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FIH-1-modulated HIF-1a C-TAD promotes acute kidney
injury to chronic kidney disease progression via regulating

KLFS5 signaling

Zuo-lin Li', Bin Wang', Lin-li Lv', Tao-tao Tang', Yi Wen', Jing-yuan Cao', Xiao-xiao Zhu', Song-tao Feng’', Steven D. Crowley? and

Bi-cheng Liu'

Incomplete recovery from episodes of acute kidney injury (AKI) can predispose patients to develop chronic kidney disease (CKD).
Although hypoxia-inducible factor-1a (HIF-1a) is a master regulator of the response to hypoxia/ischemia, the role of HIF-1a in CKD
progression following incomplete recovery from AKI is poorly understood. Here, we investigated this issue using moderate and
severe ischemia/reperfusion injury (I/Rl) mouse models. We found that the outcomes of AKI were highly associated with the time
course of tubular HIF-1a expression. Sustained activation of HIF-1a, accompanied by the development of renal fibrotic lesions, was
found in kidneys with severe AKI. The AKI to CKD progression was markedly ameliorated when PX-478 (a specific HIF-1a inhibitor,
5mg-kg~'-d™", i.p.) was administered starting on day 5 after severe I/RI for 10 consecutive days. Furthermore, we demonstrated
that HIF-1a C-terminal transcriptional activation domain (C-TAD) transcriptionally stimulated KLF5, which promoted progression of
CKD following severe AKI. The effect of HIF-1a C-TAD activation on promoting AKI to CKD progression was also confirmed in in vivo
and in vitro studies. Moreover, we revealed that activation of HIF-1a C-TAD resulted in the loss of FIH-1, which was the key factor
governing HIF-1a-driven AKI to CKD progression. Overexpression of FIH-1 inhibited HIF-1a C-TAD and prevented AKI to CKD
progression. Thus, FIH-1-modulated HIF-1a C-TAD activation was the key mechanism of AKI to CKD progression by transcriptionally
regulating KLF5 pathway. Our results provide new insights into the role of HIF-1a in AKI to CKD progression and also the potential
therapeutic strategy for the prevention of renal diseases progression.
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INTRODUCTION

Acute kidney injury (AKI) is considered a major public health
concern associated with high morbidity and mortality. Accumulat-
ing evidence indicates that the severity of AKI predicts subsequent
progression to chronic kidney disease (CKD) [1, 2]. Mild/moderate
AKI triggers intrinsic repair mechanisms that result in functional
recovery from renal dysfunction, while individuals with severe AKI
usually fail to recover from renal dysfunction and quickly progress
to CKD [3, 4]. However, the exact mechanism remains poorly
understood. Hypoxia, a common cause of kidney injury, is a critical
instigator in the pathophysiology of AKI and its progression to
CKD [5]. Compelling evidence indicates that the severity of
hypoxia determines the outcome of AKI [6, 7]. Moreover, targeting
hypoxia is a promising strategy for blocking the progression of
kidney injury [8]. Therefore, it is of great clinical significance to
investigate the exact mechanisms of hypoxia-dependent kidney
injury progression.

Packed with mitochondria and dependent on oxidative
phosphorylation, the proximal tubule is particularly vulnerable to
ischemic/hypoxic insults. Failed tubule recovery is a critical
pathological feature of severe AKI and a key initiator of

consequent CKD [9]. Importantly, the severity of proximal tubule
injury has also been found to be correlated with renal prognosis
[10]. Recent studies have shown that the renal tubule is a strong
driving force for CKD progression after AKl by acting as
inflammatory and fibrogenic cells [11]. However, the exact
molecular mechanism of these actions remains to be elucidated.

Hypoxia-inducible factor-1 (HIF-1), comprising an inducible a
subunit (HIFa, the main hypoxia sensitive component) and a
constitutively expressed B subunit (HIFP), is a key transcription
factor that regulates adaptive responses to hypoxia. The oxygen-
sensitive signal that controls HIF-1 activity is generated by a series
of regulatory enzymes, namely, prolyl hydroxylases [PHDs, which
hydroxylate specific prolyls (Pro402 and Pro564) in the NH,-
terminal activation domain (N-TAD)] and factor-inhibiting HIF-1
[FIH-1, which hydroxylates a specific asparaginyl (Asn803) in the
COOH-terminal activation domain (C-TAD)] [12]. Functionally, FIH-
1 blocks the interaction of the HIF-a C-TAD with the transcriptional
coactivator protein CREB-binding protein/p300, leading to the
inactivation of the C-TAD. Importantly, a set of hypoxic genes are
only regulated by FIH-1-controlled C-TAD. Thus, the bifunctional
transcriptional character of HIF is controlled by N-TAD and C-TAD
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based on their sensitivity to FIH-1 expression. In response to
hypoxia, HIF-1a is expressed predominantly in the tubules and
works as a master regulator of hypoxic stress. Activation of HIF-1
has strong renoprotective effects in AKl [13, 14], whereas
inappropriate activation of HIF-1a in tubules promotes the
progression of kidney diseases, as evidenced by genetic and
pharmacological modulation in animal models [15, 16]. Moreover,
our previous study also found that HIF-1a in tubules promotes
kidney injury via epigenetic mechanisms [17]. These findings
strongly suggest a dual role for HIF-1a in kidney injury. However,
the potential effect of HIF-1a on AKI to CKD progression remains
unclear.

