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Renal fibrosis is widely considered a common mechanism leading to end-stage renal failure. Epithelial-to-mes-
enchymal transition (EMT) plays important roles in the pathogenesis of renal fibrosis. Runt-related transcription
factor 1(RUNX1) plays a vital role in hematopoiesis via Endothelial-to-Hematopoietic Transition (EHT), a process
that is conceptually similar to EMT, but its role in EMT and renal fibrosis is unclear. Here, we demonstrate that
RUNX1 is overexpressed in the processes of TGF-β-induced partial EMT and renalfibrosis and that the expression
level of RUNX1 is SMAD3-dependent. Knockdownof RUNX1attenuated both TGF-β-inducedphenotypic changes
and the expression levels of EMTmarker genes in renal tubular epithelial cells (RTECs). In addition, overexpres-
sion of RUNX1 promoted the expression of EMTmarker genes in renal tubular epithelial cells. Moreover, RUNX1
promoted TGF-β-induced partial EMT by increasing transcription of the PI3K subunit p110δ, whichmediated Akt
activation. Specific deletion of Runx1 in mouse RTECs attenuated renal fibrosis, which was induced by both uni-
lateral ureteral obstruction (UUO) and folic acid (FA) treatment. These findings suggest that RUNX1 is a potential
target for preventing renal fibrosis.
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1. Introduction

Chronic kidney disease is one of the leading cause of death world-
wide, is highly prevalent in many countries, and is becoming a major
public health problem [1]. Renal fibrosis, which is characterized by the
excessive deposition of extracellular matrix in the kidney, is the com-
mon final pathologic pathway of nearly all chronic kidney diseases
and leads to end-stage renal failure [2]. Although great efforts have
been put into finding the molecular and cellular regulators of kidney
fibrosis in recent years, there are currently no effective therapies to
prevent the onset or progression of renal fibrosis [1]. Many studies
have established TGF-β as the master regulator of renal fibrosis [50].
In addition to renal fibrosis, TGF-β regulates many other biological
process, such as cell apoptosis, proliferation, differentiation and
immune responses; thus, directly targeting TGF-β may have adverse
effects [50]. Therefore, it is imperative to explore the molecular and
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cellular mechanisms underlying TGF-β-induced renal fibrosis, which
might provide new treatment strategies.

TGF-β is the most important inducer of epithelial-to-mesenchymal
transition (EMT) in embryogenesis, fibrosis, and cancer [3], and EMT is
the key mechanism underlying TGF-β-driven renal fibrosis [50]. Renal
EMT is a process in which renal tubular epithelial cells (RTECs) lose ep-
ithelial cell markers, such as E-cadherin or Ksp-cadherin, and gain mes-
enchymal cellmarkers, such asN-cadherin,fibronectin, vimentin. RTECs
are the major constituents of the renal parenchyma and are often the
target in kidney injury [4]. Many studies have observed the phenome-
non of EMT and its role in renal fibrosis [5]. Genetic ablation of key
TGF-β-induced EMT targets Tgfb2 [6], Smad4 [7], Snai1 [8] and Twist1
[9], specifically in RTECs, can prevent the progression of renal fibrosis.
Consistently, overexpressing Snai1 in tubular epithelial cells induces fi-
brosis [10]. Partial EMT, a status that RTECs do not transdifferentiate into
interstitialfibroblasts but remain integrated in the tubules, could induce
RTECs dysregulation of absorption, secretion, cell cycle and repair [11].
Partial EMT is one of the important mechanisms for renal fibrosis pro-
gression [8,9,11].

TGF-β-induced renal fibrosis and EMT includes both a Smad-
dependent pathway, which involves the activation of Smad2/3/4, and
Smad-independent pathways, including the activation of JNK, p38,
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ERK, and PI3K/Akt [12].Many co-activators or co-repressors are known to
interact with Smads, including the Runx family of transcription factors
RUNX1, RUNX2 and RUNX3 [13]. Previous studies have shown that
RUNX2 mediates the antiapoptotic effects of parathyroid hormone in
proximal tubule cells [14] and that RUNX3 is involved in regulating the
expression of AT1 receptor-associated proteins in renal distal convoluted
tubule cells [15]. RUNX1 is critical for generating definitive hematopoietic
stem cells via the Endothelial-to-Hematopoietic Transition (EHT) [16],
which is conceptually similar to EMT. In addition, the role of RUNX1 in
non-immune cells has recently received great attention, such as lung
epithelial cells [17], gastric epithelial cells [18], colon epithelial cells
[19], hepatocytes [20], and mesenchymal stem cells [21]. However, the
roles of RUNX1 in TGF-β-induced EMT and renal fibrosis are still unclear.

