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The role of p53 in renal fibrosis is still controversial, and its un-
derlying mechanisms remain not clear. Here, we showed that
the pharmacological inhibition and genetic deletion of p53 in
proximal tubular cells can attenuate renal dysfunction, tubular
epithelial disruption, and interstitial fibrosis in db/db and
STZ-induced diabetic nephrology (DN) mice. In human renal
proximal tubule (human kidney 2 [HK-2]) cells, inhibition of
p53 by PIF reduced the high glucose (HG)-induced extracel-
lular matrix (ECM) accumulation and reversed the inhibitory
effect of HG on mRNA expression levels of lncRNA zinc finger
E-box binding homeobox1-antisense RNA 1 (ZEB1-AS1) and
ZEB1. Interestingly, our results demonstrated that both
lncRNA ZEB1-AS1 and ZEB1 exhibited an anti-fibrotic role,
while ZEB1 is positively regulated by lncRNA ZEB1-AS1 dur-
ing HG treatment. Mechanistically, lnc ZEB1-AS1 bound
directly to H3K4 methyltransferase myeloid and lymphoid or
mixed-lineage leukemia 1 (MLL1) and promoted H3K4me3
histone modification on ZEB1 promoter, which was reduced
by HG treatment. ChIP analysis indicated the binding of p53
to the promoter region of lnc ZEB1-AS1. Furthermore, the
findings were verified by the kidney biopsy samples from pa-
tients with DN. Taken all together, our results suggest that
p53 may be a therapeutic target for renal fibrosis in DN.
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INTRODUCTION
Diabetic nephropathy (DN), a major microvascular complication of
diabetes, is characterized by the excessive accumulation of extracel-
lular matrix (ECM) proteins in the renal tubulointerstitium, eventu-
ally leading to chronic renal failure.1 Although the key pathogenic
mechanisms underlying progressive DN have been identified, effec-
tive therapies remain elusive.2

p53 is a tumor suppressor gene. Previous studies have reported that
the inhibition of p53 may ameliorate renal fibrosis induced by trans-
forming growth factor beta (TGF-b), unilateral ureteral obstruction
(UUO), and ischemia and reperfusion (I and R).3–7 However, some
studies found that genetic deletion and pharmacological inhibition
of p53 may induce renal fibrosis in I and R and Alport syndrome
(AS).8,9 Therefore, the role of p53 in renal fibrosis remains controver-
sial. Few studies suggested that p53 is responsible for the apoptosis of
renal cell in DN.10–12 In contrast, one study reported that p53 inhibi-
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tion may decrease TGF-b-induced hypertrophy in mesangial cells
(MMCs).13 Hence, the regulatory mechanism of p53 in DN-induced
renal fibrosis remains unclear. More recently, a study has found that
gene knockout or pharmacological inhibition of p53 may prevent the
development of diabetes by increasing the insulin secretion in strep-
tozotocin (STZ)-induced type 1 and db/db type 2 diabetic mouse
models.14

Long non-coding RNAs (lncRNA) are a novel class of non-protein-
coding transcripts longer than 200 nt, which play a pivotal role in
many diseases.15–22 Recent studies have demonstrated that the anti-
sense lncRNA is located in physical contiguity with zinc finger
E-box binding homeobox 1 (ZEB1) and positively regulates the
ZEB1 expression, which may contribute to the initiation or progres-
sion of tumors.23,24 Moreover, it has been reported that ZEB1 sup-
pressed the renal fibrosis induced by TGF-b1.25 In light of this new
evidence, we sought to determine whether p53 inhibition could
ameliorate the renal fibrosis in DN via the inactivation of lncRNA
ZEB1-antisense RNA1 (AS1) and ZEB1 pathway.

In the present study, we used proximal tubule-specific p53 knockout
(PT-p53-KO) and pifithrin-a (PIF)-treated db/db mouse models to
investigate the effects of p53 inhibition on renal fibrosis in DN. Addi-
tionally, we explored the molecular mechanisms underlying p53-
induced renal fibrosis in DN, by targeting the expression of ZEB1
and lncRNA ZEB1-AS1.
RESULTS
p53 Is Induced in the Kidneys of db/db Diabetic Mice

Previous findings demonstrated that p53 is upregulated in the kidney
tissues of STZ-induced diabetic mice at 4 weeks old.12 In current
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Figure 1. Induction of p53 in the Kidney of db/db Diabetic Mice

(A) Immunoblot analysis of p53 and GAPDH (loading control) in mouse kidneys of

db/db groups at the indicated time points. (B) Densitometric analysis is performed

on each group (n = 8). (C) Immunohistochemical staining of p53 in the kidney of db/+

or db/db diabetic mice at week 16. (D) Quantification of p53 staining. Original

magnification, �200. Bar, 100 mm. Data are expressed as means ± SD (n = 8).