In the present study, we clarified the role of HIF-1a in the AKI to
CKD transition using moderate and severe AKI models induced by
ischemia/reperfusion injury (I/Rl). We demonstrated that activation
of the HIF-1a C-TAD, which was modulated by FIH-1, was the
determinative mechanism of AKI to CKD progression. Our study
provides new insight into the role of HIF-1a in driving the AKI to
CKD transition and evidence for a novel therapeutic strategy for
preventing renal disease progression.

MATERIALS AND METHODS

Ischemic AKI models

All animal experimental procedures were approved by the Ethics
Review Committee for Animal Experimentation of Southeast
University. Experiments were performed with 6-8-week-old male
C57BL/6 mice (Vital River Laboratory Animal Technology Co., Ltd.,
Beijing, China). Mouse bilateral I/R injury models were established
as previously described [6, 7, 18]. In brief, bilateral renal pedicles
were clamped with artery clamps for 30 or 40 min to induce
moderate or severe AKI, respectively. During the ischemic period,
the mouse body temperature was maintained at ~36.5-37°C
using a temperature-controlled heating system. Sham control
mice underwent the same surgical procedures without clamping
of renal pedicles. Mice were killed under general anesthesia on
day 1 or 14 after I/Rl, and their serum and kidneys were harvested.

In vivo PX-478 treatments, lentiviral transduction and KLF5-
targeted siRNA administration

To inhibit HIF-1, beginning on day 5 after I/RI, mice were subjected
to daily intraperitoneal injections of PX-478 (Selleck Chemicals
LLC, Houston, TX, USA) or vehicle (PBS) at 5 mg/kg body weight for
10 consecutive days. For lentiviral gene transfer, lentiviruses
expressing short-hairpin  RNAs (shRNAs) targeting KLF5 (Lv-
shKLF5) and negative control (Lv-shNC) were purchased from
GenePharma (Shanghai, China). The shRNA targeting sequences
were as follows: shKLF5, 5-GCTCCCTCCAGTTCCGATAAT-3/, and
shNC, 5-TTCTCCGAACGTGTCACGT-3'. Lentiviruses expressing FIH-
1 (Lv-FIH-1), the HIF-1a C-TAD (Lv-HIF-1a C-TAD) or negative
control (Lv-NC), which contained the bHLH-PAS domain, were also
purchased from GenePharma. Lv-mediated gene transfer in the
kidneys of I/RI mice was performed by tail vein injection on day 3
and day 10 after I/R surgery (5x10® TU/mouse). The KLF5-
targeted siRNA was transfected into mouse kidneys through tail
vein injections by using in vivo-jetPEl reagent (Polyplus Transfec-
tion SA, New York, NY, USA) according to the manufacturer’'s
instructions. Mice were euthanized on day 14 after I/RI. Serum and
kidney tissues were collected for various analyses. The details of
these methods are provided in the Supplementary Methods.

Primary tubular epithelial cell and HK-2 cell culture

Kidneys were harvested from 6-week-old mice, and tubular
epithelial cells (TECs) were isolated for primary culture using
established methods [19]. The human proximal tubular epithelial
cell line HK-2 was purchased from the American Type Culture
Collection. Cells were cultured in DMEM-Ham’s-F12 medium
(HyClone, GE Healthcare Life Science, UT, USA) supplemented
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with 10% fetal bovine serum and 1% penicillin-streptomycin
(Gibco, Grand Island, NY, USA) in a humidified atmosphere of 5%
CO, and 21% O, at 37 °C. Moderate or severe I/RI conditions in
TECs were modeled in vitro. Administration of the PHD inhibitor
FG-4592 [20] (Selleck Chemicals LLC, Houston, TX, USA) mimicked
moderate I/Rl conditions, and a combination of FG-4592 and FIH-1
inhibitor [N-oxalyl-D-phenylalanine (DM-NOFD) [21], D&C Chemi-
cals, Shanghai, China] mimicked severe I/RI conditions [22]. Briefly,
serum-starved cells were treated with FG-4592 (10 uM) for 24 h,
washed, and incubated under normal conditions for an additional
24 h, or serum-starved cells were treated with FG-4592 (10 uM) +
DM-NOFD (1 mM) continuously for 48 h.

