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The profibrotic effects of MK-8617 on tubulointerstitial
fibrosis mediated by the KLF5 regulating pathway
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ABSTRACT: The discovery of hypoxia-inducible factor (HIF)-prolyl hydroxylase inhibitor (PHI) has revolutionized
the treatment strategy for renal anemia. However, the presence ofmultiple transcription targets of HIF raises safety
concerns regardingHIF-PHI.Here,we explored the dose-dependent effect ofMK-8617 (MK), a kind ofHIF-PHI, on
renal fibrosis.MKwas administered by oral gavage tomice for 12wk at doses of 1.5, 5, and 12.5mg/kg. In vitro, the
human proximal tubule epithelial cell line HK-2 was treated with increasing doses of MK administration. Tran-
scriptomeprofilingwasperformed, and fibrogenesiswasevaluated. Thedose-dependent biphasic effects ofMKon
tubulointerstitial fibrosis (TIF) were observed in chronic kidney disease mice. Accordingly, high-dose MK treat-
ment could significantly enhance TIF. UsingRNA-sequencing, combinedwith in vivo and in vitro experiments, we
found that Krüppel-like factor 5 (KLF5) expression level was significantly increased in the proximal tubular cells,
which could be transcriptionally regulated by HIF-1a with high-dose MK treatment but not low-dose MK. Fur-
thermore, our study clarified that HIF-1a–KLF5–TGF-b1 signaling activation is the potential mechanism of
high-doseMK-induced TIF, as knockdown of KLF5 reduced TIF in vivo. Collectively, our study demonstrates that
high-dose MK treatment initiates TIF by activating HIF-1a–KLF5–TGF-b1 signaling. These findings provide
novel insights into TIF induction by high-dose MK (HIF-PHI), suggesting that the safety dosage window needs
tobe emphasized in future clinical applications.—Li, Z.-L., Lv, L.-L.,Wang, B., Tang, T.-T., Feng, Y., Cao, J.-Y., Jiang,
L.-Q., Sun, Y.-B., Liu, H., Zhang, X.-L., Ma, K.-L., Tang, R.-N., Liu, B.-C. The profibrotic effects of MK-8617
on tubulointerstitial fibrosis mediated by the KLF5 regulating pathway. FASEB J. 33, 000–000 (2019).
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The identification of oxygen-dependent prolyl hydrox-
ylase (PH) domain (PHD) enzymes as regulators of
hypoxia-inducible factor (HIF)-dependent erythropoiesis
has led to the development of novel therapeutic agents for
renal anemia (1, 2). The molecular mechanisms by which
HIF-PH enzymes regulate the activity of HIF are well
known. HIF is made up of 2 subunits: oxygen-responsive

HIF-1a or HIF-2a, and constitutive HIF-b. Under nor-
moxic conditions, HIF-a, which is synthesized continu-
ously, is hydroxylated by the HIF-PH enzymes. The
resulting hydroxylated HIF-a is rapidly degraded by the
vonHippel-Lindau–E3 ubiquitin ligase complex following
ubiquitylation. When oxygen levels decrease, HIF-PH in-
hibition allows HIF-a translocation to the nucleus, where
dimerizationwith HIF-b occurs, resulting in the activation
of a large array of target hypoxia-responsive genes, in-
cluding erythropoietin (EPO), andmultiple genes involved
in iron metabolism (3, 4). Thus, HIF-PH inhibitors (PHIs)
primarily function by mimicking the hypoxia-driven ex-
pression of endogenous EPO and other associated genes.

Apart from EPO and multiple genes involved in iron
metabolism, genes regulated by HIF also possess a broad
spectrum of cellular functions and biologic processes (5).
In fact, genes that aredirectly regulatedbyHIFand several
hundred high-stringency HIF binding sites have been
identified across the genome (6). HIF-PHI, an active in-
hibitor of HIF-PHDs, may affect the expression of genes
with less-obvious roles in erythropoiesis and adaptation
to hypoxia, which are involved in diverse pathways,
including cell differentiation and immune responses (7).

ABBREVIATIONS: a-SMA, a-smooth muscle actin; AQP, aquaporin; BUN,
blood urea nitrogen; CCK-8, Cell Counting Kit-8; ChIP, chromatin im-
munoprecipitation; CKD, chronic kidney disease; ECM, extracellular
matrix; EPO, erythropoietin; Hb, hemoglobin; HIF, hypoxia-inducible
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Therefore, the potential effects of HIF-PHIs on diverse
pathways and the exact mechanisms are of major clinical
and basic scientific concern.

AlthoughHIF-PHIswerewell tolerated inphase 2 trials
and are currently in phase 3 clinical trials to treat patients
withchronic kidneydisease (CKD)andanemia (8, 9), there
are several safety concerns related to the potential non-
erythropoietic effects due to repeated or persistent HIF
activation. Moreover, other teams and ours demonstrated
that HIF is involved in the regulation of a broad spec-
trum of matrix turnover, inflammation, and fibrogenesis
(10–12). Thus, it is a considerable concern whether HIF
activation induced by HIF-PHIs is beneficial or detri-
mental to the progression of CKD.