In this study, we used a conditional knockout mouse model that spe-
cifically deleted RUNX1 in proximal tubular epithelial cells and investi-
gated whether and how RUNX1 mediated renal fibrosis and EMT. Our
results show that RUNX1 expression was enhanced both in response to
TGF-β-treatment and in renal fibrosis. RUNX1 promoted TGF-β-induced
partial EMT by increasing transcription of the PI3K subunit p110δ. Dele-
tion of RUNX1 in RTECs protected the host against renal fibrosis induced
by unilateral ureteral obstruction (UUO) or treatmentwith folic acid (FA).

2. Materials and Methods

2.1. Reagents

Antibodies against RUNX1, SLUG and N-cadherin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against
RUNX1 for IHC were from Abcam (Cambridge, MA, USA). Antibodies
against SNAI1, α-SMA, Vimentin, SMAD4, p110δ, p-AKT, p-p38, p-ERK
and p-SMAD3 were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against GAPDH, and secondary HRP-conjugated
goat anti-mouse and anti-rabbit IgG were purchased from Beyotime Bio-
technology (Shanghai, China). Electrochemiluminescent (ECL) reagents
were purchased from Thermo Fisher Scientific (San Jose, CA, USA). Re-
combinant human TGF-β was purchased from PeproTech (Rocky Hill,
NJ, USA). P110δ inhibitor CAL-101, PI3K inhibitor LY294002 and SMAD3
inhibitor SIS3 were purchased from Selleck Chemicals (Houston, TX,
USA). Folic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The siGENOME SMARTpool human RUNX1 siRNA was obtained from
Dharmacon (Lafayette, CO, USA). SMAD3, PTEN, ATP1B1, and PIK3CD
siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Lipofectamine RNAiMAX and Lipofectamine 2000 were purchased
from Invitrogen (Carlsbad, CA, USA). The Dual-Glo Luciferase Assay Sys-
tem was purchased from Promega (Madison, WI, USA). The RNAiso re-
agent was obtained from TaKaRa Ltd. (Kyoto, Japan).

2.2. Cell Culture

HEK 293T cells (kind gifts from Dr. J. F. Chen, SIBCB) and NRK-52E
cells (Cell Bank, Chinese Academy of Sciences) were maintained in
DMEM containing 10% FBS, penicillin (100 units/ml), streptomycin
(100 μg/ml) and 1% L-glutamine. HK-2 cells (Cell Bank, Chinese Acad-
emy of Sciences) and RPTEC/TERT1 cells (Kelei Biological Technology
Co., Ltd) were maintained in DMEM/F12 containing 10% FBS, penicillin
(100 units/ml), streptomycin (100 μg/ml) and 1% L-glutamine. HK-2
cells (5 × 104/well) or RPTEC/TERT1 cells (5 × 104/well) were seeded
in 12-well plates and then stimulated with 5 ng/ml TGF-β for 24 h in
the presence of SIS3 (5 μM), LY294002 (10 μM), or CAL-101 (1 μM).
NRK-52E cells (1 × 105/well) were seeded in 12-well plates and then
stimulated with 20 ng/ml for 48 h.

2.3. Animal Models

Runx1loxp/loxp mice and γGT-Cre mice were obtained from the Jack-
son Laboratory. Runx1loxp/loxp mice are on C57BL/6 background and
γGT-Cre mice are on the mixed C57BL/6 and BALB/c background. γGT-
Cre mice were bred with Runx1loxp/loxp mice to generate a specific dis-
ruption of Runx1 in proximal tubular cells, and thesemice were crossed
for 5 generations to the C57BL/6 background. The littermates on the
same genetic background including the WT control mice or Runx1 cKO
mice were used in the study. Tail DNA samples were genotyped with
the following primer pairs:

