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Hypoxia plays an important role in the genesis and progression of renal fibrosis. The underlying mechanisms, however, have not

been sufficiently elucidated. We examined the role of p53 in hypoxia-induced renal fibrosis in cell culture (human and rat renal

tubular epithelial cells) and a mouse unilateral ureteral obstruction (UUO) model. Cell cycle of tubular cells was determined by

flow cytometry, and the expression of profibrogenic factors was determined by RT-PCR, immunohistochemistry, and western blot-

ting. Chromatin immunoprecipitation and luciferase reporter experiments were performed to explore the effect of HIF-1α on p53

expression. We showed that, in hypoxic tubular cells, p53 upregulation suppressed the expression of CDK1 and cyclins B1 and

D1, leading to cell cycle (G2/M) arrest (or delay) and higher expression of TGF-β, CTGF, collagens, and fibronectin. p53 suppres-

sion by siRNA or by a specific p53 inhibitor (PIF-α) triggered opposite effects preventing the G2/M arrest and profibrotic changes.

In vivo experiments in the UUO model revealed similar antifibrotic results following intraperitoneal administration of PIF-α
(2.2 mg/kg). Using gain-of-function, loss-of-function, and luciferase assays, we further identified an HRE3 region on the p53 pro-

moter as the HIF-1α-binding site. The HIF-1α–HRE3 binding resulted in a sharp transcriptional activation of p53. Collectively, we

show the presence of a hypoxia-activated, p53-responsive profibrogenic pathway in the kidney. During hypoxia, p53 upregulation

induced by HIF-1α suppresses cell cycle progression, leading to the accumulation of G2/M cells, and activates profibrotic TGF-β
and CTGF-mediated signaling pathways, causing extracellular matrix production and renal fibrosis.

Keywords: renal tubulointerstitial fibrosis, hypoxia, cell cycle (G2/M) arrest, p53, HIF-1α, TGF-β

Introduction

Hypoxia is a known contributor to kidney injury, leading to

progressive loss of kidney function (Nangaku, 2006). In chronic

kidney disease (CKD), rarefication of peritubular microvessels

occurs almost universally regardless of initial causes of kidney

disease, leading to a state of the sustained tissue, especially

tubulointerstitial, hypoxia (Mimura and Nangaku, 2010). We

previously have shown that hypoxia can induce HIF-1α-mediated

Twist upregulation which plays a key role in the epithelial-

mesenchymal transition (EMT) during renal fibrogenesis (Sun

et al., 2009; Liu, 2011; LeBleu et al., 2013). Studies by others

have also shown that in mild (sub-lethal) acute renal injury, the

surviving tubular cells can undergo proliferation and restore

tubular functions through a normal repair process. When injury

is severe (lethal) or recurrent and less severe (sub-lethal), the

repair process can become maladaptive, in which the proliferat-

ing tubular cells are aberrantly deterred in the G2/M phase of

the cell cycle (Canaud and Bonventre, 2015). The G2/M deter-

rence is, in essence, a cell cycle delay rather than ‘arrest’. We

use ‘arrest’ here in keeping with other existing publications on

this aberration (Obacz et al., 2013). These G2/M-arrested cells

generate profibrotic cytokines, including TGF-β and CTGF, con-

tributing to fibrogenesis (Bechtel et al., 2010; Wynn, 2010;
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Baumann, 2014). The role of hypoxia in the genesis of G2/M

arrest in non-cancer cells and tissues has not been adequately

investigated.

G2/M phase (mitosis-induced transition point) is one of the

two major cell cycle checkpoints (the second one being G1/S

phase, DNA synthesis initiation point). p53 is the key regulator

of cell cycle arrest in response to a variety of noxious insults (Li

et al., 2012). p53 accomplishes its task by regulating several

key cell cycle proteins, including cyclins, cell cycle-dependent

kinases (CDKs) and CDK inhibitors (Chang and Ferrell, 2013;

Baumann, 2014). In the presence of hypoxia, HIF-1α is acti-

vated; jointly, HIF-1α and p53 regulate the expression of several

key genes involved in cell cycle control (Obacz et al., 2013).

Cross-talk between HIF-1α and p53 has also been reported by

several independent research groups, mostly in cancer cells,

reviewed in detail in Sermeus and Michiels (2011) and Zhou

et al. (2015). Specifically, hypoxia has been shown to induce

p53 protein accumulation (Graeber et al., 1994; Hammond

et al., 2002) as well as to reduce p53 degradation (Zhang and

Hill, 2004; Hubert et al., 2006). Hypoxia, when prolonged and

severe, can induce HIF-1α-mediated p53 stabilization and trig-

gers p53-dependent apoptosis (An et al., 1998). In lysophospha-

tidic acid (LPA)-stimulated colon cancer cell lines, p53 competes

with Kruppel-like factor 5 (an effector of LPA-induced prolifer-

ation of colon cancer cells) for HIF-1α binding (Lee et al., 2013).