MK-8617 (MK), a recently identified, selective, orally
bioavailable HIF-PHI, actively stimulates erythropoiesis
(13). In this study, we evaluated the dose-dependent ef-
fects of MK on renal fibrosis. We demonstrated that
high-dose MK treatment could significantly initiate tubu-
lointerstitial fibrosis (TIF) by activating the HIF-1a–
Krüppel-like factor 5 (KLF5)–TGF-b1 signaling pathway.
This finding represents a previously unrecognized insight
into the nonerythropoietic effects of HIF-PHIs.

MATERIALS AND METHODS

Animals

Experiments were performed with 6–8-wk-old, 20–22-g male
C57BL/6 mice (Vital River Laboratory Animal Technology,
Beijing,China). Themicewerehoused in a specificpathogen–free
environment at the Animal Center of the Southeast University
School of Medicine at optimal temperature with a 12-h light/
dark cycle. Themice were also provided free access towater and
standard mouse chow. The experimental procedures were ap-
proved by the Ethics Review Committees for Animal Experi-
mentation of Southeast University. Subtotal nephrectomy (5/6
nephrectomy, 5/6Nx) model was performed as previously de-
scribed by Yokoro et al. (14).

Lentiviral gene transfer in vivo

Lentiviruses (Lvs) expressing short-hairpin RNAs (shRNAs)
targeting KLF5 (Lv-shKLF5) and negative control (NC) (Lv-
shNC) were purchased from GenePharma (Shanghai, China).
The shRNA targeting sequences were as follows: shKLF5, 59-
GCTCCCTCCAGTTCCGATAAT-39, and shNC, 59-TTCTCCG-
AACGTGTCACGT-39. Lv-mediated gene transfer in kidneys of
5/6Nx mice was performed by tail vein injection (5 3 108 TU/
wk/mouse). Ten weeks postinjection, animals were euthanized,
and tissues were rapidly collected.

HIF-PHI MK treatment

Twelve-week study with HIF-PHI MK in mice

MK was obtained from Selleck Chemicals (Houston, TX, USA).
The 5/6Nx mice (n = 7–9 per group) were dosed with vehicle
[DMSO:PEG400:water (5:40:55, v/v/v)] or MK [1.5, 5, or 12.5
mg/kg (mpk) in vehicle] once daily for 12 wk. A group of
age-matched, sham-treated control vehicle-administered mice
(n = 6) were included in the experiments. In wk 0, 2, 4, 7, 10, and
12, blood samples were obtained via tail vein for hemoglobin
(Hb)-level analyses (Supplemental Fig. S1).

Ten-week study with HIF-PHI MK in mice with Lv-shKLF5

The5/6NxmicewithLv-shKLF5orLv-shNC(n=4/group)were
administered MK once daily for 10 wk (12.5 mpk in vehicle
[DMSO:polyethyleneglycol 400 (PEG400):water (5:40:55,v/v/v)])
(see Supplemental Fig. S2).

Plasma and urinary parameters

Serum and urinary creatinine, serum blood urea nitrogen (BUN),
serum aspartate aminotransferase, serum alanine aminotrans-
ferase, and Hb levels were quantified using commercial kits
(Jiancheng, Nanjing, China). Albumin concentrations in the col-
lected urinary samples were measured using specific ELISA kits
(Jiancheng) according to the manufacturer’s instructions. Albu-
min excretion is presented as micrograms of albumin per milli-
gram of creatinine. Serum EPO (Elabscience Biotechnology,
Wuhan, China), VEGFA, hepcidin, and hypersensitive C-reactive
protein (all from R&D Systems, Minneapolis, MN, USA) levels
were measured using the commercially available ELISA kit
according to the protocols.

Cell culture

The human proximal tubular epithelial cell (TEC) line HK-2 was
purchased from American Type Culture Collection (Manassas,
VA, USA). Cells were cultured in DMEM–Ham’s F-12 medium
(GE Healthcare, Waukesha, WI, USA) supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA,
USA), penicillin (100 IU/ml), and streptomycin (100 mg/ml;
Thermo Fisher Scientific) in a humidified atmosphere of 5% CO2
and 95% O2 at 37°C.

Cell viability assay

Cell viability was examined by the Cell Counting Kit-8 (CCK-8)
assay kit according to the manufacturer’s instructions (ApexBio
Technology, Houston, TX, USA). Briefly, the HK-2 cells were
seeded in 96-well plates at a density of 53 104 cells/ml for 24 h
and treated with various concentrations of MK (0, 50, 150, 500,
1000, and2000nM) for24hat 37°C,and then10mlCCK-8 reagent
was added to themedium and incubated for 2 h. The absorbance
was detected at 450 nm.

Self-organizing map and bioinformatics analysis

We used RNA-sequencing to characterize the expression pat-
terns of mRNA genes in HK-2 cells treated with MK. Self-
organizing maps were intuitively used to analyze the structure
and interrogate transcriptome data, as previously described by
Kim et al. (15). The Kyoto Encyclopedia of Genes and Genomes
database (KEGG; https://www.genome.jp/kegg/kegg1.html), a bio-
informatics resource for the genome, was used to identify the
significant pathways of the targeted genes.