#p < 0.05, mice at weeks 10 and 16 versus db/+ mice.
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study, we found that the expression of p53 was low in db/+ mice but
gradually increased in db/db mice at weeks 10 and 16 (Figures 1A and
1B). The immunohistochemical results showed that p53 was mainly
enriched in the renal tubular cells of db/db mice at week 16 (Figures
1C and 1D). These data support that p53 is associated with the pro-
gression of DN in db/db mice.

PIF Ameliorates Renal Dysfunction and Fibrosis in db/db

Diabetic Mice

A recent study reported that the pre-treatment of PIF can prevent
the occurrences of diabetes in 6-week-old db/db mice.14 However,
the effect of post-treatment of PIF on the progression of diabetics
in db/db mice remains unclear. The ten-week-old db/db diabetic
mice were used in present study. After 6 weeks, the db/db diabetic
mice indicated the higher levels of blood glucose, serum creatinine,
and urinary albumin-to-creatinine ratio (ACR) but lower body
weight, which was markedly reversed by PIF treatment (Figures
2A, 2C, and 2D). In surprise, the PIF treatment did not affect
the blood glucose level in db/db diabetic mice (Figure 2B). Both
the histology and Masson trichrome staining showed the
obvious tubular epithelial disruption, hypertrophy of glomeruli,
and renal fibrosis in db/db diabetic mice, which, except for hyper-
trophy of glomeruli, was also attenuated by PIF treatment (Figures
2E–2H).
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PIF Reduces ECM Accumulation in db/db Diabetic Mice

In order to verify the amelioration of renal fibrosis by PIF treatment,
the immunoblotting technique was used. The results indicated that
the expression levels of collagen I, collagen IV, fibronectin, a-SMA,
and p53 were markedly increased in db/db diabetic mice, which
can be suppressed by PIF treatment (Figures 3A and 3B). These find-
ings were confirmed by immunohistochemical staining of the same
proteins (Figures 4A and 4B).

p53 Deletion Attenuates Renal Dysfunction and Fibrosis in STZ-

Induced DN Mice

To further confirm these findings, we investigated whether p53
knockout from proximal tubules can attenuate STZ-induced kid-
ney injury. The male wild-type (PT-p53-WT) and PT-p53-KO
littermate mice were injected with STZ to induce diabetes. After
8 weeks, their body weights, blood glucose, serum creatinine,
and albumin and creatinine ratio (ACR) were detected. As
compared to STZ-treated PT-p53-WT mice, STZ-treated PT-
p53-WT group exhibited higher levels of blood glucose, serum
creatinine, and urinary ACR, but lower body weight. These
markers were significantly reversed in PT-p53-KO mice treated
with STZ, except for blood glucose levels (Figures 5A–5D). In
STZ-treated PT-p53-KO group, tubular epithelial disruption and
renal fibrosis, but not glomerular hypertrophy, were markedly
ameliorated (Figures 5E–5H).

p53 Deletion Reduces ECM Accumulation in STZ-Induced

DN Mice

To further confirm the results of Masson trichrome staining, the
expressions of collagen I, collagen IV, fibronectin, and a-SMA
were detected with immunoblotting. The expressions of these pro-
tein markers were markedly increased in STZ-PT-p53-WT group
as compared to non-treated PT-p53-WT group, while significantly
reduced in STZ-treated PT-p53-KO group (Figures 6A and 6B).
Notably, p53 expression was lower in the kidney tissues of PT-
p53-KO than of PT-p53-WT, suggesting p53 ablation in knockout
mice (Figures 6A and 6B). In addition, the immunohistochemical
staining demonstrated similar results (Figures 7A and 7B).
Furthermore, pH3 ser10 has been considered as a hallmark of
G2 and M arrest and profibrotic phenotype. The results of immu-
nohistochemical staining indicated that the expression of pH3
ser10 was significantly higher in STZ-treated PT-p53-WT mice
than the non-treated PT-p53-WT mice, while significantly reduced
in STZ-treated PT-p53-KO mice. The findings of immunohisto-
chemical staining were verified by western blot results (Figures
7C and 7D), suggesting that p53 inhibition may attenuate STZ-
induced DN, at least partly through the modulation of G2 and
M arrest.