Plasmids, siRNA, and adenoviral transfection

For adenoviral (Ad) transfection, cells grown on chamber slides at
70% confluence were transduced with Ad-NC or Ad-FIH-1 for 24 h
and then exposed to I/RI modeling conditions for 24h. For
plasmid transfection, cells were transfected with different
plasmids using Lipofectamine 2000 (Invitrogen, USA) according
to the manufacturer’s instructions. For siRNA-mediated knock-
down of KLF5, cells were transfected with 80 nM siRNA against
human KLF5 (sense 5'-GCAGACUGCAGUGAAACAATT-3; antisense
5-UUGUUUCACUGCAGUCUGCTT-3’) using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s instructions. A
sense scrambled control was used as a negative control.

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic proteins were extracted using NE-PER”
Nuclear and Cytoplasmic Extraction Reagents (#78833, Thermo
Scientific, USA) according to the manufacturer’s instructions.

Immunoprecipitation analyses

Cell preparation and immunoblotting (IB) analyses were per-
formed as previously described [22]. Immunoprecipitation (IP) of
HIF-1a followed by IB analysis with an anti-FIH-1 antibody was
performed with total cellular proteins from primary cultures using
the Pierce” Co-Immunoprecipitation Kit (#26149, Thermo Scien-
tific,c, USA). Briefly, an anti-HIF-1a antibody (Abcam) was first
immobilized for 2 h using AminoLink Plus Coupling Resin. The
resin was then washed and incubated for 12 h with 500 pg cellular
proteins extracted with RIPA buffer. The proteins were eluted
using elution buffer and denatured with 5% 2-mercaptoethanol
(#21985023, Thermo Scientific, USA). A negative control provided
with the IP kit was used to assess nonspecific binding. The eluate
was boiled at 95 °C for 10 min and loaded at 20 pL per lane, and 1B
was performed to detect the levels of FIH-1.

Luciferase reporter assay

The following plasmids were constructed by GenePharma
(Shanghai, China): wild-type HIF-1a and mutant (N803A) HIF-
1a in the pcDNA3 vector, HIF-1a and HIF-1a C-TAD knockout (KO)
in the pSD11 vector, and the pGL3-HRE-KLF5-Luc luciferase
reporter plasmid. HIF-1a TAD-Gal4, HIF-1a N-TAD-Gal4, and HIF-
1a C-TAD-Gal4 were constructed by inserting the sequence from
Addgene plasmid #18955 into the backbone of Addgene plasmid
#24887 as described previously [23]. The respective plasmids were
transfected into cells using Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen Corp., Carlsbad, CA, USA).
Detailed methods for the luciferase reporter assay are provided in
the Supplementary Methods.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed with a
Simple ChIP Enzymatic ChIP Kit (magnetic beads) (#9003; Cell
Signaling Technology, Danvers, MA, USA). Immunoprecipitation
was performed with an antibody against HIF-1a (ab2185; Abcam)
or normal IgG as a control. Precipitated DNA fragments were
detected by PCR using the following primers specific for the
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promoter region of KLF5: forward 5-CGGGCTCAAGTGATTCTCCT-
3/, reverse 5-GGAAACCCTGTCCCTACTAAAAGTA-3'.

Western blotting

Western blotting was performed as previously described [24]. The
primary antibodies used were anti-GAPDH (CW0100M, CWBio,
Beijing, China), anti-FIH-1 (NB100-428; Novus, Centennial, CO,
USA), anti-HIF-1a (ab2185), anti-a-SMA (ab5694), anti-collagen-1
(ab34710), anti-fibronectin (ab2413), anti-KLF5 (ab137676), anti-
TGF-31 (ab82486) and anti-Lamin B1 (ab16048) (all from Abcam,
Cambridge, MA, USA). The secondary HRP-conjugated antibodies
used were anti-mouse IgG and anti-rabbit IgG (Abcam).

Immunofluorescence and immunohistochemistry
Immunofluorescence and immunohistochemistry were performed
using established methods [25]. The following primary antibodies
were used: anti-HIF-1a (ab2185), anti-a-SMA (ab5694), anti-
collagen-1 (ab34710), anti-KLF5 (sc-398470; Santa Cruz Biotech-
nology, Dallas, TX, USA) and anti-FIH-1 (NB100-428; Novus,
Centennial, CO, USA). Images were obtained by laser scanning
confocal microscopy (FV-1000, Olympus, Tokyo, Japan).