Real-time quantitative PCR and small RNA
interference studies

Frozen tissues or cells were analyzed for specific gene expres-
sion using real-time quantitative PCR. Briefly, total RNA was
extracted using Trizol (Takara, Kyoto, Japan) and reverse tran-
scribed using PrimeScript RT Reagent Kit (Takara). Real-time
quantitative PCRwasperformedon a 7300PCRSystem (Thermo
Fisher Scientific). Primers for real-time quantitative PCR are
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listed in Supplemental Table S1. Relative expression was nor-
malized to glyceraldehyde 3-phosphate dehydrogenase levels.
For small interfering RNA (siRNA)-mediated knockdown of
KLF5 and HIF-2a (Genepharma), HK-2 cells were transfected
with 80 nM siRNA against human KLF5 (sense 59-GCAGA-
CUGCAGUGAAACAATT-39; antisense 59-UUGUUUCACUG-
CAGUCUGCTT-39) and human HIF-2a (sense 59-GCAUCAU-
GUGUGUCAACUAUU-39; antisense 59-AAUAGUUGACACA-
CAUGAUGC-39). A scramble sense control was used as the NC.

Western blotting

Western blotting was performed as previously described by
Liu et al. (16). Anti–glyceraldehyde 3-phosphate dehydrogenase
(CW0100M; Cwbio, Beijing, China), anti–HIF-1a (ab2185), anti–
HIF-2a (ab199), anti–a-smooth muscle actin (a-SMA) (ab5694),
anti–collagen-I (ab34710), anti-fibronectin (ab2413), anti-KLF5
(ab137676), and anti–TGF-b1 (ab82486) (all from Abcam, Cam-
bridge, MA, USA) antibodies were used.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed with
Simple ChIP Enzymatic ChIP Kit (magnetic beads) (9003; Cell
Signaling Technology, Danvers, MA, USA) as previously de-
scribed (12). Immunoprecipitation was performed with the an-
tibodyagainstHIF-1a (ab2185;Abcam) or normal IgGas theNC.
Precipitated DNA fragments were detected by PCR using pri-
mers specific for the promoter region of KLF5: forward 59-
CGGGCTCAAGTGATTCTCCT-39, reverse 59-GGAAACCCT-
GTCCCTACTAAAAGTA-39.

FISH

EPO transcripts were detected in formalin-fixed, paraffin-
embedded kidney tissue sections using the RNAscopeMultiplex
Fluorescent Kit according to the manufacturer’s instructions
(Ribobio, Guangzhou, China). Fluorescent dye (FAM)-labeled
locked nucleic acid oligonucleotide was used as a probe (Gene-
pharma) to detect EPOmRNA; scramble locked nucleic acidwas
used as the control. Pictures were recorded using an Olympus
FV-1000 confocal microscope (Olympus, Tokyo, Japan).

Immunofluorescence and immunohistochemistry

Immunofluorescence and immunohistochemistry were per-
formed as previously described by Liu et al. (16). The pri-
mary antibodies anti–HIF-1a (ab2185), anti–HIF-2a (ab199),
anti–collagen-I (ab34710), anti-KLF5 (ab137676), anti-KLF5
(sc-398470; Santa Cruz Biotechnology, Dallas, TX, USA), anti-
aquaporin (AQP)1 (NB600-749; Novus, Centennial, CO, USA),
anti-megalin (sc-515772; Santa Cruz Biotechnology), anti-NaCl
cotransporter (NCC, AB3553; MilliporeSigma, Burlington, MA,
USA), anti-AQP2 (NB110-74682;Novus), anti–TGF-b1 (sc-52893;
Santa Cruz Biotechnology), and anti–TGF-b1 (ab82486) were
used.

Statistical analyses

Dataarepresentedasmeans6 SEM.Forexperiments comparing2
groups, the results were analyzed using the Student’s t test or
Mann-WhitneyU test.When.2groupswere compared, a 1-way
ANOVAfollowedbyDunnett’s test or Bonferroni correctionwas
employed to analyze the differences using SPSS v.20.0 (IBM

SPSS, Chicago, IL, USA). A 2-sided value of P , 0.05 was con-
sidered significant.

RESULTS

MK treatment has dose-dependent biphasic
effects on Hb and kidney function

First,we analyzed changes of bodyweight and serological
parameters after 12 wk of MK treatment (Supplemen-
tal Table S2). Interestingly, compared with vehicle-
administered CKD mice, body weight was markedly
decreased in mice dosed 12.5 mpk. EPO expression level
was significantly increased in MK-treated mice, but this
wasmarkedly lower inmice administered 12.5mpk than
5 mpk. Meanwhile, hepcidin levels significantly de-
creased in MK-treated mice compared with vehicle-
administered CKD mice, with a significant increase in
mice administered 12.5 mpk compared with those given
5 mpk. We also found that hypersensitive C-reactive
protein and VEGFA levels were significantly increased
in mice given 12.5 mpk compared with 5 mpk and
vehicle-administeredCKDmice. In addition, no changes
in serum alanine aminotransferase and aspartate ami-
notransferase levels were observed.