PIF Treatment Attenuates HG-Induced ECM Accumulation in

HK-2 Cells

A previous study reported that high glucose (HG) induced p53
accumulation in the rat kidney proximal tubular cells (RPTC).12

In the present study, we observed that HG may induce the



Figure 2. Attenuation of Renal Fibrosis by PIF Treatment

The body weights of the mice (A). Blood and urine samples are collected for glucose (B), serum creatinine (C), and urinary ACR (D) measurements. Renal cortical tissues are

collected for H&E staining and Masson staining (E), quantification of glomerular damage score (F), tubular damage score (G), and tubulointerstitial fibrosis (H) in the kidney

cortex. Original magnification, �200. Bar, 100 mm. Data are expressed as means ± SD (n = 8). #p < 0.05, saline-treated db/db group versus saline-treated db/+ group;

*p < 0.05, PIF-treated db/db group versus saline-treated db/db group.
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accumulation of p53, vimentin, collagen I, collagen IV, and fibro-
nectin in HK-2 cells at different time points (Figures 8A and 8B).
To investigate the role of p53 in HG-induced renal fibrosis, PIF,
the small-molecule inhibitor of p53 transcriptional activity, was
used in this study. Interestingly, we found that HG treatment
markedly increased the expression of p53 and the accumulation
of ECM proteins but significantly suppressed by PIF treatment
(Figures 8C and 8D). These findings are consistent with the in vivo
results, in which p53 plays a pivotal role in STZ- or db/db muta-
tion-induced DN.

lnc ZEB1-AS1 Knockdown Increases HG-Induced ECM

Accumulation via the Inhibition of ZEB1

To elucidate the molecular mechanisms underlying p53-induced
renal fibrosis, we focused on the expression of lncRNA following
renal fibrosis.26–29 Recent studies demonstrated that lnc ZEB1-AS1
may activate ZEB1 expression in cancer tissues and cell lines,24,30

while ZEB1 may suppress the excessive accumulation of ECM pro-
teins in DN.25,31 Thus, we hypothesized that lnc ZEB1-AS1 may
protect against HG-induced renal fibrosis. The results of real-time
PCR demonstrated that the expression of lnc ZEB1-AS1 was signif-
icantly suppressed by HG at 24 hr, 48 hr, and 72 hr (Figure S1A).
Interestingly, the expression of ZEB1 showed a similar trend with
lnc ZEB1-AS1 expression (Figures S1B and S1C), supporting the
findings from tumor cell lines.24,30 After transfection of siRNA
ZEB1-AS1 for 72 hr, the expression of lnc ZEB1-AS1 was further
suppressed in HG treatment group (Figure S1D). Additionally,
our results indicated that HG treatment markedly increased the ex-
pressions of vimentin, collagen I, collagen IV, and fibronectin but
suppressed ZEB1 expression. However, these changes can be
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 743
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Figure 3. PIF Treatment Inhibited the Expressions of Collagen I, Collagen IV,

Fibronectin, a-SMA, and p53 Detected by Immunoblotting

(A) Western blot analysis of collagen I, collagen IV, fibronectin, a-SMA, p53, and

b-actin by using the specific antibodies. (B) Densitometric quantification of western

blot bands. Data are expressed as means ± SD (n = 8). #p < 0.05, saline-treated

db/db group versus saline-treated db/+ group; *p < 0.05; PIF-treated db/db group

versus saline-treated db/db group.
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reversed by the transfection of small interfering RNA (siRNA)
ZEB1-AS1 (Figures S1E and S1F). Taken together, the inhibition
of lnc ZEB1-AS1 may increase HG-induced ECM accumulation
by downregulating ZEB1 expression.

lnc ZEB1-AS1 Binds to H3K4 Methyltransferase MLL1 and

Promotes H3K4me3 Histone Modification in ZEB1 Promoter

To investigate the regulation of lnc ZEB1-AS1 on ZEB1 expression,
RIP assays were performed. We demonstrated that the degree of
lnc ZEB1-AS1 bound to myeloid and lymphoid or mixed-lineage leu-
kemia 1 (MLL1) was higher thanMLL2 andMLL3 in HK-2 cells (Fig-
ure S2A). In addition, chromatin immunoprecipitation (ChIP) assays
revealed that the levels of MLL2 and MLL3 were lower at the pro-
moter of ZEB1 as compared to MLL1 (Figure S2B). Furthermore,
H3K4me3 can directly bind to the promoter of ZEB1, but not
H3K4me2, H3K4me1, and H3K4 (Figure S2C). Both MLL1 occu-
pancy and H3K4me3 binding at ZEB1 promoter were reduced by
the knockdown of lnc ZEB1-AS1 and the treatment of HG in HK-2
cells (Figures S2D and S2E).