Other studies, however, have not shown apparent hypoxia-

induced effects of p53 in cancer cells in vitro (Wouters et al.,

2009). The varying results could be related to a number of fac-

tors, including a varying state of HIF-1α phosphorylation, vari-

ous cancer cells/cell lines used, and the severity of induced

injury. Taken together, the interplay between HIF-1α and p53 is

complex and can vary depending on experimental conditions

and cell types (Obacz et al., 2013). Most studies thus far have

been carried out in the setting of cancer growth and metastasis.

In this study, we show that hypoxia in renal tubular cells can

induce G2/M arrest through HIF-1α-mediated p53 upregulation

that alters the downstream expression of genes involved in the

cell cycle progression (cyclins and CDK1). G2/M-arrested renal

tubular cells generate TGF-β and CTGF, which stimulate fibro-

genesis including production and accumulation of extracellular

matrix proteins. Moreover, we identified an HRE3 region of the

p53 promoter that directly interacts with HIF-1α, inducing tran-

scriptional activation of p53 expression. In the UUO mice,

administration of the p53 inhibitor PIF-α (Rocha et al., 2003)

prevented G2/M arrest and renal fibrosis.

Results

Hypoxia induces G2/M phase arrest in renal tubular epithelial

cells

To investigate the effects of hypoxia on cell cycle progression

in renal tubular cells, we quantified the percentages of cells in

the different cell cycle stages during hypoxia, using two estab-

lished human and rat renal tubular epithelial cell lines, HK-2

(Sun et al., 2009) and RPTC (Li et al., 2010). Hypoxia (24 and

48 h) significantly increased the proportion of the G2/M cells

(Figure 1A). Accordingly, compared with cells under normoxia,

the G2/M marker p-H3 (phosphorylated histone H3 at Ser10;

Crosio et al., 2002), was disproportionately elevated over the

proliferation marker, Ki-67 (Yu et al., 1992) after 48 h of hypoxia

(P < 0.05, Figure 1B–D). We also examined these effects in vivo

in a mouse unilateral ureteral obstruction (UUO) model

(Chevalier et al., 2009; Ucero et al., 2014). Prior studies have

shown that obstructed kidneys in UUO mice exhibit markedly

elevated adenosine and HIF-1α expression, key molecules upre-

gulated during ischemic hypoxia (Eltzschig et al., 2004;

Fredholm, 2007; Higgins et al., 2007, 2008), consistent with the

presence of hypoxia in this model. We found a markedly ele-

vated p-H3/Ki-67 ratio in the UUO kidneys, compared with con-

trol kidneys (P < 0.05, Figure 1E and F), consistent with the

presence of G2/M arrest. Accordingly, the ratio of cyclin B1/D1

was also elevated in both the hypoxic HK-2 and RPTC cells and

the UUO kidneys (P < 0.05, Figure 1G). These results are con-

sistent with the induction of the G2/M arrest in renal tubules

during hypoxia.

Hypoxia and hypoxia-induced G2/M arrest are associated with

fibrogenesis

To explore whether hypoxia and hypoxia-induced G2/M arrest

in renal tubules can be associated with fibrogenesis, we exam-

ined the effects of hypoxia (48 h) on the expressions of fibrosis-

related genes, including Hif-1α, p53, TGFB1, CTGF, Col1A1,

Col4A1, ACTA2, and Fn, and proteins, including HIF-1α, p53,

TGF-β, CTGF, collagen I, collagen IV, α-smooth muscle actin (α-
SMA), and fibronectin, in HK-2 and RPTC cells. Compared with

their normoxic counterparts, hypoxia triggered a dramatic

increase in their expressions (P < 0.05, Figure 2A–C).
We further isolated the HK-2 and RPTC cells in G0/G1 and

G2/M phases using Hoechst staining and fluorescence-activated

cell sorting. Cellular TGFB1 and CTGF mRNA levels were highly

elevated G2/M cells than in the G0/G1 cells in both normoxic

and hypoxic conditions (P < 0.05). Likewise, Col4A1 and ACTA2

expressions were higher in the G2/M cells than in the G0/G1

cells (P < 0.05, Figure 2D). As TGF-β and CTGF are powerful pro-

fibrotic molecules, these findings are consistent with G2/M

arrest in the induction of fibrogenesis.