Unexpectedly, we found that the spleen of mice ad-
ministered 1.5 or 5mpkMKappeared darker in color than
those given 12.5 mpkMK and vehicle-administered CKD
mice. Splenomegalywas observed inmice given 12.5mpk
MK (Supplemental Fig. S3A). Histologic analysis of
spleens in mice administered 12.5 mpk MK revealed dis-
ruption in splenic architecture, reduced size of white pulp
germinal centers, and a concomitant increase in red pulp
(Supplemental Fig. S3B), suggesting that high-dose MK
treatment might be harmful to spleen, a frequent site of
extramedullary hematopoiesis in adult mice. To evaluate
the effects of different MK doses on hematopoiesis, Hb
levelsweremeasured. Interestingly, before 7wk,Hb levels
increased significantly in a dose-dependentmanner. After
7 wk, Hb continued to increase the doses of 1.5 or 5 mpk,
and a significant decrease in Hb level with 12.5 mpk MK
(Fig. 1A). For renal function, compared with vehicle-
administered CKDmice, serum creatinine (SCr) and BUN
were significantly decreased in mice given 1.5 or 5 mpk
and increased in those administered 12.5 mpk MK (Fig.
1B).As expected, the sametrendwasseen for albuminuria.
The data suggest that therewere dose-dependent biphasic
effects of MK on Hb and kidney function.

Non–cell-type-specific HIF-2a and HIF-1a
stabilization by MK

We examined the effect of MK on HIF-2a and HIF-1a ex-
pression in kidney. Strikingly, Western blotting showed
that MK could dose dependently stabilize HIF-2a and
HIF-1a (Fig. 2A). Using immunohistochemistry analysis,
we found that HIF-2a and HIF-1a were expressed in all
cell types of the kidney (Fig. 2B, C), revealing no cell
type–specific HIF-2a and HIF-1a stabilization by MK. As
the HIF-dependent EPO gene is the target of HIF-PHI
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treatment in anemia, EPOgene levelswere analyzed. Real-
time PCR analysis shows that EPOmRNA expressionwas
significantly increased in the kidney of mice administered
1.5 or 5mpkMK andwas significantly lower in the kidney
of mice given 12.5 mpk compared with 5 mpk MK (Fig.
2D). Furthermore, the FISH study indicates that renal in-
terstitial cells were the sites of EPO production (Fig. 2E).

MK has dose-dependent biphasic effects on
TIF in vivo

Notably, as detected by Masson staining, TIF was signifi-
cantly attenuated in mice administered 1.5 or 5 mpk MK,
whereas it was markedly increased in mice with the
12.5-mpk dosing comparedwith the vehicle-administered
CKDmice (Fig. 3A). Furthermore, we analyzed transcript
and protein levels of a-SMA, collagen-I, and fibronectin,
which have defined roles in TIF. Compared with the
vehicle-administered CKD mice, a-SMA, collagen-I, and
fibronectin mRNA were significantly decreased in the
kidney of mice given 1.5 or 5 mpk MK and markedly in-
creased in mice administered 12.5 mpk (Fig. 3B). The
protein expression pattern associated with TIF was also
confirmed by Western blotting (Fig. 3C). By using
collagen-I antibody for immunofluorescence, fibrosis was
found to be predominantly located in the tubulointer-
stitium (Fig. 3D).

High-dose MK induces fibrogenesis in TECs

Convincing evidence indicates thatTECsas adriving force
contributes to interstitial inflammation and fibrosis (17).

To investigate the potential fibrogenic effect of MK on the
TEC, a humanproximal TEC line (HK-2)was used. First, a
cell viability assay was performed in HK-2 cells with MK
treatment at increasing concentrations from 0 to 2000 nM
for 24 h using a CCK-8 assay. MK treatment did not de-
crease cell viability of HK-2 cells at the concentrations
within 1000 nM. However, decreased cell viability was
observed in HK-2 cells treated with MK at the concentra-
tion of 2000 nM (Supplemental Fig. S4). These results in-
dicate that no obvious cellular toxicity on HK-2 cells was
within 1000 nM. Thus, the HK-2 cells were administrated
with MK at increasing concentrations from 0 to 1000 nM.
WesternblottingshowedthatMKcoulddosedependently
stabilize HIF-2a and HIF-1a (Fig. 4A). Interestingly, as
indicated by the transcript and protein levels of a-SMA,
collagen-I, and fibronectin, fibrogenesis was promoted in
HK-2 cells with doses of 500 and 1000 nMMK (Fig. 4B, C).
Furthermore, to prove that the profibrotic effect of
high-doseMK treatment depended on the HIF-1a but not
HIF-2a activation, we knocked down HIF-2a expression
by siRNA interference in HK-2 cells before administration
of MK. Interestingly, as indicated by the protein levels of
a-SMA and collagen-I, the fibrogenic effect of high-dose
MK treatment depended on the HIF-1a but not HIF-2a
activation (Fig. 4D). It thus seems that fibrogenesis of TEC
could be induced by high-dose MK.