Quantitative real-time PCR assay

Total RNA was extracted from the renal cortex and cells using
RNAiso Plus reagent (total RNA extraction reagent; Takara, Shiga,
Japan), and the mRNA was quantified using qRT-PCR with SYBR
Green (Takara) as previously described [24]. RT-PCR was
performed using an ABI PRISM 7300 Real-Time PCR System
(Applied Biosystems, Foster City, USA). The relative mRNA
expression was normalized to B-actin. All the primers for qRT-
PCR are listed in Supplementary Table S1.

Statistical analyses

SPSS version 20.0 (IBM Corp., Armonk, NY, USA) was used for
statistical analysis. Data are shown as the mean+SEM. For
experiments comparing two groups, the t test or Mann-Whitney
U test was used. When >2 groups were compared, 1-way analysis
of variance followed by Dunnett’s test or Bonferroni correction
was employed to analyze the differences. A 2-sided P value < 0.05
was considered significant.

RESULTS

HIF-1a activation is associated with the progression of CKD after
AKI

Moderate and severe I/Rl models were established to explore the
correlation of HIF-1a activation with the outcome of AKI. We
observed that the levels of serum creatinine (Scr) were similar to
the baseline on day 14 in mice with moderate I/Rl; in contrast, Scr
levels were significantly increased in mice with severe I/RI (Fig. 1a),
suggesting the progression of CKD following severe AKI.
Consistent with this result, as shown in Fig. 1b and ¢, kidney
injury had recovered on day 14 after moderate I/Rl, whereas
morphologic lesions in the kidneys were evident on day 14 after
severe I/RIl. Furthermore, the expression of the fibrotic markers a-
smooth muscle actin (a-SMA), collagen-1 and fibronectin were
markedly increased in kidneys with severe I/RI (Fig. 1d, e). Similar
results were observed in kidney sections immunostained with
antibodies against a-SMA and collagen-1 (Fig. 1f).

Next, HIF-1a expression was assessed in kidneys with I/RI. As
shown by Western blotting in Fig. 1g, compared with moderate
I/RI, severe ischemia exhibited increased induction of HIF-1a
expression on day 14. This was also confirmed by immunostain-
ing (Fig. 1h). Collectively, these results indicate that the severity
of hypoxia/ischemia-induced injury is a key determinant
dictating the divergent outcomes of AKIL. More importantly,
the progression of CKD after AKI might be associated with the
activation of HIF-1a.

SPRINGERNATURE

Sustained activation of HIF-1a is observed in severe AKI

We next investigated the dynamic changes in kidney injury and
HIF-1a expression in moderate and severe AKI after I/RIl. We found
that the Scr level was significantly elevated on day 1 after
moderate I/Rl but had almost returned to baseline on day 14.
However, elevated Scr was observed on day 1 as well as day 14 in
mice with severe I/RI (Fig. 2a). Histologically, as shown in Fig. 2b,
tubule injury and protein casting were observed on day 1 in mice
with moderate I/Rl and had recovered on day 14, suggesting
transient AKI followed by recovery. However, extensive tubule
injury and severe protein casting occurred on day 1 in mice with
severe I/Rl and persisted on day 14 (Fig. 2c), suggesting the
progression of kidney injury.

Then, we explored the dynamics of HIF-1a expression in AKI. A
transient induction of HIF-1a that returned to baseline levels was
observed between day 1 and day 14 in mice with moderate I/RI
(Fig. 2d). In contrast, HIF-1a was markedly induced on day 1 after
the 40 min I/RI treatment and was continuously expressed until
day 14 (Fig. 2e). A similar expression pattern was shown by
immunohistochemistry (Fig. 2f, g). Taken together, these data
demonstrate that, in contrast to moderate AKI after I/RI, which is
characterized by transient kidney injury and recovery, CKD
transition following AKI was associated with sustained activation
of HIF-1a.

Inhibition of HIF-1a ameliorates the progression of kidney injury
following AKI

We then investigated the potential contributions of sustained
activation of HIF-1a to AKI-CKD progression using PX-478, a
specific small molecule inhibitor of HIF-1a expression and function
(HIF-1-mediated gene transcription) [20]. PX-478 was administered
daily by intraperitoneal injection starting on day 5 after the 40 min
I/RI treatment (Fig. 3a). Strikingly, we found that the Scr level on
day 14 after I/Rl was significantly decreased in the mice that
received the PX-478 treatment (Fig. 3b). Similarly, PAS and Masson
staining also demonstrated ameliorated kidney injury and fibrotic
lesions (Fig. 3¢, d). Moreover, PX-478 reduced the mRNA and
protein expression of a-SMA, collagen-1, and fibronectin in renal
cortical tissues, as demonstrated by Western blotting (Fig. 3e, f).
Furthermore, as presented in Fig. 3g, the results were also
confirmed by immunostaining with antibodies against a-SMA and
collagen-1. Therefore, these data indicate that blocking HIF-1a
activation efficiently protected the kidney against CKD progres-
sion after severe AKI.