γGT-Cre-F: GCCTCTTTGACTCCAGAGTTC
γGT-Cre-R: CAGGGTGTTATAAGCAATCCC;
Runx1 loxp/loxp-F: GCGTTCCAAGTCAGTTGTAAGCC
Runx1 loxp/loxp -R: CTGCATTTGTCCCTTGGTTGACG.
Renal fibrosis was induced in a UUOmodel by cutting between two

ligated points of the left ureter in mice as previously described [22], and
sham operated mice underwent the same procedure except for the
obstruction. Mice were injected intraperitoneally with folic acid
(250 mg/kg body weight dissolved in 300 mM NaHCO3) for the FA
model. After 7 days (UUO model) or 30 days (FA model), blood and
kidneys were collected for various analyses. All animal procedures
were conducted in strict accordance with institutional guidelines and
were approved by the Institutional Animal Care and Use Committee of
Shanghai Institute of Biochemistry and Cell Biology (IBCB0057).

2.4. Retroviral Transduction

To generate retroviral particles, 6 μg MigR1-RUNX1 (a gift from
Dr. Shi Jingyi, Shanghai Institute of Hematology) was co-transfected
with 6 μg pCL-10A1 into 293T cells by the calcium phosphate method.
Then, retroviral supernatants were collected to infect HK-2 or NRK-
52E cells to overexpress RUNX1, followed by FACS sorting of GFP+

cells. Cells that stably overexpressed RUNX1 and control cells were
seeded in 12-well plates, and the cells were stimulated with 5 ng/ml
or 20 ng/ml TGF-β. Cells were collected for RT-qPCR or western blot
analysis after 24 h.

2.5. siRNA Transfection

HK-2 or RPTEC/TERT1 cells (5 × 104/well) were seeded in 12-well
plates. After 24 h, they were transfected with 20 nM RUNX1, SMAD3,
PTEN, ATP1B1, PTEN+RUNX1 or ATP1B1 + RUNX1 siRNA and a non-
specific siRNA using the Lipofectamine RNAiMAX kit according to the
manufacturer's instructions. After 36 h, HK-2 cells were stimulated
with 5 ng/ml TGF-β for an additional 24 h. Cells were then prepared
for RT-qPCR or western blot analysis.

2.6. RT-qPCR

Total RNAwas extractedwith RNAiso reagent, and cDNAwas gener-
ated from 1 μg RNA using M-MLV reverse transcriptase (Promega,
Madison, WI, USA) and then analyzed using RT-qPCR with SYBR Green
Master Mix on a CFX-96 machine (Bio-Rad, CA, USA). Primer sequences
[23,24,51] are listed in the Supplemental information.

2.7. Coimmunoprecipitation and Western Blot Analysis

HK-2 cells were stimulatedwith 5 ng/ml TGF-β for 1.5 h, and then the
cell lysates were collected. Endogenous interactions between RUNX1 and
SNAI1, SLUG or TWIST1 were detected by coimmunoprecipitation as
previously described [24]. HK-2 cells were seeded in 12-well plates and
stimulated with 5 ng/ml TGF-β for 6, 12, 24, 48 and 72 h, and then
whole cell lysates were subjected to immunoblotting with anti-RUNX1,
SNAI1, SLUG, and N-cadherin antibodies.

2.8. Luciferase Assay

293 T (5 × 105) cells were co-transfected with 0.5 μg of pcDNA3.1-
SMAD3/4 plasmid and 0.2 μg of CAGA luciferase reporter plasmid



219T. Zhou et al. / EBioMedicine 31 (2018) 217–225
containing 1/20 Renilla luciferase plasmid with 0.5 μg of pcDNA3.1-
RUNX1 or pcDNA3.1-GFP plasmid, using the Lipofectamine 2000 re-
agent. The cells were allowed to recover for 24 h and were then exam-
ined with a dual luciferase reporter assay system (Promega, USA).

2.9. Immunohistochemistry (IHC) and Masson Trichrome Staining (MTS)

Paraffin-embedded kidney sectionswere prepared as previously de-
scribed [49] and then analyzed by immunohistochemistry staining
using anti-RUNX1 antibodies according to the 2-step plus® Poly-HRP
Anti-Mouse/Rabbit IgG Detection System (ZSGB-BIO, Beijing, China).
Tissue sections from kidneys were subjected to MTS (Shanghai Bogoo
Biotechnology. Co., Ltd, Shanghai, China) according to the standard
protocol.