We further examined the protein contents of TGF-β1 and CTGF

in the supernatants (conditioned media) of the hypoxic HK-2

cells to evaluate any paracrine effects that might be generated

by the hypoxic cells. We found that both TGF-β1 and CTGF were

robustly enriched (P < 0.05; Figure 2E) in the media. When

applied to the NIH3T3 fibroblasts, the conditioned media stimu-

lated proliferation and the secretion of collagens (P < 0.05, n = 3,

Figures 2F and G).

p53 is critical for hypoxia-induced cell cycle G2/M arrest and

fibrogenesis

To examine the role of p53 in G2/M arrest and fibrogenesis, we

overexpressed p53 in the HK-2 cells. The overexpression resulted

in a reduced expression of CDK1 and cyclin B1 (low B1/D1 ratio),

TGF-β, CTGF, α-SMA, collagen I, and collagen IV (P < 0.05,
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Figure 3A). The proportion of cells in the G2/M phase was signifi-

cantly increased, consistent with a p53-driven G2/M arrest and

fibrogenesis (Figure 3B).

To examine the effects of p53 during hypoxia, we eliminated

p53 in the HK-2 cells by either siRNA technique or a p53

blocker, PIF-α. When p53 was eliminated, hypoxia failed to sup-

press CDK1, failed to alter the expression ratio of cyclin D1/B1

and was unable to elevate the expressions of TGF-β, CTGF,

α-SMA, collagen I, and collagen IV (Figure 3C). Accordingly, the

proportion of the G2/M cells was lower (P < 0.05, Figure 3D).

Figure 1 Hypoxia induces G2/M phase arrest in renal tubular epithelial cells. (A and B) Cell cycle analyses in HK-2 (A) and RPTC (B) at base-

line and after hypoxia. Changes in the cell cycle phase percentages are shown (right). (C) Co-staining for p-H3 (red) and Ki-67 (green) in

HK-2 cells under hypoxia for 48 h. Scale bar, 10 μm. (D) The p-H3/Ki-67 ratio in the HK-2 cells in C. **P < 0.001 vs. cells under normoxia.

(E) HE staining and immunohistochemistry for p-H3 and Ki-67 in sham and UUO kidneys after 14 days. Masson’s trichrome staining shows

fibrosis (blue). Magnification, 400×. Scale bar, 50 μm. (F) Numbers (per 400× field) of Ki-67- or p-H3-positive cells (top) and percentages of

proliferating cells in G2/M phase (p-H3+ cells/Ki-67+ cells, bottom) in sham and UUO kidneys after 14 days. **P < 0.01. (G) Cyclin D1 and

cyclin B1 protein levels in normoxic or hypoxic (24 and 48 h) HK-2 cells and in sham and UUO kidneys 14 days after surgery. **P < 0.001

vs. 0 h. ##P < 0.001 vs. sham. n = 3 in A and B; n = 3 mice/group in E–G. Data are presented as mean ± SEM.
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Figure 2 G2/M arrest during hypoxia induces the production of profibrogenic factors and extracellular matrix proteins. (A) Quantitative RT-

PCR analyses for mRNA levels of the indicated genes in normoxic or hypoxic (24 and 48 h) HK-2 (left) and RPTC (right) cells. *P < 0.05, #P < 0.001

vs. normoxic cells. (B) Western blotting analyses for protein levels of the indicated proteins in normoxic or hypoxic (24 and 48 h) HK-2 and

RPTC cells. Representative blots are shown (left) and histograms show the relative protein levels normalized to the loading control β-actin
(right). (C) Immunofluorescence analyses of TGF-β, α-SMA, collagen I, collagen IV, and fibronectin expressions (green) and DIPA (blue) in

HK-2 before and after 48 h hypoxia. Scale bar, 10 μm. (D) mRNA levels of profibrogenic factors in normoxic and hypoxic HK-2 cells in various

cell cycle phases. *P < 0.05, **P < 0.01 vs. normoxia in G0/G1; #P < 0.05, ##P < 0.01 vs. normoxia in G2/M. (E) TGF-β1 production (left)

and CTGF protein level (right) increase in the supernatant of HK-2 under hypoxia for 48 h. **P < 0.01 vs. 0 h. (F and G) Effects of condi-

tioned media (CM) from normoxic or hypoxic HK-2 on the proliferation of NIH3T3 fibroblasts (F) and productions of collagen I (G, left) and