KLF5 is upregulated by HIF-1a and promotes AKI to CKD
progression

A previous study indicated that the transcriptional response to
hypoxia was fine-tuned by HIF activity [26]. By using RNA-seq,
we recently found that KLF5, a HIF-1a transcriptional target
gene, was precisely regulated according to the degree of HIF-1a
activation during the progression of renal fibrosis [27]. To
elucidate the exact mechanism of HIF-1a activities in the
different outcomes of AKI, we investigated whether KLF5 plays
a critical role in determining the outcome of AKI. We found that
KLF5 mRNA and protein expression were significantly increased
on day 14 in the kidneys of mice with severe I/Rl compared to
those of mice with moderate I/RI (Fig. 4a, b). Immunofluores-
cence analyses further showed that KLF5 was mainly expressed
in the tubules of mice with severe I/RI (Fig. 4c). Moreover, HIF-1a
could bind to the KLF5 promoter (Supplementary Fig. S1),
demonstrating that KLF5 could be transcriptionally regulated by
HIF-1a under severe AKI conditions. Moreover, we found that
transforming growth factor-f (TGF-B1), a specific target of
KLF5 signaling [27], was markedly induced (Fig. 4d). Strikingly,
KLF5 expression was abrogated in the kidney after PX-478
treatment (Fig. 4e—g). Therefore, these data all indicate that KLF5
expression was stimulated by HIF-1 in severe AKI.
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Fig. 1 HIF-1a activation is associated with poor AKI outcomes. a Serum creatinine (Scr) levels on day 14 after 30 or 40 min ischemia/
reperfusion-induced renal injury (I/RI). b Representative histological changes (periodic acid-Schiff [PAS] staining) on day 14 after 30 or 40 min
of I/RI (n = 7). Scale bar, 100 um. ¢ Representative images of Masson staining (n = 7). Scale bars, 100 pm. d, e Quantitative real-time polymerase
chain reaction (qRT-PCR) and Western blotting analyses of a-SMA, collagen-1, and fibronectin expression. The relative levels were normalized
to p-actin or GAPDH (n = 7). f Representative images of a-SMA and collagen-1 immunostaining on day 14 in kidneys from mice subjected to
30 or 40 min I/RI (n = 7). Scale bar, 100 um. g Western blotting analyses of HIF-1a expression in kidney tissues (n = 7). h Representative images
of HIF-1a expression in kidney tissues from mice after 30 or 40 min of I/RI. Scale bar, 50 pm. Data are shown as the mean £ SEM of 7 mice. **P <
0.01 versus the sham control (Dunnett’s test). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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The role of KLF5 was then further explored by an in vitro study. As
shown in Fig. 4h, mouse primary TECs and HK-2 cells were treated to
simulate in vivo conditions. We found that modeling moderate I/RI
stimulated a low degree of HIF-1a expression, whereas modeling
severe |/Rl stimulated a high degree of HIF-1a expression
(Supplementary Fig. S2a—d). Severe I/Rl with a high degree of HIF-
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1a expression was sufficient to induce fibrogenesis of TECs and HK-2
cells, as assessed by a-SMA and collagen-1 expression (Supplemen-
tary Fig. S2e-h). Furthermore, KLF5 protein expression was
significantly increased in TECs with simulated severe I/RI (Supple-
mentary Fig. S3a, b). To further characterize the possible functional
effect of KLF5 on fibrogenesis in TECs, we knocked down KLF5 using
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siRNA and demonstrated that it markedly diminished the expression attenuated fibrotic lesions (Fig. 4m). Consistent with these results,
of TGF-B1, a specific target of KLF5 signaling (Fig. 4i). Moreover, a- siKLF5 significantly abrogated the expression of a-SMA and
SMA expression was also reduced significantly (Fig. 4j, k). This was collagen-1 (Supplementary Fig. S4). Together, these results demon-
further checked by in vivo experiments. We found that KLF5- strate that abnormal activation of HIF-1a promoted CKD progression
targeted siRNA (siKLF5) significantly reduced Scr levels (Fig. 4l) and following AKI via activating KLF5 signaling.
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mean = SEM for groups of seven mice. **P < 0.01 versus the scrambled negative control group (Mann-Whitney U test).
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KLF5 is stimulated by the HIF-1a C-TAD under severe hypoxic The function of the HIF-1a C-TAD is regulated by the action of
conditions FIH-1 on residue N803 within the C-TAD of HIF-1a. We assessed
Next, the underlying mechanism of the fibrogenesis response the hypothesis that the transcriptional effect of HIF-1a on KLF5
regulated by HIF-1a was explored. HIF-1a contains two indepen- was regulated by asparaginyl hydroxylation at residue N803.
dent transcriptional activation domains (TADs), the N-TAD and the Therefore, a single mutant HIF-1a at residue N803 (N803-Mut) and
C-TAD, among which the C-TAD is regulated by FIH-1. We found wild-type HIF-1a (WT) were constructed (Supplementary Fig. S5)
that the increased expression of KLF5 was diminished after and analyzed. We found that KLF5 expression was significantly
adenovirus-FIH-1 (Ad-FIH-1) transfection in primary TECs treated induced in cells transfected with the N803-Mut plasmid compared
with simulated severe I/RI (Fig. 5a). We then asked whether KLF5 to the WT plasmid-transfected cells (Fig. 5d). Furthermore, a
was directly stimulated by the HIF-1a C-TAD. Based on the fibrotic phenotype was also induced in the N803-Mut-transfected
luciferase reporter assay, compared with the controls, HIF-1a C- cells, as evidenced by the protein levels of a-SMA and collagen-1
TAD KO markedly reduced KLF5 activity (Fig. 5b), indicating (Fig. 5e). These results indicate that KLF5 was transcriptionally
transcriptional regulation of KLF5 by the HIF-1a C-TAD. In stimulated by the HIF-1a C-TAD under severe hypoxic conditions.
293T cells, HIF-1a TAD-Gal4, which contained the entire TAD