Transcriptional regulation of KLF5 by HIF-1a
plays a central role in TIF

To investigate the exact mechanisms of the fibrogenic ef-
fect induced by MK, a genome-wide gene expression
analysis was performed in MK-stimulated HK-2 cells at

Figure 1. Dose-dependent biphasic effects of MK on Hb and renal function. A) Changes in Hb following an oral dose of MK to
CKD mice for 12 wk; means 6 SEM (n = 6–9). #P , 0.01, 5/6Nx-1.5 mpk vs. 5/6Nx-V; $P , 0.01, 5/6Nx-5 mpk vs. 5/6Nx-V; &P ,
0.01, 5/6Nx-12.5 mpk vs. 5/6Nx-V; @P , 0.01, 5/6Nx-12.5 mpk vs. 5/6Nx-5 mpk. B) SCr, BUN, and urinary albumin/creatinine
(ACR) levels were assessed. **P , 0.01 vs. 5/6Nx-V, #P , 0.01 vs. 5/6Nx-5 mpk (means 6 SEM; n = 6–9).
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low (50 nM) and high (1000 nM) doses. To identify the
inherent transcriptome features in TEC with MK admin-
istration, a self-organizing map was applied for feature
selection. To facilitate direct comparison betweendifferent
MKtreatmentdoses, component planepresentationswere
used to display sample-specific transcriptome changes
(Supplemental Fig. S5A). The topological relationships of 7

clusters are shown in Supplemental Fig. S5B. Geneswithin
the same cluster displayed highly similar expression pat-
terns, suggesting that they may share common features.
As genes highly expressed in the high-doseMKgroup,we
collected genes differentially expressed (false-discovery
rate,0.05) in cluster 4 (Fig. 5A) and performed pathway
analysis to determine whether they shared regulatory

Figure 2. Non–cell-type-specific HIF-2a and HIF-1a stabilization by MK. A) Western blotting results of HIF-2a and HIF-1a
expression in the cortex of kidney. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. B, C) Representative results of HIF-2a
(B) and HIF-1a (C) immunostaining. Scale bars, 50 mm. D) EPO mRNA expression by real-time PCR. E) Representative images of
EPO mRNA detection by RNA in situ hybridization. Scale bars, 50 mm. Data are presented as the means 6 SEM of 6–9 mice. *P ,
0.05, **P , 0.01 vs. 5/6Nx-V, #P , 0.01 vs. 5/6Nx-5 mpk.
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features of fibrogenesis. As shown in Supplemental Fig.
S5C, the significant pathways in this cluster include those
associated with fibrogenesis, suggesting that high-dose
MK treatment may have a potential fibrogenic effect on
TECs.

Intriguingly,KLF5expressionappeared tobemarkedly
up-regulated in high-doseMK-stimulatedHK-2 cells (Fig.
5A). Thus, genome-wide sequencing analysis data were
validated both in vivo and in vitro using real-time quanti-
tative PCR. We found that KLF5 mRNA level was signif-
icantly increased in the kidney of mice dosed at 12.5 mpk
(Supplemental Fig. 5D), and its protein expression pattern
was also confirmed by Western blotting (Fig. 5B). Immu-
nofluorescence analysis further revealed that in normal
kidneys, KLF5 was expressed in some specific cells, in-
cluding the collecting ducts and glomerular cells, but not

in proximal and distal tubules. However, in the kidney of
mice administered 12.5 mpk MK, KLF5 was expressed in
all tubular cells, including the proximal and distal tubules
(Fig. 5C), suggesting that KLF5 expression in the proximal
and distal tubules might contribute to TIF. More in-
terestingly, after 1000 nM MK administration in vitro,
KLF5 mRNA and protein expression were significantly
up-regulated (Supplemental Fig. S5E, F). These data in-
dicate that KLF5 might be involved in TIF induction by
high-dose MK.

To determine the exact mechanisms of KLF5 up-
regulation induced byMK, in silico analysis was employed.
Computational transcription factor-binding site pre-
diction in the promoter region suggested thatHIF-1amay
transcriptionally regulate KLF5 (Supplemental Fig. S6).
Thus, we performed chromatin immunoprecipitation

Figure 3. Dose-dependent biphasic effects of MK on TIF in vivo. A) Representative images of Masson staining of the kidney. Scale
bars, 100 mm. B, C) a-SMA, collagen-I, and fibronectin mRNA and protein expression in the cortex of kidney, as determined by
real-time PCR (B) and Western blotting (C). GAPDH, glyceraldehyde 3-phosphate dehydrogenase. D) Representative images of
collagen-I immunostaining. Scale bars, 100 mm. Data are presented as the means 6 SEM of 6–9 mice. *P , 0.05, **P , 0.01 vs.
5/6Nx-V, #P , 0.01 vs. 5/6Nx-5 mpk.
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assays to confirm the presence of HIF-1a at the promoter
region of KLF5. As expected, HIF-1a did not bind to the
KLF5 promoter under basal conditions and low-dose
(50 nM) MK treatment, but HIF-1a binding could be
enriched on this promoter by high-dose (1000 nM) MK
administration to HK-2 cells (Fig. 5D), demonstrating the
direct interactionbetweenHIF-1a andKLF5 in response to

high-dose MK. HIF-1a is therefore a strong positive reg-
ulator of the KLF5 gene during high-dose MK treatment.

To further characterize a possible functional effect of
KLF5 on fibrogenesis in TEC, KLF5 knockdown experi-
ments using siRNA-targetedKLF5were performed. KLF5
protein level was significantly down-regulated after KLF5
siRNA transfection in MK (1000 nM)-treated HK-2 cells.