collagen IV (G, right) in fibroblasts. **P < 0.01. Data are presented as mean ± SEM from at least three experiments.
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Figure 3 p53 is critical for hypoxia-induced G2/M phase arrest in renal tubular epithelial cells. (A) Western blotting analyses for protein

levels in p53 overexpression plasmid or control vector-transfected HK-2 cells under normoxia (left). The histogram shows relative levels nor-

malized to β-actin (top right). (B) Cell cycle distributions in p53 overexpression plasmid or control vector-transfected cells. Changes in the

percentage of proliferating cells in G2/M phase are shown (right). *P < 0.05. (C and D) HK-2 cells transfected with pSilencer3.1 empty vector

or pSilencer-p53 or treated with PIF-α were cultured under hypoxic condition for 48 h. Protein levels were determined by western blotting

analysis (C) and normalized to β-actin (D, bottom left). Cell cycle distribution was determined by flow cytometry (D, top). Changes in the per-

centage of proliferating cells in G2/M are shown (D, bottom right). *P < 0.05 vs. parental cells; #P < 0.05 vs. empty vector-transfected cells.

Data are presented as mean ± SEM from three independent experiments. (E) Co-localization of p-H3 and p53 in HK-2 cultured under hypoxia

for 48 h. Scale bar, 10 μm. (F and G) Changes in CTGF protein (F) and TGF-β concentration (G) in the supernatant of HK-2 transfected with

pSilencer3.1 empty vector or pSilencer-p53 or treated with PIF-α under hypoxia for 48 h. *P < 0.05. (H) Effects of CM from hypoxic HK-2

transfected with pSilencer3.1 empty vector or pSilencer-p53 or treated with PIF-α on the proliferation of NIH3T3 fibroblasts (left) and produc-

tion of collagen IV (right). *P < 0.05 vs. hypoxic parental CM, #P < 0.05 vs. empty vector-transfected cell CM. Data are presented as

mean ± SEM from three independent experiments.

p53 in hypoxia-induced G2/M arrest and fibrosis j 375



p53 and p-H3 were co-localized in the HK-2 cells (Figure 3E),

consistent with cell cycle arrest promoted by p53 during

hypoxia.

Paracrine effects were also demonstrated by applying condi-

tioned media of the hypoxic HK-2 cells pretreated with PIF-α or

p53 silenced with siRNA onto the NIH3T3 cells. Conditioned

media without p53 signal failed to induce TGF-β1 and CTGF,

when compared with the effects of media from control and

pSilencer3.1 empty vector-transfected cells (P < 0.05, Figure 3F

and G). Corresponding changes in the collagen production by

the NIH3T3 cells were notably significant (Figure 3H). Taken

together, these data point to a key role of p53 in hypoxia-

induced G2/M arrest and tubular fibrogenesis.

HIF-1α, through direct binding to the HRE3 region of the p53

promoter, transcriptionally upregulates p53 expression

To determine whether HIF-1α is involved in the p53 upregula-

tion in renal tubular cells, we employed gain-of-function and

loss-of-function assays. HIF-1α transfection in the hypoxic HK-2

cells resulted in higher levels of p53 mRNA and protein expres-

sion than the levels in cells with HIF-1α transfection or hypoxia

alone (Figure 4A). The HIF-1α silencing by siRNA effectively pre-

vented hypoxia-induced p53 protein expression (Figure 4B).

We further explored the effect of HIF-1α on p53 transcription.

We first identified four sites of shared homology between p53

promotor and HIF-1α consensus binding sequence BDCGTV (B =

C/T/G, D = A/G/T, V = G/C/A) using in silico analysis (Sun

et al., 2009). HK-2 cells were transiently cotransfected with wild-

type p53 promoter vector (from −1256 to +145 base pairs), a

mutant vector or the pGL3-basic vector and HIF-1α. Luciferase
activity was increased by 6.4 ± 1.89-fold in the HK-2 cells trans-

fected with the p53 wild-type promoter vector (P < 0.01). Each

HRE region was further investigated for its influence on p53

transcriptional activation. In contrast to a sharp reduction in

luciferase activity when transfected with HRE3 mutant, the

reporter vectors, containing mutations in the HRE1, HRE2, and/or

HRE4 regions of the p53 promoter, elicited minimal changes in

luciferase activity (Figure 4D). These results indicate that the HRE3

region contains the critical binding site for HIF-1α that determines

HIF-1α-mediated p53 transcriptional activation.