2.10. Renal Function Evaluation

Serumwas obtained frommice and analyzed for levels of blood urea
nitrogen (BUN) by a AU5800 series Automatic Biochemical Analyzer
(Beckman Kurt, USA).

2.11. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 5, and sta-
tistically significant differences were determined by two-tailed
Student's t-tests or one way of analysis of variance.
Fig. 1. RUNX1expression levels are increased in TGF-β-induced EMT and renalfibrosis. (a)HK-2
were detected by RT-PCR. Data are shown as themeans ± SEM of three independent experimen
shownas themeans± SDof three independent experiments. (c) HK-2 cellswere stimulatedwi
protein levels by immunoblotting. (d) HK-2 cells or RPTEC/TERT1 cells were transfected with
SMAD3 inhibitor SIS3 and control DMSO, followed by TGF-β stimulation to detect RUNX1 exp
RUNX1 expression on day 7 after UUO, and Runx1, Tgf-β, Snai1 and Col1a1mRNA levels by RT
mean± SD of a representative of three independent experiments. *P b 0.05, **P b 0.01, *** P b
3. Results

3.1. RUNX1 Expression Levels Are Increased in TGF-β-Induced EMT and Re-
nal Fibrosis

To better understand the effects of RUNX1 in TGF-β-induced EMT
and renal fibrosis, we first examined the expression of RUNX1 in
human renal tubular epithelial cell line HK-2 after stimulation with
TGF-β. Compared to the unchanged expression of Runx2 and Runx3,
only the RUNX1 mRNA levels were significantly increased by TGF-β
treatment (Fig. 1a). In addition, we observed enhanced expression of
RUNX1 and other EMT marker genes at the mRNA level, including
CDH-2, SNAI1 and SLUG, whichwere induced by TGF-β in a time-depen-
dent manner (Fig. 1b). We also observed the enhanced mRNA levels of
profibrogenic PAI-1 by TGF-β treatment (Fig. 1b, right panel). In addi-
tion, the enhanced expression levels of RUNX1, SNAI1, SLUG and N-
cadherinwere confirmed at the protein level bywestern blotting assays
(Fig. 1c).

Next, we explored the molecular mechanisms regulating RUNX1
expression in RTECs. Because SMAD3 is the key effector in TGF-β
signaling [25], we used specific siRNA or inhibitors to target
SMAD3. As expected, TGF-β treatment increased RUNX1 expression
at the protein level in HK-2 and another human renal proximal
tubule cell line RPTEC/TERT1 cells; in contrast, knockdown and in-
hibition of SMAD3 prevented the upregulation of RUNX1 expression
induced by TGF-β, despite a minimal increase in RUNX1 in tubular
cellswere stimulatedwith 5 ng/ml TGF-β for 24 h.RUNX1, RUNX2 and RUNX3mRNA levels
ts. (b) HK-2 cells were stimulatedwith 5 ng/ml TGF-β for the indicated durations. Data are
th 5 ng/ml TGF-β for the indicated durations to detect RUNX1, N-cadherin, SNAI1 and SLUG
SMAD3 siRNA (named siSD3) and nonspecific siRNA (named NC) or pretreated with the
ression by immunoblotting. (e-g) Immunohistochemical and immunoblotting analysis of
-qPCR in kidneys of UUO-induced and sham-control mice (n=4). Data are shown as the
0.001.
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epithelial cells without TGF-β stimulation (Fig. 1d). These findings
indicate that RUNX1 expression is induced in renal tubular
epithelial cells upon TGF-β treatment via a SMAD3-dependent
mechanism.