Figure 4. Fibrogenic effects of MK in TECs. A) Western blotting results of HIF-2a and HIF-1a expression in HK-2 cells treated
with MK for 24 h. B, C) Effects of different doses of MK on a-SMA, collagen-I, and fibronectin mRNA (18 h) and protein (24 h)
in HK-2 cells, as determined by real-time PCR (B) and Western blotting (B). Data are presented as means6 SEM of 3 independent
experiments. *P , 0.05, **P , 0.01 vs. vehicle. D) Western blotting results of a-SMA and collagen-I expression in HK-2 cells with
MK treatment after HIF-2a siRNA interference (n = 3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 5. Transcriptional regulation of KLF5 by HIF-1 plays a key role in TIF. A) Hierarchical clustering shows distinct mRNA
expression profiling among groups. The red and green shades indicate the expression above and below the relative expression,
respectively, across all samples. B) KLF5 protein expression in the kidney cortex after MK treatment. **P , 0.01 vs. 5/6Nx-V,
#P , 0.01 vs. 5/6Nx-5 mpk. (Means 6 SEM; n = 6–9). C) Representative data of KLF5 immunostaining in kidney. Scale bars, 100

(continued on next page)
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Meanwhile, knockdown of KLF5 markedly diminished
the increase ina-SMA, collagen-I, and fibronectin (Fig. 5E).
These data further indicate that KLF5 transcriptionally
regulated by HIF-1a contributes to TIF during high-dose
MK treatment.

KLF5 stimulates fibrogenesis by
up-regulating TGF-b1

Convincing evidence has shown that TGF-b, a critical
initiator in tissue fibrosis due to its regulation of the pro-
duction of extracellular matrix (ECM) components (18),
including various types of collagen and fibronectin, lies
downstreamofKLF5 (19). To examine the potential role of
the KLF5–TGF-b1 axis in TIF, the effect of MK on TGF-b1
expression in vivo was examined. Interestingly, real-time
PCR results show that TGF-b1 mRNA was significantly
increased in the kidney of mice administered at 12.5 mpk
(Supplemental Fig. S7), and its protein expression pattern
was confirmed by Western blotting (Fig. 6A). Immuno-
histochemistry and immunofluorescence analysis further
revealed that, in the proximal and distal tubules of mice
administered 12.5mpkMK treatment, TGF-b1 expression
levelwas significantly increased (Fig. 6B). Furthermore, an
increasing expressionofTGF-b1proteinwith500and1000
nM MK treatment was observed in vitro (Fig. 6C). To ex-
amine the potential regulatory role of KLF5 in TGF-b1,we
performed KLF5 knockdown experiments using siRNA
against KLF5. Strikingly, compared with HK-2 cells
transfected with nonspecific NC, KLF5 knockdown sig-
nificantly attenuated TGF-b1 protein up-regulation in
HK-2 cells with high-dose (1000 nM) MK treatment (Fig.
6D). Thus, KLF5–TGF-b1 axis activation promotes TIF
during high-dose MK treatment.

KLF5 activation induced by high-dose MK
promotes TIF in CKD mice

To confirm the functional fibrogenic effects of KLF5 on
kidney in vivo, KLF5 knockdown in mice was performed
using Lv-shKLF5. Notably, renal knockdown efficiency
was evidenced (Supplemental Fig. S8A, B).MK (12.5mpk)
was administered to Lv-shKLF5 and Lv-shNC–injected
CKD mice. Interestingly, Lv-shKLF5–injected mice de-
veloped redness in their snouts and paws (Supplemental
Fig. S8C), suggesting potential anemia correction and
renoprotection. Indeed, thedecreasedHbandEPOmRNA
levels were significantly diminished in Lv-shKLF5–
injected mice (Supplemental Fig. S8D, E). Meanwhile, the

injuries in kidney due to high-doseMK, as determined by
biochemical measurements (SCr and BUN) and periodic
acid-Schiff and Masson staining, were diminished by
Lv-shKLF5 injection (Fig. 7A–C). Interestingly, as shown
in Fig. 7D, E, Lv-shKLF5 largely abrogated the fibrogenic
effect of MK, as evidenced by the transcript and protein
levels of TGF-b1, a-SMA, collagen-I, and fibronectin.
Meanwhile, these results were also confirmed by TGF-b1
and collagen-I immunostaining (Fig. 7F, G), further sup-
porting the essential role of the KLF5–TGF-b1 axis in
mediating TIF during MK treatment. These results dem-
onstrate that the critical role of KLF5 in TIF is induced by
high-dose MK treatment.

DISCUSSION

Current findings suggest thatHIF-PHIs,which are in trials
for treatment of anemia caused by renal insufficiency, are
clinically effective and well tolerated in phase 2 clinical
trials (2, 8, 9, 20, 21). However, whether different doses of
HIF-PHI treatment could alter the progression of kidney
disease is uncertain. Here, we demonstrate that there are
dose-dependent biphasic effects ofMK treatment onTIF in
CKD. Accordingly, high-dose MK treatment could sig-
nificantly enhance TIF. We demonstrated that KLF5 ex-
pression was significantly increased in the proximal
tubular cells, which could be transcriptionally regulated
by HIF-1a with high-dose MK treatment. Moreover, we
clarified that HIF-1a–KLF5–TGF-b1 signaling activation
represents a novel molecular mechanism in which
high-dose MK treatment promotes TIF. These findings
provide unique insights into the interdigitating mecha-
nisms of HIF-PHI treatment in the kidney.