These findings were further confirmed by a series of chroma-

tin immunoprecipitation (ChIP) assays. The ChIP analyses of

nuclei derived from HK-2 cells showed a dominant band of 204

base pairs containing the third potential binding site (−357 to

−352) under hypoxia. No band was observed for the other sites

and the control (Figure 4C). These results indicate the presence

of a direct binding of HIF-1α and p53 promoter at the proximal

HER3 (−357 to −352 region) that upregulates p53 transcription.

To elucidate the relation between p53 and CDK1 and cyclin

B1/D1, we overexpressed p53 in the HK cells. p53 overexpres-

sion effectively suppressed CDK1 and ratio of cyclin D1/B1

(Figure 5A). Further, CDK1 overexpression in HK-2 cells could

partially prevent the increases in TGF-β and CTGF and down-

stream effects on α-SMA, collagen I, and collagen IV (Figure 5B).

Moreover, CDK1 overexpression in HK-2 cells reduced the

proportion of the cells in G2/M phase, and the G2/M arrest was

pronounced with p53 overexpression (Figure 5C). These results

are consistent with a p53-induced G2/M arrest through modu-

lating CDK1 pathway, contributing to tubular fibrogenesis.

p53 inhibition prevents G2/M arrest and fibrogenesis in UUO

mice

To verify the results generated from cell cultures, we exam-

ined the role of p53 in the G2/M arrest and fibrogenesis in vivo

in the UUO mice (Higgins et al., 2007; Chevalier et al., 2009;

Ucero et al., 2014). The p53 inhibitor PIF-α was intraperitoneally

injected to the mice and the controls were injected with PBS.

PIF-α administration markedly reduced positive p-H3 and Ki-67

staining and the p-H3/Ki-67 ratio, consistent with a diminution

of G2/M arrest (Figure 6A–C). The profibrotic proteins and tubu-

lointerstitial fibrosis were accordingly diminished with PIF-α
administration in the UUO kidneys (Figure 6D).

Discussion

In this study, we show a critical role of p53 in the genesis of

cell cycle G2/M arrest and renal fibrosis during hypoxia in vitro

and in vivo. Specifically, during hypoxia, p53 expression in renal

tubular cells is transcriptionally upregulated by HIF-1α through a

direct HIF-1α–HRE3 interaction, and the p53-driven G2/M arrest

triggers activation of profibrogenic signaling molecules including

TGF-β and CTGF, resulting in tubulointerstitial fibrosis.

p53 is critical to cell cycle regulation (Price et al., 2009), espe-

cially in the maintenance of the G2/M checkpoint (Morgan,

1997). During hypoxia, p53 induced G2/M arrest in the renal

tubular cells is demonstrated in this study by (i) an increase in

the percentage of G2/M cells with enhanced p-H3 expression

and (ii) a concurrent downregulation of CDK1 and cyclin D1/B1

mRNA and protein expressions. Fibrogenesis was evidenced by

the upregulation of profibrogenic factors and extracellular

matrix protein expression, including TGF-β1, CTGF, α-SMA, colla-

gen I, collagen IV, and fibronectin in the hypoxic HK-2 and RTPC

cells, consistent with the prior report of profibrogenic phenotype

of the G2/M-arrested renal tubular cells (Yang et al., 2010).

These results were further supported by the results from

experiments with siRNA induced p53 silencing in cultured renal

tubular cells and with p53 inhibitor (PIF-α) treatment of UUO

mice. The hypoxia-induced cell cycle arrest and fibrogenic effects

were blunted as p53 was silenced or blocked. Thus, both the cell

culture and UUO mice experiments indicate that hypoxia-induced

kidney fibrogenesis occurs in a p53-responsive manner.

We also explored the role of HIF-1α, a well-known master

regulator of cellular adaptation to hypoxia (Baba et al., 2010;

Semenza, 2011), in the hypoxia associated p53 elevation. HIF-1α
clearly induced p53 upregulation and downstream profibrotic

effects. Moreover, hypoxia upregulated p53 mRNA and protein

expressions when HIF-1α was overexpressed; HIF-1α knockdown

resulted in an opposite effect. Further ChIP and luciferase

reporter experiments uncovered a direct binding site between a

p53 promoter region (HRE3 −357 to −352) and Hif-1α that is cap-

able of upregulating the p53 transcription and is responsive to
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hypoxia. Consistently, in vivo p53 inhibition by PIF-α in UUO mice

prevented both G2/M arrest and the attendant profibrotic effects.

We interpret these results as that hypoxia induces p53

upregulation through HIF-1α that deters the cell cycle progression

(the G2/M arrest) which modifies the tubular cell phenotype,

leading to fibrogenesis.