region (N-TAD and C-TAD), was activated following simulated HIF-1a C-TAD activation augments AKI to CKD transition

severe I/RI. This induction was mimicked by HIF-1a C-TAD-Gal4 (C- To clarify the role of the HIF-1a C-TAD in the AKI to CKD transition
TAD only; a.a. 776-826) but not by HIF-1a N-TAD-Gal4 (N-TAD in vivo, HIF-1a C-TAD overexpression in mice with 30 min I/RI was
only; a.a. 530-652) (Fig. 5¢). performed by Lv-HIF-1a C-TAD injection through the tail vein.
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Overexpression of the HIF-1a C-TAD significantly promoted the
progression of ischemia/hypoxia-induced kidney injury in Lv-HIF-
1a C-TAD-injected mice compared to that in Lv-NC-injected mice,
as evidenced by Scr levels and PAS and Masson staining
(Fig. 6a-c). Indeed, Lv-HIF-1a C-TAD administration markedly
promoted the transcript (Fig. 6d) and protein (Fig. 6e) levels of a-
SMA and collagen-1 in the kidneys of mice subjected to 30 min of
I/RI. These findings were also confirmed by immunofluorescence
analyses (Fig. 6f). In addition, we found that the overexpression of
the HIF-1a C-TAD markedly increased the transcript (Fig. 6g) and
protein (Fig. 6h) levels of KLF5 in mice with AKI. As expected, the
levels of TGF-B1, the specific target of KLF5 signaling, also
increased significantly (Fig. 6i). Thus, HIF-1a C-TAD activation
contributes to the AKI to CKD transition via KLF5 stimulation.

FIH-1 is the key factor influencing the outcome of AKI

Next, we investigated the potential mechanism underlying the
regulation of specific HIF target genes under varied AKI severities.
HIF-1 could be regulated by PHD and FIH-1. PHD activity is
supposedly more sensitive to hypoxia than that of FIH-1 [28].
Therefore, we speculated that FIH-1 was the critical factor
determining the precise regulation of HIF-1 transcriptional
responses in ischemia/hypoxia-induced AKI. To this end, we
examined the expression of FIH-1 in the kidneys of mice with
moderate and severe AKI. We found that FIH-1 expression was not
altered in whole renal cortical lysates of mice with moderate I/Rl,
whereas it significantly decreased in mice with severe I/RI (Fig. 7a).
Given that HIF-1a enters the nuclei during ischemia/hypoxia-
induced AKI, we expected FIH-1 in the nuclei to regulate HIF-1
activity. Therefore, the expression of FIH-1 in nuclear lysates of
renal cortical tissue was examined. Remarkably, we found that the
expression of FIH-1 was markedly decreased in the nuclear lysates
of mice after 40min of I/Rl (Fig. 7b), suggesting that the
transcriptional response of HIF-1a, which is negatively regulated
by FIH-1, was not repressed. Furthermore, FIH-1 expression was
also examined by immunofluorescence analyses. As shown in
Fig. 7¢c, in the normal kidney, FIH-1 was mainly localized in the
cytoplasm. However, in the kidneys of mice with severe I/RI, FIH-1
expression was decreased in both the nuclei and cytoplasm on
day 14.