Because TGF-β-induced EMT plays vital roles in regulating renal fi-
brosis [12], we further investigated the in vivo expression of RUNX1 in
kidneys from a mouse model of renal fibrosis induced by unilateral
ureteral obstruction (UUO) as previously described [22]. Compared
to normal kidney structure in non-obstructed contralateral kidneys
of UUO mice (hereafter designated contralat. in Fig. 1e), UUO
treatment obstructed kidneys via the formation of an enlarged
tubular lumen. Immunohistological analysis confirmed that RUNX1
expression was enhanced in renal tubular epithelial cells, rather
than in the glomerulus, in UUO-treated mice (black arrows in Fig.
1e). In agreement with these in vitro findings, Runx1 expression at
both the protein (Fig. 1e-f) and mRNA levels (Fig. 1g, left panel)
was significantly increased in obstructed kidneys. In addition, we ob-
served an upregulation of several genes related to EMT or fibrogenesis,
including TGF-β, Snai1 and Col1a1, at the mRNA level in kidneys from
UUO-treated mice (Fig. 1g).
Fig. 2. RUNX1 is required for TGF-β-induced renal tubular EMT. (A, B) HK-2 cells were transfe
Morphological changes of HK-2 cells (a) and RUNX1, N-cadherin, SNAI1 and SLUG expression
± SEM of three independent experiments. (c, d) HK-2 cells (c) or NRK-52E cells (d) were stab
5 ng/ml TGF-β for 24 h. RUNX1, N-cadherin and SNAI1 expression were detected at the protei
means ± SEM of three independent experiments. (e) RPTEC/TERT1 cells were transfected wit
and N-cadherin protein or Slug mRNA expression levels were detected. Data are shown as the
3.2. RUNX1 is Required for TGF-β-Induced Renal Tubular EMT

To investigate the role of RUNX1 in EMT, we used specific siRNA to
knock down RUNX1 in HK-2 cells. Light microscopy revealed that
TGF-β induced morphological changes in HK-2 cells from a cobble-
stone-like appearance to an elongated fibroblast-like shape. In contrast,
this effectwas abolished by the siRNA-mediated knock-down of RUNX1
expression (termed siRUNX1) in HK-2 cells (Fig. 2a). Western blotting
analysis confirmed the knock-down efficiency of RUNX1 expression
by siRNA (Fig. 2b, left panel). Furthermore, in response to TGF-β stimu-
lation, siRUNX1-transfected HK-2 cells had profoundly diminished
expression of EMT marker genes at the protein level, including N-
cadherin, SNAI1 and SLUG, compared with controls (Fig. 2b, left
panel). In addition, siRUNX1-transfected HK-2 cells decreased SLUG ex-
pression at the mRNA level (Fig. 2b, right panel).

To further confirm that RUNX1 promotes renal tubular EMT, we
overexpressed RUNX1 in HK-2 cells. The overexpression levels of
RUNX1 in HK-2 cells were evaluated by western blotting analysis
(Fig. 2c, left panel). Overexpression of RUNX1 indeed enhanced the ex-
pression of N-cadherin and SNAI1 at the protein level (Fig. 2c, left panel)
cted with RUNX1 siRNA or control siRNA followed by 5 ng/ml TGF-β stimulation for 24 h.
levels were detected by immunoblotting or RT-qPCR (b). Data are shown as the means
ly transfected to overexpress RUNX1 or GFP as a control and were then stimulated with
n level by immunoblotting, or Slug at the mRNA level by RT-qPCR. Data are shown as the
h RUNX1 siRNA or control siRNA followed by 5 ng/ml TGF-β stimulation for 24 h. RUNX1
mean± SD of a representative of three independent experiments. *P b 0.05, **P b 0.01.
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and increased SLUG expression at the mRNA level, compared with con-
trols (Fig. 2c, right panel).

We next overexpressed RUNX1 in the rat renal tubular epithelial cell
line NRK-52E and confirmed that the overexpression of RUNX1 in-
creased the expression of EMT marker genes, including SNAI1 at the
protein level (Fig. 2d, left panel) and SLUG at the mRNA level (Fig. 2d,
right panel). We also used siRNA to knock down RUNX1 in the human
tubular epithelial cell line RPTEC/TERT1, and the results showed that
knockdown of RUNX1 reduced N-cadherin expression at the protein
level (Fig. 2e, left panel) and SLUG at the mRNA level (Fig. 2e, right
panel). Thus, we used overexpression or knockdown strategies in
different cells to demonstrate that RUNX1 promotes TGF-β-induced
renal tubular EMT.