Figure 4 The expression and transcriptional activation of p53 were directly induced by HIF-1α. (A and B) p53 expression in pcDNA3.1 empty

vector or pcDNA3.1-HIF-1α-transfected cells (A) and pSilencer3.1 empty vector or HIF-1α-siRNA-transfected cells (B) under normoxic or hypoxic

conditions for 48 h. Histograms show relative levels normalized to the loading control β-actin. #P < 0.01, *P < 0.05, **P < 0.001 compared with the

pcDNA3.1 empty vector and pSilencer3.1 empty vector-transfected cells, respectively (n = 3). (C) ChIP analysis of HIF-1α binding to the p53 promoter

in HK-2 cells under hypoxic condition. The reaction controls include immunoprecipitations performed using a nonspecific IgG monoclonal antibody

(IgG). PCR was performed using whole-cell genomic DNA (Input). The data are representative of three independent experiments. (D) Luciferase activity

of the p53 promoter reporter gene. HK-2 cells were transfected with 20 ng reporter constructs and 1 mg pcDNA3.1-HIF-1α in combination with 0.2 ng

pRL-TK vector and incubated for 24 h. The luciferase activities are reported as relative light units of firefly luciferase activity normalized to Renilla luci-

ferase activity. Data shown are mean of three independent experiments. *P < 0.01 compared with control.
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There are several limitations of this study that cannot be

overlooked. First, although it is known that fibrotic CKD kidneys

exhibit rarefication of peritubular microvessels signifying hyp-

oxia (Inoue et al., 2011), most of the hypoxia-related studies

have been conducted using remnant kidney models (Liu et al.,

2017). We chose UUO model for our in vivo experiments

because (i) it is a well-established renal fibrosis model (Mack

and Yanagita, 2015) and (ii) prior studies have shown upregula-

tions of HIF-1α and adenosine, key markers of tissue hypoxia

(Eltzschig et al., 2004; Fredholm, 2007; Higgins et al., 2008),

supporting the presence of kidney hypoxia in this model.

Although tubular epithelial cells in vivo routinely encounter a

plethora of external influences, we noted that the responses to

p53 inhibition in this model were remarkably similar to those in

cultured renal tubular cells exposed to hypoxia (Figure 6). Given

the demonstrated kidney damage and peritubular microvascular

rarefication, it appears that UUO is a reasonable model of kidney

failure, tissue hypoxia, and fibrosis. Second, our results of ele-

vated HIF-1α expression and its downstream effects, i.e. TGF-β1
activation, seem consistent with the assumption that persistent

hypoxia induces renal fibrogenesis. TGF-β1 has been described

in detail as a potent inducer of fibrogenesis in renal epithelial

cells (Yoshino et al., 2007). That said, tubulointerstitial fibrosis

can result from multiple pathways and myofibroblasts may be

originated from multiple sources, i.e. epithelial–mesenchymal

transition, endothelial–mesenchymal transition, pericytes, fibro-

blast reprogramming, and recently secretome that modifies local

micro-environment to create a fibrogenic environment. To this

end, our in vivo data show a clear antifibrotic effect of p53 inhib-

ition which likely exerts its effects not only in the renal tubules

but also in the other cellular components of the kidney. Thus,

we should not rule out the effects of p53 inhibition on multiple

kidney components that might have contributed to the overall

antifibrotic outcome. Nonetheless, the combined in vivo and

Figure 5 p53 suppresses expression of CDK1 and profibrotic proteins in HK-2 cells. (A) Western blotting analyses of CDK1, Cyclin D1, and

Cyclin B1 expression in p53 overexpression plasmid or control vector-treated HK-2 cells under normoxia. (B) Western blotting analysis of

protein expression in p53 and/or CDK1 overexpression plasmid-treated HK-2 cells under normoxia. Blots shown are representative of three

independent experiments. (C) Cell cycle distribution in HK-2 cells transfected with pcDNA3.1 empty vector, pcDNA-CKD1, or/and pcDNA-p53

under normoxia was analyzed by flow cytometry (left). Changes in the percentage of proliferating cells in G2/M phase are shown (right).

*P < 0.05 vs. empty vector-transfected cells; #P < 0.05 vs. pcDNA-p53-transfected cells.
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in vitro results of this study do support the existence of hypoxia-

triggered and p53-responsive fibrogenic pathway, which could

be one of many pathways leading to kidney fibrosis. Third, our

results of HIF-1α-induced p53 upregulation and downstream pro-

fibrotic TGF-β1 activation provoke concern, as HIF-1α inducers,

prolyl hydroxylase inhibitors, are being promoted as a potential

treatment option for CKD-related anemia because HIF-1α is

known to induce erythropoietin production (Kapitsinou et al.,

2010; Gupta and Wish, 2017). Erythropoietin has previously

been reported to reduce renal fibrosis in UUO rodents by inhibit-

ing TGF-β1-mediated EMT (Park et al., 2007). We speculate that

HIF-1α is likely capable of exerting multiple functions and its net

functional outcome might be context dependent. Our results are

clearly insufficient to give a full spectrum of HIF-1α functions.