p53 Suppresses the Expression of lnc ZEB1-AS1 via the Physical

Interaction with Its Promoter Region

lnc ZEB1-AS1 plays an important role in HG-induced ECM accu-
mulation; however, it remains unclear whether p53 can regulate
the expression of lnc ZEB1-AS1. Our results demonstrated that
744 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
HG treatment markedly suppressed the expression levels of lnc
ZEB1-AS1 and ZEB1, which can be reversed by PIF treatment (Fig-
ures S3A–S3C). In addition, ChIP assay was used to determine the
interaction between p53 and lnc ZEB1-AS1 promoter region in
HK-2 cells. As shown in Figure S3D, the antibody directed against
p53 may immunoprecipitate the DNA fragments containing the po-
tential binding sites of p53 binding site (pBS1) and pBS2. These
findings support the hypothesis that the physical interaction be-
tween p53 and lnc ZEB1-AS1 promoter in HG group is stronger
than that in normal glucose group. Furthermore, p53 suppressed
the expression of lnc ZEB1-AS1 to downregulate ZEB1 during renal
fibrosis.

The Expressions of p53 and lnc ZEB1-AS1 and ZEB1 Signaling

and ECM-Related Genes in Human Diabetic Kidneys

In order to extend the results of the in vitro study, the renal expres-
sions of p53, lnc ZEB1-AS1, ZEB1, and ECM-related genes were
examined in DN patients. The kidneys of DN patients demonstrated
glomerular damage and tubulointerstitial injury or fibrosis compared
to the kidneys from patients with minimal change disease (MCD)
(nc = c8 in each group). Moreover the expression levels of p53,
collagen I, collagen IV, fibronectin, and a-SMA were higher in DN
patients than in MCD patients (Figure S4A). However, the expression
level of ZEB1 was decreased in DN patients, as consistent with the
expression of lnc ZEB1-AS1 (Figure S4I). The semiquantitative
scoring of immunostaining data further confirmed the above find-
ings, as shown in Figures S4B–S4H. Collectively, these results indicate
that p53 and lnc ZEB1-AS1 and ZEB1 signaling may be involved in
human DN.

DISCUSSION
The pathologic role of p53 in renal fibrosis remains controversial.
This study reported for the first time that p53 inhibitors and proximal
tubular knockout of p53 can ameliorate the interstitial fibrosis in
db/db mice and STZ-induced DN mice, respectively. More impor-
tantly, the present study revealed that p53 may decrease ZEB1 expres-
sion to promote renal fibrosis in HK-2 cells via the direct downregu-
lation of lnc ZEB1-AS1. In addition, we detected the consistent
changes of these molecules in human DN samples. All together, our
findings provide new insights into the mechanisms underlying p53-
induced renal fibrosis in DN.

In the current study, we demonstrated that p53 is primarily ex-
pressed in renal tubular cells of db/db mice, but not glomerular
cells. Furthermore, PIF treatment ameliorated renal dysfunction,
tubular epithelial disruption, and renal fibrosis in db/db mice,
except for glomerular hypertrophy. Hoshino et al.14 have reported
that PIF-inhibited p53 can enhance glucose intolerance in db/db
mice. However, our results showed that PIF does not influence
the degree of hyperglycemia at the indicated time points, suggesting
that the effect of PIF treatment in DN is accompanied by hypogly-
cemia. The divergence of results can be further explained by
different PIF dosage (3 mg,kg-1 versus 1.1 mg,kg-1) and treatment
duration (6 weeks versus 10 weeks) between our study and Hoshino



Figure 4. PIF Treatment Suppressed the

Expressions of Collagen I, Collagen IV, Fibronectin,

a-SMA, and p53 Detected by

Immunohistochemistry

(A) The expressions of collagen I, collagen IV, fibronectin,

and a-SMA were analyzed by immunohistochemical

staining (B). Original magnification, �200. Bar, 100 mm.

Data are expressed as means ± SD (n = 8). #p < 0.05,

saline-treated db/db group versus saline-treated db/+

group; *p < 0.05, PIF-treated db/db group versus saline-

treated db/db group.
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et al.,14 indicating that PIF pre-treatment but not post-treatment
may prevent the occurrence of diabetes.

