the GenBank data-
base (gen ID: 100507156 and 442898, respectively). The primers used
were as follows: lncRNA NR_038323, 50-TGCATTCTACTGCTTC
CACGA-30 (forward) and 50-CCAAGGTGCTGTCGTTTGAG-30

(reverse); miR-324-3p, 50-ACTGCCCCAGGTGCTG-30 (forward)
and 50-CAGTGCGTGTCGTGGAGT-30 (reverse); and GAPDH,
50-GGTCTCCTCTGACTTCAACA-30 (forward) and 50-GTGAGG
GTCTCTCTCTTCCT-30 (reverse), U6 primers were described in a
previous report.37 The relative quantification was carried out by
determining DCt values.

Immunoblot Analysis

Equal amounts of proteins were loaded into each lane and separated
by SDS-PAGE.35,37–40 After electrophoresis, the separated proteins
were transferred onto a nitrocellulose membrane (Amersham, Buck-
inghamshire, UK). The blots were then probed with primary anti-
bodies against collagen _ and IV, fibronectin, DUSP1, p-p38MAPK,
p38MAPK, p-ERK1/2, and ERK1/2, followed by incubation with sec-
ondary antibody and detection reagents. GAPDH was used as an in-
ternal control.

FISH

For FISH analysis, HK-2 cells were cultured in NG medium contain-
ing the fluorescence probes of miR-324-3p and lncRNA NR_038323
(Ruibo, Guangzhou, China) as described previously.10 18S rRNA was
the probe for cytoplasmic control. In brief, the slides were fixed in 4%
paraformaldehyde (Sigma), hybridized overnight with the probes of
miR-324-3p and lncRNA NR_038323, and then stained with DAPI.
Fluorescence imaging was performed using a laser scanning confocal
microscope.

Human Samples

The research protocol was approved by the Hospital Review Board.
Written informed consent was obtained from all participants. Human
kidney biopsy samples were collected from patients with MCD
(n = 10) and DN (n = 9) at the Second Xiangya Hospital, People’s
Republic of China. Part of the tissue samples were fixed with 4% buff-
ered paraformaldehyde and subjected to H&E staining, Masson’s tri-
chrome staining, and immunohistochemical analysis, according to
previous protocol.4,36–38,41 Meanwhile, the remainders of the speci-
mens were steeped in RNAlater solution (Ambion) and stored at
�80�C for real-time qPCR analysis.

Statistical Analyses

Two-tailed Student t tests were used for comparing the difference be-
tween two groups. One-way ANOVA was performed for multiple
group comparison. Quantitative data were expressed as mean ± SD.
p < 0.05 was considered statistically significant.
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Supplementary Table Patient characteristics 

Note: — indicate the lack of proteinuria. 

 

Variable MCD 
(10) 

DN  
(9) 

Age(years) 45.8±4.8 48.5±2.1 
Gender (Male: Female) 5:5 5:4 
Serum Glucose(mmol/L) 5.1±0.4 10.6±2.1# 

eGFR 118.6±1.0 70.4±15.1# 

Urine Protein  

— 

+: 3 
++: 3 

+++: 3 



 

Supplementary Figure1. Attenuation of renal Fibrosis in STZ-induced DN rats following 

overexpression of LncRNA NR_038323. (A) The body weights of the rats. (B) Fasting 

glucose.(C) Urinary ACR measurements. (D) The staining of H&E and Masson. Quantification of 

glomerular damage score (E), tubular damage score (F), and tubulointerstitial fibrosis analysis (G) 

in the kidney cortex. Original magnification, ×200. Bar, 50μm. Data are expressed as mean ± SD 

(n=6). #p < 0.05, STZ or LncRNA NR_038323 group vs. Control group; *p < 0.05, STZ-treated 

with lncRNA NR_038323 group vs. STZ group. 

 
 
 
 
 
 
 



 

 

Supplementary Figure2. Reduction of collagen I, collagen IV, fibronectin, α-SMA via 

targeting miR-324-3p/DUSP1/p38MAPK and ERK1/2 axis in STZ-induced DN rats 

following overexpression of LncRNA NR_038323. (A) RT-qPCR analysis of lncRNA 

NR_038323. (B) RT-qPCR analysis of miR-324-3p. (C) Western blot analysis of collagen I, 

collagen IV, fibronectin, α-SMA, DUSP1, and GAPDH. (D) Densitometric quantification of 

western blot bands. (E) Western blot analysis of p-p38MAPK, p38MAPK, p-ERK1/2, ERK1/2, 

and GAPDH. (F) Densitometric quantification of western blot bands. Data are expressed as means 

± SD (n =6). Data are expressed as mean ± SD (n=6). #p < 0.05, STZ or LncRNA NR_038323 

group vs. Control group; *p < 0.05, STZ-treated with lncRNA NR_038323 group vs. STZ group. 



 
 

 

Supplementary Figure3. Inhibition of collagen I, collagen IV, fibronectin, and α-SMA 

expressions detected by immunochemistry in STZ-induced DN rats following overexpression 

of lncRNA NR_038323 (A) Immunohistochemical staining of collagen I, collagen IV, fibronectin, 

and α-SMA . (B) Quantification of immunohistochemical staining of collagen I, collagen IV, 

fibronectin, and α-SMA. Original magnification, ×200. Bar, 50 μm. Data are expressed as mean ± 

SD (n=6). #p < 0.05, STZ or LncRNA NR_038323 group vs. Control group; *p < 0.05, 

STZ-treated with lncRNA NR_038323 group vs. STZ group. 
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