Lastly, although in our hands, in vitro and in vivo experiments

generated consistent results of hypoxia-induced and HIF-1α-
mediated p53 upregulation, yielding fibrogenesis in the kidney,

the generalizability of these findings, especially in relation to

human CKD, is limited and requires further investigation.

In summary, this study extended the existing body of knowl-

edge by showing the presence of a hypoxia-induced fibrogenic

pathway involving HIF-1α/p53/CDK1/TGF-β (Figure 7). The piv-

otal role of p53 in this process was demonstrated. Given rarefi-

cation of peritubular microvessels, hence hypoxia, is a general

feature in CKD, and fibrosis is tightly linked to the progressive

decline of kidney function, understanding the mechanisms

underlying hypoxia-induced fibrosis is of critical importance in

potential therapeutic targeting, which could lead to new

Figure 6 p53 inhibitor prevents hypoxia-induced G2/M arrest and fibrogenesis in vivo. Mouse kidneys were collected 14 days after surgery

from three groups: sham, UUO, and UUO with PIF-α treatment on Days 3 and 10. (A) Immunohistochemistry for p-H3, Ki-67, α-SMA, and col-

lagen IV expression. Masson’s trichrome staining shows fibrosis with blue color. Magnification, 400×. Scale bar, 50 μm. (B) Numbers (per

400× field) of Ki-67- or p-H3-positive cells (n = 3 mice in each group). **P < 0.01 vs. sham, ##P < 0.01 vs. UUO. (C) Percentage of proliferat-

ing cells in G2/M phase (p-H3+cells/Ki-67+cells). **P < 0.01 vs. sham. (D) Western blotting analyses of p53, CDK1, Cyclin D1, Cyclin B1,

TGF-β, CTGF, α-SMA, collagen I, and collagen IV expression (top). The histogram shows relative levels normalized to β-actin (bottom). *P < 0.05,
#P < 0.001 vs. sham. Error bars represent SD.
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treatment modalities to halt or retard CKD progression.

Although further study is necessary, our data suggest that p53

could be considered a potential target.

Materials and methods

Cell culture and treatment

Human and rat proximal tubular epithelial cell lines, HK-2

(Sun et al., 2009) and RPTC (Li et al., 2010), respectively, and

NIH3T3 fibroblast cell line (Cell Bank of the Chinese Academy of

Sciences) were cultured in DMEM (Gibco, Invitrogen) supple-

mented with 10% fetal calf serum (Gibco, Invitrogen) (Peng

et al., 2012). The cells were cultured in hypoxic (1% O2, 5%

CO2, 37°C) incubator (Precision Scientific) for 0, 24, or 48 h or

under normoxic condition (21% O2, 5% CO2, 37°C). When indi-

cated, cells were pretreated with either 100 μM PIF-α or vehicle

(48 h). After washing, the cells continued in culture for add-

itional 24 h (Dagher et al., 2012; Kapur et al., 2016).

Animal model

Male and female C57BL/6 J mice (n = 6/group, 48 in total)

aged 8–11 weeks and weighing 20–25 g were obtained from

the Fourth Military Medical University Laboratory Animal

Center. All mouse work was performed in accordance with

the animal use protocol approved by the Institutional Animal

Care and User Committee of the Fourth Military Medical

University.

For UUO model, mice were anesthetized with 5% sodium

pentobarbitone (50 mg/kg) injected intraperitoneally. A 1.5-cm

left upper quadrant incision was made to ligate the left ureter

with silk suture. In the sham-operated mice, the left ureter was

not ligated; the other steps were identical (Tang et al., 2015).

Mice were injected intraperitoneally with PIF-α (Sigma, 2.2 mg/kg

body weight) on Days 3 and 10 post-surgery. The sham groups

were injected with the same volume of PBS (PIF-α solvent).

Quantitative RT-PCR

RT-PCR was conducted as previously described (Sun et al.,

2009; Du et al., 2014). The primer sequences are listed in

Table 1. Relative gene expression levels were determined by

normalizing to β-actin using the 2−ΔΔCT method (Livak and

Schmittgen, 2001). TGF-β1 and collagen protein concentrations

were detected using commercial ELISA kits (Abcam).