To further confirm the role of p53 in DN, targeted deletion of p53 in
proximal tubular was applied, since p53 global knockout mice have
been reported to protect against the development of diabetes by pre-
venting b-cell mitochondrial dysfunction.14 Nevertheless, p53 dele-
tion may attenuate renal dysfunction, tubular epithelial disruption,
and renal fibrosis in STZ-induced DN mice, which is consistent
with the outcome of PIF treatment in db/db mice. Despite these
promising results, the degree of hyperglycemia was relatively similar
between PT-p53-WT and PT-p53-KO mice, suggesting that deletion
of p53 in tubular cells is not sufficient to affect the progression of STZ-
induced diabetes.

To further investigate the mechanisms of p53 anti-fibrosis on dia-
betic nephrology, we focus on the lnc ZEB1-AS1. The inhibition
of it aggravated the HG-induced ECM accumulation, which sug-
gested that lnc ZEB1-AS1 could be considered as an anti-fibrosis
lncRNA (Figure S1). Although some studies demonstrated that
lnc ZEB1-AS1 might activate ZEB1 in tumor cell lines,24,30 their
interaction remains unclear in HK-2 cells. In the current study,
Molecular Therap
we observed that lnc ZEB1-AS1 positively reg-
ulates the expression of ZEB1 in HK-2 cells.
Several studies have demonstrated that the ge-
netic deletion of ZEB1 and ZEB2 (another Zeb
family gene) in mice can lead to renal fibrosis
in vitro and kidney disease, respectively.25,32

Hence, we postulated that HG induces renal
fibrosis by downregulating lnc ZEB1-AS1 to
suppress ZEB1 expression.

A previous study has demonstrated that lnc
ZEB1-AS1 directly binds and recruits MLL1 to
ZEB1 promoter in tumor cell lines.24 However,
little is known about the other family genes
such as MLL2 and MLL3. In the current study,
we found that MLL2 and MLL3 exhibit similar
function as MLL1, but their capability of bind-
ing is much lower than MLL1 (Figures S2A
and S2B), supporting the major role of MML1
during transcription process. In addition, we observed that only
H3K4me3 can bind directly to the promoter region of ZEB1 (Fig-
ure S2C). Furthermore, MLL1 and H3K4me3 bind with ZEB1 to
attenuate the knock down of lnc ZEB1-AS1 and HG treatment con-
ditions (Figures S2D and S2E). Interestingly, the results indicated
that the reduced expressions of lnc ZEB1-AS1 and ZEB1 can be
reversed by PIF treatment in HG-treated cells (Figure S3), supporting
that p53 negatively regulates their expression levels. Furthermore, by
using ChIP assays, we demonstrated for the first time that p53 could
physically interact with the promoter region of lnc ZEB1-AS1 (Fig-
ure S3). Collectively, these data suggest a novel regulatory mechanism
by which p53 directly reduced lnc ZEB1-AS1 to suppress ZEB1 in
HK-2 cells (Figure S5). This mechanism seems to be true not only
in HK-2 cells, but also in fibrotic kidney samples collected from
DN patients (Figure S4). There is, however, a clear limitation that
lnc ZEB1-AS1 expression has not been detected in DNmouse model,
due to its highly conservative sequences.

In this study, we demonstrate that p53 is associated with renal inter-
stitial fibrosis in DN, as evidenced by the amelioration of renal fibrosis
by p53 inhibitors and p53 gene deletion. Moreover, p53 inhibition
may induce the expression of ZEB1 through upregulation of lnc
y: Nucleic Acids Vol. 12 September 2018 745
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Figure 5. Amelioration of Renal Fibrosis following p53 Deletion

The body weights of the mice (A). Blood and urine samples are collected for glucose (B), serum creatinine (C), and urinary ACR (D) measurements. Renal cortical tissues are

collected for H&E staining and Masson staining (E), quantification of glomerular damage score (F), tubular damage score (G), and tubulointerstitial fibrosis (H) in the kidney

cortex. Original magnification, �200. Bar, 100 mm. Data are expressed as means ± SD (n = 8). #p < 0.05, STZ-treated PT-p53-WT group versus saline-treated PT-p53-WT

group; *p < 0.05, STZ-treated PT-p53-KO group versus saline-treated PT-p53-KO group.
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ZEB1-AS1. In addition, we provide evidence that p53 and lnc ZEB1-
AS1 and ZEB1 axis may be associated with renal fibrosis in human
DN. Taken all together, these findings suggest that p53 may be a po-
tential therapeutic target for renal fibrosis in DN.