The function of FIH-1 was also explored in vitro. We found that
FIH-1 expression was significantly decreased in whole lysates of
primary TECs with simulated severe I/Rl, as detected by Western
blotting (Fig. 7d). As expected, nuclear FIH-1 expression was
significantly increased in primary TECs with simulated moderate I/
Rl (Fig. 7e). The results were also confirmed in HK-2 cells (Fig. 7f).
To further characterize the key functional role of FIH-1 in
suppressing fibrogenesis of TECs, FIH-1 was overexpressed with
Ad-FIH-1. We observed a marked reduction in ao-SMA and
collagen-1 levels (Fig. 7g), indicating the inhibition of fibrogenesis
of TECs. Furthermore, to investigate whether FIH-1 directly
interacts with HIF-1a in tubules, we immunoprecipitated proteins
isolated from primary TECs using the HIF-1a antibody followed by
blotting with a FIH-1 antibody and revealed that the amount of
FIH-1 directly bound to HIF-1a in primary TECs with simulated
moderate I/Rl was significantly higher than that in cells with
simulated severe I/RI (Fig. 7h). Similar results were observed in HK-
2 cells (Fig. 7i). Thus, the results suggest that FIH-1 is the key factor
determining the outcomes of AKI.

FIH-1 overexpression prevents AKI to CKD progression

To confirm the functional effects of FIH-1 on AKI to CKD progression
in vivo, FIH-1 was overexpressed in mice with severe I/RI using Lv-
FIH-1 injection via the tail vein. The efficiency of overexpression in
tubules from the renal cortex was evaluated (Supplementary Fig. S6).
Compared with the control mice, the mice overexpressing FIH-1
showed efficient abrogation of the elevated Scr levels (Fig. 8a).
Importantly, tubule injury and protein casting were significantly

SPRINGERNATURE

diminished in the kidneys of Lv-FIH-1-injected mice with severe AKI
(Fig. 8b), suggesting that FIH-1 has a protective role in halting the
progression of AKI to CKD. Indeed, Lv-FIH-1-driven abrogation of
kidney disease progression was evidenced by Masson staining
(Fig. 8c), the transcript (Fig. 8d) and protein (Fig. 8e) levels of a-SMA
and collagen-1, and immunofluorescence analyses (Fig. 8f). In
addition, we also found that the overexpression of FIH-1 significantly
reversed the increase in KLF5 (Fig. 8g, h). Thus, the overexpression of
FIH-1 dramatically abrogated the progression of kidney disease
following AKI, implying that FIH-1 has a protective effect against the
AKI to CKD transition.

DISCUSSION

Convincing studies have shown that a single episode of AKI can
lead to subsequent progressive and fibrotic CKD [1, 2, 29].
However, the role of HIF-1a in AKI to CKD progression is poorly
understood. In the present study, we investigated the molecular
mechanisms that govern HIF-1a involvement in the distinct fates
of the kidneys after AKI. We clearly demonstrated that tubular HIF-
1a C-TAD, which was activated in severe AKI due to the loss of FIH-
1, played a critical role in driving AKI to CKD progression via
transcriptional regulation of KLF5. However, during mild/moderate
ischemic injury, the transcriptional response of the HIF-1a C-TAD
was inhibited due to functional FIH-1 in tubules, resulting in the
recovery of kidney function. Collectively, these findings elucidate
the molecular mechanism by which HIF-1 activity affects the AKI
to CKD transition and provide a therapeutic strategy for halting
hypoxia-mediated AKI to CKD progression.

Hypoxia is a critical instigator in the progression from AKI to
CKD. However, the exact mechanism underlying the hypoxia-
dependent progression of kidney diseases has not been clarified.
HIF is a critical transcription factor regulating the hypoxia
response and the master transcriptional regulator of hypoxia.
Recently, Shu and Dong et al. [30] summarized that tubular HIF-1a
has pleiotropic effects on kidney injury and repair. Our previous
research also revealed degree-dependent biphasic effects of HIF-
1a on CKD progression. Namely, moderate activation of HIF-1a
prevents CKD, while paradoxically, excessive activation of HIF-1a
promotes the progression of CKD [27]. This finding encouraged us
to further explore the possible role of tubular HIF-1a in mediating
CKD following hypoxia-induced AKI. In this study, in contrast to
transient activation of HIF-1a in kidneys with mild/moderate I/RI,
sustained activation of HIF-1 was found in kidneys with severe I/RI.
Indeed, our data revealed that the degree of HIF activation was
the main regulator of the outcome of AKI. Thus, we speculate that
excessive and sustained activation of HIF-1 might contribute to
the AKI to CKD transition.