Defining the dose windows of HIF-PHI treatment with
the greatest degree of accuracy is important, but un-
fortunately, this has yet to be performed. Previous studies
have suggested that HIF activation over long periods
promotes renal fibrosis (10, 22, 23). However, the effect of
different HIF-PHI treatment doses on CKD progression
has not been addressed. In the present study, we found
that there were dose-dependent biphasic effects of MK on
CKD progression. Namely, treatment with low- and
middle-dose MK would be beneficial to kidney function
via TIF amelioration. Paradoxically, high-dose MK treat-
ment would aggravate the decline in kidney function by
promoting TIF. Thus, the opposing effects of differentMK
treatment doses on TIF raise an important issue regarding
drugs that target the HIF-mediated oxygen-sensing and
response system.

mm. Representative immunofluorescence double staining of AQP1 (green, proximal tubules), NCC (green, distal tubules), AQP2
(green, collecting ducts), and KLF5 (red) in kidneys of mice. Scale bars, 40 mm. D) Chromatin immunoprecipitation assays show
binding of HIF-1 to KLF5 promoter, which is mediated by MK stimulation (1000 nM for 18 h). E) Effect of KLF5 knockdown
using KLF5 siRNA on protein expression of a-SMA, collagen I, and fibronectin in HK-2 cells treated with MK for 24 h, as
determined by Western blotting. ADPRHL1, ADP-ribosylhydrolase-like 1; ATF3, activating transcription factor 3; DOK3, docking
protein 3; FGFR1, fibroblast growth factor receptor 1; FOXC1, Forkhead box C1; GAD1, glutamate decarboxylase 1; GALNT18,
polypeptide N-acetylgalactosaminyltransferase 18; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL1RAP, interleukin 1
receptor accessory protein; IL6R, interleukin 6 receptor; ISM2, isthmin 2; ITPR1, inositol 1,4,5-trisphosphate receptor type 1;
RASD2, RASD family member 2; RHBDL1, rhomboid-like 1; SIRT2, sirtuin 2; TGFA, TGFa; TNFAIP3, TNFa-induced protein 3;
SMAD9, SMAD family member 9; TPSG1, tryptase g1. **P , 0.01 vs. vehicle (means 6 SEM; n = 3).
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Figure 6. KLF5 stimulates fibrogenesis via TGF-b1. A) Representative Western blotting results of TGF-b1 in the kidney after MK
treatment. *P , 0.05, **P , 0.01 vs. 5/6Nx-V, #P , 0.01 vs. 5/6Nx-5 mpk (means 6 SEM; n = 6–9). B) Representative data for
TGF-b1 immunostaining in kidney after MK treatment. Scale bars, 50 mm. Representative immunofluorescence double staining
of Megalin (green, proximal tubules), NCC (green, distal tubules), AQP2 (green, collecting ducts), and TGF-b1 (red) in kidneys
of mice. Scale bars, 40 mm. C) Effect of MK on TGF-b1 protein (24 h) in HK-2 cells. **P , 0.01 vs. vehicle (means 6 SEM; n = 3).
D) Effect of KLF5 knockdown using KLF5 siRNA on TGF-b1 protein expression. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. **P , 0.01 vs. vehicle (means 6 SEM; n = 3).
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Figure 7. KLF5-dependent fibrogenic effects of high-dose MK in vivo. A) SCr and BUN levels were assessed. B) Representative
changes in periodic scid-Schiff (PAS) staining. Scale bars, 100 mm. C) Representative changes in Masson staining. Scale bars,
50 mm. D, E) mRNA and protein (TGF-b1, a-SMA, collagen-I, and fibronectin) expression in the cortex of kidney, as determined
by real-time PCR (D) and Western blotting (E). F) Representative immunohistochemical staining of TGF-b1. Scale bars, 50 mm.
G) Representative immunofluorescence staining of collagen-I. Scale bars, 100 mm. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. Data are presented as means 6 SEM of 4 mice. *P , 0.05, **P , 0.01 vs. Lv-NC.
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Increasing evidence indicates that TECs are especially
vulnerable to damage and often localize at the epicenter of
kidney injury. After severe or recurrent injury, TECs un-
dergo changes in structure, phenotype, and profibrotic
factor expression (24, 25). In this study, we found that
treatment with high-dose MK significantly enhanced TIF.
Using RNA-sequencing combinedwith in vivo and in vitro
experiments, we identified that abnormal activation of
tubular KLF5, which was transcriptionally regulated by
HIF-1a, was demonstrated to be involved in TIF due to
enhanced expression of ECM. The pathologic effects of
tubular-activatedKLF5 on TIFwere also demonstrated by
KLF5 knockdown in vitro and in vivo. Interestingly, Chen
et al. (26) demonstrated that KLF5 could be expressed in
proximal tubular cells in fibrotickidneys. Inaddition, there
is strong evidence that KLF5 is a crucial determinant of
cellular response to injury in tissue remodeling (27). Thus,
tubular KLF5 activation represents a novelmechanism for
high-dose MK-induced TIF. However, the precise regula-
tory pathway for this effect has not been described.