MATERIALS AND METHODS
Antibodies and Reagents

Antibodies of anti-GAPDH, anti-b-actin, anti-collagen _, anti-
collagen IV, anti-vimentin, anti-a-SMA, and anti-fibronectin
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Meanwhile, anti-p53, MLL1, MLL2, MLL3, H3K4me3,
H3K4me2, H3K4me1, H3K4, and ZEB1 were purchased from
Cell Signaling Technology (Danvers, MA, USA). All the secondary
antibodies were obtained from Thermo Fisher Scientific (Wal-
tham, MA, USA). The recombinant human TGF-b1 was pur-
chased from R&D Systems (Minneapolis, MN, USA). Moreover,
PIF and STZ were obtained from Sigma-Aldrich (Shanghai,
China).
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Animals

The C57BL6/KsJ-leprdb (db/db) and WT control C57 (+/+) mice
were obtained from Shanghai Animal Center (Shanghai, People’s
Republic of China). Proximal tubule-specific p53-deletion mice
were generated by crossing phosphoenolpyruvate carboxykinase-
cyclization recombination (PEPCK-Cre) mice with p53 (flox/flox)
mice (Jackson Laboratory) as described previously.3,30 Animal exper-
iments were conducted in accordance with the guidelines established
by the Animal Care Ethics Committee of Second Xiangya Hospital,
People’s Republic of China. After we obtained ethics approval, the
mice were housed in a 12-hour light/dark cycle with ad libitum access
to food and water.

Human Samples

The research protocol was approved by the Hospital Review Board.
Archival human kidney biopsy samples were collected from patients
with DN (n = 8) and MCD (n = 8) at the Second Xiangya Hospital,
People’s Republic of China. Written informed consent was obtained



Figure 6. Inhibition of Collagen I, Collagen IV, Fibronectin, a-SMA, and p53

Expressions Analyzed by Immunoblotting following p53 Deletion

(A) Western blot analysis of collagen I, collagen IV, fibronectin, a-SMA, p53, and

b-actin by using specific antibodies. (B) Densitometric quantification of western blot

bands. Data are expressed as means ± SD (n = 8). #p < 0.05, STZ-treated PT-

p53-WT group versus saline-treated PT-p53-WT group; *p < 0.05, STZ-treated

PT-p53-KO group versus saline-treated PT-p53-KO group.
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from all participants. Some of the specimens were fixed with 4%
buffered paraformaldehyde, while the remaining samples were
soaked in RNA later solution (Ambion) and stored at �80�C
until use.

Animal Models

For the STZ induction of diabetes, PT-p53-WT and PT-p53-KO
littermate mice at 8 weeks of age were injected with 50 mg/kg body
weight STZ for 5 consecutive days.12 The homozygous db/db and
WT (10 weeks old) mice were administered intraperitoneally with
PIF at a dose of 3 mg/kg three times weekly for 6 weeks. Fasting blood
glucose levels of more than 200 mg/dL for two consecutive readings
were considered diabetic.

Cell Culture and Treatments

HK-2 cells were cultured in DMEM (Sigma-Aldrich) supple-
mented with 10% fetal bovine serum and 0.5% penicillin and
streptomycin. Cultures were maintained at 37�C in a humidified
atmosphere of 5% CO2. Subsequently, HK-2 cells were treated
with or without PIF (10 mM) or 5–30 mM D-glucose or mannitol.
For gene disruption, the cells were incubated with siRNA ZEB1-
AS1 or ZEB1 (100 nM) or negative control (siR-neg; Sigma-
Aldrich).

Analysis of Renal Function and Physiological Parameters

The body weights and blood glucose levels of mice were measured.
BCG (Bromocresol Green) albumin assay kit was used to detect the
levels of urine albumin. Serum and urine creatinine levels were
analyzed using the high-performance liquid chromatography
(HPLC) method.33 The ACR was calculated using the method
described previously.34

Histology, Immunohistochemistry, and Immunoblot Analyses

Kidney tissues were fixed in 4% buffered paraformaldehyde,
embedded in paraffin. All sections (4 mm in thickness) were
stained with H&E and Masson’s trichrome.3,35 Immunohistochem-
ical analysis was performed using anti-a-SMA, anti-collagen I,
anti-fibronectin, and anti-collagen IV, according to the previous
protocol.36–38 For the quantitation step, the detailed procedures
have been described in our recent work.37 For immunoblot
analysis, lysates from HK-2 cells or kidneys were extracted
by using SDS polyacrylamide electrophoresis (Sigma-Aldrich)
with phosphatase inhibitors (Calbiochem). Western blotting
and antibody exposure were performed according to standard
procedures.