Previous studies showed that HIF-1 protein was activated by
graded hypoxia in a degree-dependent manner [31]. Furthermore,
the number of modulated target genes was associated with the
degree of HIF-1 activation [32], suggesting that the regulation of
HIF-related gene expression may vary with hypoxia severity. Our
previous data demonstrated differences in transcriptome features
observed under conditions of moderate or excessive HIF-1
activation. Importantly, KLF5, which is transcriptionally regulated
by HIF-1q, plays a crucial role in renal fibrosis [27]. Interestingly, in
the present study, we found that tubular KLF5 was only induced
by HIF-1 in severe AKI and was required for fibrogenesis of TECs.
Moreover, we demonstrated the pathological effects of KLF5 in
subsequent progressive and fibrotic CKD after AKI in vivo. Chen
et al. [33] demonstrated that KLF5 was expressed in tubular cells
and associated with the pathogenesis of renal fibrosis in fibrotic
kidneys. KLF5 is reportedly a critical determinant in the remodel-
ing of injured tissue through the production of extracellular matrix
proteins and a variety of paracrine factors [34]. Thus, KLF5
activation induced by HIF-1 represents a novel mechanism for the
progression of severe AKI to fibrotic CKD.
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Fig. 6 Activation of the HIF-1a C-TAD promotes AKI to CKD progression. a Scr levels in mice subjected to 30 min of I/RI following Lv-HIF-1 C-
TAD administration. b, ¢ Representative images of PAS or Masson staining on day 14 of the kidneys of mice subjected to 30 min of I/RI
following Lv-HIF-1 C-TAD injection (n = 7). Scale bars, 100 pm. d qRT-PCR analyses of a-SMA, collagen-1, and fibronectin mRNA expression on
day 14 in kidney tissues from mice injected with Lv-HIF-1 C-TAD (n = 7). e The protein expression of a-SMA, collagen-1, and fibronectin in the
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Generally, the HIF system works to enable cells to adapt to
limited oxygen availability; however, the oxygen-dependent
biphasic effects of HIF-1 activation on the progression of CKD
following AKI are of particular interest. Preclinical studies have
indicated that HIF activation could have some harmful effects,
including fibrogenesis [15-17, 35, 36], although the precise
regulatory pathways for these effects are unclear. HIF-1a
possesses two TADs, namely, N-TAD and C-TAD. HIF-1 stabiliza-
tion (N-TAD) is regulated by PHD, which catalyzes the trans-4-
prolyl hydroxylation of HIF-1 at specific sites in the oxygen-
dependent degradation domains. HIF-1 activity (C-TAD) is
regulated by FIH-1, which catalyzes the hydroxylation of an
asparaginyl residue, leading to reduced interaction between
HIF-1 and transcriptional coactivators [37]. Convincing evidence
has demonstrated that FIH-1 is more active at lower oxygen
concentrations than PHDs, and most HIF-related genes are
positively sensitive to FIH-1 silencing [26, 32], suggesting that
the expression of distinct genes through the bifunctional
transcriptional character of HIF-1 could be determined by FIH-
1. We hypothesized that KLF5 transcriptional regulation by HIF-1
could be controlled by FIH-1. Indeed, in this study, a significant
decrease in FIH-1 expression was observed in severe AKI, and
KLF5 was transcriptionally regulated by HIF-1 due to the loss of
FIH-1. Moreover, FIH-1 overexpression ameliorated fibrotic CKD
progression in severe AKI via KLF5 inhibition, whereas recovery
from mild/moderate AKI occurred instead of subsequent
progressive and fibrotic CKD when HIF-1 C-TAD activity was
overexpressed. Relevant to our findings, a study showed that
activation of the C-TAD is essential for HIF-1a-mediated
angiogenic effects through transcriptional expression of the
VEGF gene [38]. Yeh et al. [39] noted that FIH-1-dependent HIF-1
C-TAD target genes were not induced upon PHD inhibitor
treatment but only upon stimulation of the function of the HIF-1
N-TAD. Thus, FIH-1 may be a critical regulator of HIF-1a-induced
KLF5 expression, contributing to the progression of AKI to CKD.

Specific PHD inhibitors, which only stimulate the function of the
HIF-1a N-TAD, have been used for treating renal anemia [40]. It is
clinically important to elucidate the exact functions of the C-TAD
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and N-TAD. To our knowledge, this study represents the first
discussion of this concern. We demonstrated that the HIF-1a C-
TAD, not the N-TAD, played a critical role in CKD progression by
transcriptionally stimulating KLF5. Thus, our findings highlight a
previously unrecognized function of the HIF-1a C-TAD and
provide new insights into the pleiotropic effects of HIF-1 activation
in AKI.

In summary, we demonstrated that loss of tubular FIH-1
contributed to the activation of HIF-1a C-TAD, promoting the
progression of CKD by transcriptionally upregulating KLF5, a
specific HIF-1a C-TAD target gene (Fig. 9). These findings provide a
new understanding of the molecular mechanisms of hypoxia-
induced AKI to CKD progression and indicate a novel strategy for
the prevention of AKI to CKD progression.
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