KLF5 has a critical role in phenotypic modulation and
tissue remodeling by controlling the expression of various
growth factors (e.g., TGF-b1) (19). TGF-b1 is awell-known
primary factor that drives fibrosis in most forms of CKD.
InhibitionofTGF-b1or itsdownstreamsignalingpathway
substantially limits renal fibrosis in awide range of disease
models by regulating the balance between ECM pro-
duction and degradation (28, 29). Therefore, we hypothe-
sized that tubular KLF5 activation could modulate TIF by
regulating TGF-b1 in MK treatment. As expected, KLF5
transcriptionally regulated by HIF-1a induced TGF-b1
up-regulation in tubule, leading to TIF. Moreover, the
pathologic effects of KLF5-induced TGF-b1 in TIF were
demonstrated in vivo. Interestingly, Takeda et al. (30) in-
dicated thatKLF5was a key contributor to cardiac fibrosis
due to the production of ECM proteins and a variety of
paracrine factors. Therefore, KLF5–TGF-b1 is a critical
regulator of high-dose MK treatment–induced TIF.

One of the major clinical and rather basic interests is
why the erythropoietic effects were attenuated in mice
with the high dose ofMK. It has beenwell known that the
EPO in kidney is mainly produced by renal EPO-
producing cells, which are predominantly located in the
tubulointerstitium (31). We found that TIF was signifi-
cantly increased, accompanying the reducedmRNA level

of EPO under the treatment of high-dose MK. In-
terestingly, Souma et al. (32) revealed that the majority of
myofibroblasts, which play a central role in renal fibrosis,
are derived from EPO-producing cells. Therefore, fibro-
genesis of renalEPO-producingcells probablyprovidesan
explanation about why erythropoietic effects were atten-
uated in mice with the high dose of MK. Furthermore, we
demonstrated that lessening TIF by knockdown KLF5
could markedly diminish the reduced erythropoietic ef-
fects of high-dose MK. In addition, the dysregulation of
ironmetabolismand inflammatorystate inCKDmicewith
a high dose ofMK (increased hepcidin levels and elevated
inflammatory factors), which contributes to inhibiting
duodenal iron absorption and sequestering iron in mac-
rophages, decreasing availability of iron for erythropoiesis
(33), could also provide a reasonable explanation. Thus,
the profibrotic role and dysregulation of iron metabolism
induced by high-dose MK may explain the potential
mechanisms for its attenuated erythropoietic effects.

Another interest involves understanding how to avoid
the potential harmful effects of HIF-PHI treatment. In
clinical trials, HIF-PHI administration 2 or 3 times weekly
was sufficient to effectively stimulate erythropoiesis (34,
35). As kidney and liver are likely to be the main targets,
oral medication should be efficiently and precisely de-
livered to the desired site of action, and inhibition of PHDs
needs to be only partial and intermittent to increase EPO
production. Judicious selection of a low-dose, infrequent
administration and monitoring of Hb levels could, there-
fore, increase the safety margin and avoid other non-
erythropoietic effects, whose quality and extent may be
determined by the degree and duration of HIF activation.
In addition to HIF-mediated adverse effects, HIF-PHIs
have thepotential to interferewith cell signalingpathways
involving proline hydroxylation of non-HIF signaling
molecules and epigenetic gene regulation (36). These other
potential effects on nonerythropoiesis of HIF-PHI should
be addressed in future studies.

In addition, we also found thatMK seemed to enhance
glomerular expression of HIF-a. However, the roles of
glomerular expression of HIF-a in EPO production and
renal fibrosiswere largelyunclear.Previously,Paliege et al.
(37) reported that HIF-2a–expressing interstitial fibro-
blasts are the only renal cells that express EPO under HIF
stabilizer. However, Gerl et al. (38) had demonstrated that

Figure 8. Schematic diagrams showing the
proposed mechanism of high-dose MK
treatment–mediated TIF. During high-dose
HIF-PHI MK treatment for anemia, tubular
KLF5 transcriptionally regulated by HIF-1a
promotes TIF via TGF-b1.
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inducible deletion of von Hippel-Lindau (vHL) in glo-
merular endothelial and mesangial cells markedly in-
creased glomerular EPOmRNAexpression levels, plasma
EPO concentrations, and hematocrit values, suggesting
that glomerular expression of HIF-amay be involved in
the anemia correction. As for the effects of glomerular
expression of HIF-a on renal fibrosis, it may mainly de-
pend on cellular and experimental context. Convincing
evidence indicates that renal function after acute and
chronic kidney injury is independent of HIF-1a in glo-
merular endothelial cells (39). However, elevated endo-
thelial HIF-1a is essential to initiate glomerular injury
and progression to renal fibrosis under hypertensive
CKD (40). For hypoxic renal injury, HIF-1a stabilization
in podocytes could induce glomerular endothelial cells’
survival (41), whereas activation of HIF-a in mesangial
cells promoted glomerulosclerosis (11, 42). Thus, HIF-a
is a pivotal regulator of kidney fibrosis under various
pathologic conditions. However, it remains controver-
sial whether glomerular expression of HIF-a promotes
or antagonizes renal fibrosis.

In summary, a very important potential effect of HIF-
PHI on the kidney has been demonstrated definitively
(Fig. 8). During high-dose MK (HIF-PHI) treatment for
renal anemia, tubular KLF5, which is transcriptionally
regulated by HIF-1a, promotes TIF via TGF-b1. These
findings provide unique insights into the interdigitating
mechanisms of HIF-PHI treatment in the kidney, highly
suggesting that the safety dosage window needs to be
emphasized in future clinical applications.
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