Real-Time PCR Analysis of lncRNA-ZEB1-AS1

Total RNA was extracted from kidney cortical tissues and HK-2 cells
by using Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Approximately 40 ng of total RNA
was reverse-transcribed using M-MLV Reverse Transcriptase (Invi-
trogen). Real-time qPCR was performed by using Bio-Rad (Hercules,
CA) IQ SYBRGreen Supermix with Opticon (MJ Research,Waltham,
MA, USA) according to the manufacturer’s protocols. The sequences
of lncRNA-ZEB1-AS1 and ZEB1 were retrieved from GenBank data-
base (gen ID, 220930 and 6935, respectively). The expression of target
gene was normalized against GAPDH. The primers used are as fol-
lows: ZEB1-AS1, 50-CCGTGGGCACTGCTGAAT-30 (forward) and
50-CTGCTGGCAAGCGGAACT-30 (reverse); ZEB1, 50-ACTCTG
ATTCTACACCGC-30 (forward) and 50-TGTCAC ATTGATA
GGGCTT-30 (reverse); and GAPDH, 50-GGTCTCCTCTGACTT
CAAC A-30 (forward) and 50-GTGAGGGTCTCTCTCTTCCT-30

(reverse). Quantification was done using DCt values.

RNA Immunoprecipitation

Cells were pelleted and lysed. RNA immunoprecipitation (RIP) was
carried out according to the manufacturer’s protocols. RNA
fragments were purified, digested with DNase, and used as a template
for qRT-PCR.19 The primers for ZEB1-AS1 were 50-TCCCT
GCTAAGCTT CCTTCAGTGT-30 and 50- GACAGTGATCACTTT
CATA TCC-30.

ChIP Analysis

ChIP was performed as described previously3,39 with primary anti-
bodies against p53. Precipitated DNAs were detected by PCR using
specific primers pBS1, 50-TTACAGTTCCATGCAGTGTCT-30 and
50-GTCTCGAACTCCTGACCTCA-30; pBS2, 50-GTCAGGGACCA
TATTAGGCATT-30, and 50- CTTGGCCTCTCAAAG TGCTG-30;
and with anti-H3K4me3 antibody (rabbit monoclonal; Merck Milli-
pore) or rabbit non-immune immunoglobulin G (IgG) (as negative
control). The specific primers used for the promoter fragment
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 747
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Figure 7. Suppression of Collagen I, Collagen IV,

Fibronectin, and a-SMA Expressions Analyzed by

Immunochemistry following p53 Deletion

(A) The expressions of collagen I, collagen IV, fibronectin,

a-SMA, and pH3 ser10 analyzed by immunohistochemical

staining. (B and C) Quantification of immunohistochemical

staining of collagen I, collagen IV, fibronectin, and a-SMA (B)

and ph3 ser10 (C). (D) Representative immunoblots of pH3

ser10 and GAPDH. (E) Densitometric measurement of pH3

ser10 protein signal. Original magnification, �200. Bar,

100 mm. Data are expressed as means ± SD (n = 8).

#p < 0.05, STZ-treated PT-p53-WT group versus saline-

treated PT-p53-WT group; *p < 0.05, STZ-treated PT-p53-

KO group versus saline-treated PT-p53-KO group.

Molecular Therapy: Nucleic Acids
of ZEB1 (ZEB1-pro) were 50-CGTAGAGCGAGAGCCTCTAGG
TGTAAG-30 and 50-CCTCTCGCTTGTGTCTAAATGC TCGAG-30.

Statistical Analyses

Quantitative data are expressed as means± SDs. Statistical analysis was
conducted using the GraphPad Prism software. Multiple groups were
compared by use of one-way ANOVA followed by Tukey’s post-tests.
Two-tailed unpaired or paired t tests were used to compare the differ-
ences of two groups. p < 0.05 was considered significantly different.
748 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
Accession Numbers

The sequences of lncRNA-AS1 and ZEB1 were retrieved from Gen-
Bank database (https://www. https://www.ncbi.nlm.nih.gov/gene/?
term=220930, and https://www.ncbi.nlm.nih.gov/gene/?term=6935,
respectively).

SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with
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https://www
https://www.ncbi.nlm.nih.gov/gene/?term=220930
https://www.ncbi.nlm.nih.gov/gene/?term=220930
https://www.ncbi.nlm.nih.gov/gene/?term=6935
https://doi.org/10.1016/j.omtn.2018.07.012


Figure 8. PIF Suppressed collagen I, Collagen IV,

Fibronectin, Vimentin, and High-Glucose-Induced

p53 Expressions

(A) Western blot analysis of p53, collagen I, collagen IV,

fibronectin, and vimentin at the indicated time points. (B)

Densitometric quantification of western blot bands. (C)

Relative protein expression levels of p53, collagen I,

collagen IV, fibronectin, vimentin, and b-actin at 24 hr after

PIF treatment coupled with or without HG. (D) Densito-

metric measurements of western blot bands. Data are

expressed as means ± SD (n = 6). #p < 0.05, 48 hr or 72 hr

versus 0 hr or 24 hr, and HG group versus normal glucose

group; *p < 0.05, HG+PIF group versus HG group.
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Supplementary Figure 1. LncRNA ZEB1-AS1 inhibited high glucose-induced the 

expression of collagen I, collagen IV, fibronectin, and vimentin by upregulation 

of ZEB1. (A) Relative mRNA expression levels of LncRNA ZEB1-AS1. (B) Relative 

protein expression levels of ZEB1 and GAPDH at indicated time points after HG 

treatment. (C) Densitometry of ZEB1 signals on immunoblots. (D) Transfection of 

siRNA ZEB1-AS1 (100nM) or scramble, relative mRNA expression levels of  

LncRNA ZEB1-AS1, (E) relative protein expression levels of ZEB1, vimentin, 

collagen I, collagen IV, fibronectin, and GAPDH, and densitometry (F) of proteins 

signals on immunoblots.(G) Representive immunoblots of ZEB1, vimentin, collagen I, 

fibronectin, and GAPDH. (H) Densitometry of proteins signals on immunoblots. Data 

were expressed as means ± sd (n=6); # p<0.05: 24h or 48 h or 72 h vs 0 h or 12h, or 

HG group vs NG group; * p<0.05: HG+si RNA ZEB1-AS1 or HG+ siRNA ZEB1 

group vs HG group. 



 

 

 

Supplementary Figure 2. ZEB1-AS1 induces epigenetic changes at the ZEB1 

promoter. (A) The RIP assay was performed to demonstrate whether ZEB1-AS1 

could directly bind with MLL1,MLL2, and MLL3 in HK-2 cells. The ChIP assay was 

conducted to verify whether MLL1,MLL2, and MLL3 (B) or H3K4me3, H3K4me2, 

H3K4me1, and H3K4(C) could directly bind to ZEB1 promoter region in HK-2 cells. 

ChIP-qPCR of MLL1 occupancy and H3K4me3 binding in the promoter of ZEB1 in 

HK-2 cells transfected with siRNA ZEB1 or scrambled siRNA or HG treatment (D 

and E). Data are shown as percent of input. # p<0.05: MLL1 or H3K4me3 group vs 

IgG group; * p<0.05: MLL2 or MLL3 group vs MLL1group；siRNA ZEB1 or HG 

group vs Scramble group  

 

 



 

 

 

 

 

Supplementary Figure 3. LncRNA ZEB1-AS1 was markedly suppressed by p53 

during HG treatment in HK-2 cells. (A) Real-time PCR  analysis of LncRNA 

ZEB1-AS1. (B) Immunoblot analysis for ZEB1. (C) Densitometry of ZEB1 signals on 

immunoblots. (D) ChIP assays for p53 were performed with chromatin material 

isolated from HK2 cells treated with HG and NG. Precipitates with p53 or without 

antibody (input) were used as template for PCR detection of the potential p53 binding 

sites (pBS1 and pBS2).Data were expressed as means ± sd (n=6); # p<0.05: HG 

group vs NG group; * p<0.05: HG+PIF group vs HG group.& p<0.05: NG group vs 

IG group.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Supplementary Figure 4．p53-induced down stream gene expression in patients 

with DN (A) Histology, Masson staining for fibrosis analysis, and 

immunohistochemistry staining for p53, ECM related gene expression, and ZEB1. (B) 

Quantification of the tubulointerstitial fibrosis  in the kidney cortex. (C-H) Quantify 

immunohistoche mistry staining. (I) Real time PCR analysis of Lnc ZEB1-AS1. Bar：

100µM. Data were expressed as means ± sd (n=6); #P<0.05 versus MCD group. 

Original magnification, x 200 or 400. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Supplementary Figure 5. The role and molecular mechanism of p53 in 

HG-induced renal fibrosis. HG suppressed Lnc RNA ZEB1-AS1 expression by 

induction of p53. Furthermore, down regulation of ZEB1-AS1 reduced the binding 

and recruiting of histone methyltransferase MLL1 to the promoter region of ZEB1, 

and suppressed H3K4me3 modification therein, which led to the inactivation of ZEB1 

and upregulation of the production of probrotic proteins.   
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