Plasmid constructs and transfection and dual-luciferase reporter

gene assay

The recombinant sense expression vector for HIF-1α and the

siRNA expression vectors for HIF-1α were constructed as

described previously (Sun et al., 2009). Human p53 was ampli-

fied by PCR using cRNA from hypoxic HK-2 cells and subcloned

into the pcDNA3.1 expression vector. The p53 siRNA-specific tar-

geting sequences were cloned into the pSilencer3.1-U6 neo

siRNA expression vector (Genechem). A scrambled sequence

was used as the control.

For the luciferase reporter experiments, a p53 promoter-

driven luciferase reporter vector was constructed by inserting

the wild-type sequence (from −1256 to +145 base pairs) or a

sequence containing HRE1 mutations (CAAAGC mutated to

CACCGC), HRE2 mutations (GGCGTG mutated to GGAATG), HRE3

mutations (CTCGTG mutated to CTAATG), and/or HRE4 muta-

tions (GACGTA mutated to GAAATA a) of the p53 promoter into

the pGL3-basic vector (Genechem). pcDNA3.1-HIF-1α and the

reporter plasmid were constructed as described previously (Sun

et al., 2009). The luciferase activity was quantified using the

Dual-Luciferase Reporter Assay System (Promega). The results

were expressed as the means of the ratio between the firefly

and Renilla luciferase activity.

Immunohistochemistry and immunocytochemistry

Immunohistochemistry was performed using 3- to 5-μm-thick

tissue sections mounted onto slides that were dewaxed, rehy-

drated, permeabilized, and blocked. The slides were incubated

with primary antibodies, i.e. anti-HIF-1α (1:500, Chemicon), anti-

p53 (1:500, Thermo Fisher Scientific), anti-Ki-67 (1:1000, Abcam),

Figure 7 Schematics of hypoxia-induced fibrosis in renal tubular

cells. Hypoxia induces G2/M phase arrest through activation of

HIF1α–p53–CDK1 pathway, leading to upregulation of TGF-β1 and

CTGF and downstream production of α-SMA, collagens, and fibro-

nectin, and eventually renal fibrosis.
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anti-p-H3 (1:1000, Abcam), anti-SMA (1:500, Abcam), anti-

COL1A1 (1:40, Sangon Biotech. Co.), anti-COL4A1 (1:40, Sangon

Biotech. Co.), and anti-fibronectin (1:600, Abcam), at 4°C over-

night. The sections were then incubated with appropriate biotiny-

lated secondary antibodies and visualized. Nonimmune goat IgG

or rabbit IgG was used as the control. Immunocytochemistry was

performed using an established protocol (Sun et al., 2009; Du

et al., 2014).

Western blotting analysis

Western blotting was performed as detailed previously (Sun

et al., 2009). Briefly, proteins from cell or kidney lysates were

quantified using a BCA protein assay kit (Thermo Fisher

Scientific). Then, 60 μg total protein lysates were electrophor-

esed on 10% SDS-polyacrylamide gels and blotted onto nitrocel-

lulose membranes (Millipore). The membranes were then

blocked, washed, and incubated with appropriate primary and

secondary antibodies. Enhanced chemiluminescence (ZETA-LIFE)

was used for detection.

MTT

The MTT Cell Proliferation Kit was purchased from the

Beyotime Institute of Biotechnology. Experiments were carried

out according to the manufacture’s recommendation. The

absorbance at 540 nm was measured using a microplate reader

(Thermo Fisher Scientific).

Flow cytometry and fluorescence-activated cell sorting

Cultured cells were exposed to serum-free medium (1 day) for

synchronization. The cells were then harvested, washed in PBS,

fixed in 70% ethanol (4°C), and incubated in 1 mg/ml DNase-

free RNase A (Sigma-Aldrich) and 50 μg/ml propidium iodide

(Sigma-Aldrich) at 37°C for 1 h. The cell cycle distribution was

measured using a flow cytometer (BD, FACSCanto). Hoechst

33324 (Sigma, 10 μM) was used to stain live cells, and, through

ultraviolet-MoFlo sorting (DakoCytomation High Speed MoFlo

Sorter), the cells in G0/G1 or G2/M phase were isolated.

Statistical analysis

Each experiment was repeated at least three times. All statis-

tical analyses were performed using one-way ANOVA with SPSS

19.0. Comparisons between groups were made using a two-tailed

unpaired Student’s t-test. P < 0.05 was considered significant.
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