3.3. RUNX1 Promotes EMT Via p110δ-Mediated Akt Activation

SMAD3 plays a critical role in TGF-β-induced EMT, and previous re-
ports have demonstrated a direct interaction between SMADs and
RUNX1 [13].We therefore examined the effect of RUNX1 on SMAD3 ac-
tivation using a dual-luciferase reporter driven by Smad-binding CAGA
elements. Unexpectedly, the co-expression of RUNX1 with SMAD3 in
Fig. 3. RUNX1 promotes EMT via p110δ-mediated Akt activation. (a, left panel) Plasmids for exp
into 293T cells in the presence of the CAGA luciferase reporter plasmid and the Renilla luciferas
assay. Data are shown as the mean± SD of a representative of three independent experiments
then stimulated with 20 ng/ml TGF-β for 30min. RUNX1 and p-SMAD3 expression levels wer
SNAI1, SLUG or TWIST1 antibodies to detect endogenous interactions with RUNX1 by immu
siRNA, RUNX1 siRNA, or ATP1B1 siRNA as indicated, followed by stimulation with 5 ng/ml TG
or p110δ and phosphorylated AKT (e) or p110δ and phosphorylated ERK/p38 (f) were detec
control siRNA, then stimulated with 5 ng/ml TGF-β for 24 h. p110δ, RUNX1 and Akt phosph
overexpressed in HK-2 cells to measure PIK3CDmRNA levels by RT-qPCR. Data are shown as t
5 ng/ml TGF-β for 24 h in the absence or presence of the PI3K inhibitor LY294002 (10 μM, na
detected by immunoblotting. (j, k) HK-2 or RPTEC/TERT1 cells were transfected with the c
stimulated by 5 ng/ml TGF-β for 24 h. The mRNA levels of PTEN were detected by RT-qPCR (
Data are shown as the mean± SD from three independent experiments. *P b 0.05, **P b 0.01.
293 T cells did not further increase CAGA reporter readings compared
with 293 T cells transfected with SMAD3 alone (Fig. 3a, left panel). In
addition,we found that overexpression of RUNX1did not profoundly af-
fected the phosphorylation levels of SMAD3 (Fig. 3a, right panel). We
then investigated whether RUNX1 could interact with key effectors for
EMT, including SNAI1, SLUG and TWIST1, by immunoprecipitation as-
says. However, we did not detect any interactions between RUNX1
and these EMT regulators (Fig. 3b).

Recent studies have reported that loss of ATP1B1, a Na/K-ATPase
subunit, can promote renal EMT [26]. Since we observed that knock-
down of RUNX1 in HK-2 cells promoted expression of ATP1B1 in the ab-
sence or presence of TGF-β treatment (Fig. 3c, middle lane), we next
asked whether ATP1B1 could functionally cooperate with RUNX1 in
EMT. Profound knockdown efficiency of ATP1B1 in HK-2 cells was con-
firmed by western blotting analysis (Fig. 3c, upper lane). Unexpectedly,
knockdown of ATP1B1 did not reverse the reduced N-cadherin expres-
sion in siRUNX1 knock-down cells, with or without TGF-β treatment
(Fig. 3c, upper lane).

Previous studies have reported that RUNX1 interacts with HIF-1α
[27] and that HIF-1α promotes renal fibrosis via EMT [28]. We next
asked whether RUNX1 affected HIF-1α expression in response to TGF-
ressing GFP or RUNX1, together with plasmids for expressing SMAD3/4, were transfected
e plasmid. After 24 h, cell lysates were prepared and analyzed by a dual luciferase reporter
. (a, right panel) NRK-52E cells were transfected with plasmids expressing RUNX1 or GFP,
e detected by immunoblotting. (b) HK-2 cell lysates were immunoprecipitated with anti-
noblotting using anti-RUNX1 antibodies. (c-f) HK-2 cells were transfected with control
F-β for 24 h. Expression levels of N-cadherin and ATP1B1 (c) or HIF-1α and SMAD4 (d)
ted by immunoblotting. (g) RPTEC/TERT1 cells were transfected with RUNX1 siRNA or
orylation levels were detected by immunoblotting. (h) RUNX1 was knocked down or
he means ± SEM of three independent experiments. (i) HK-2 cells were stimulated with
med LY) or the p110δ inhibitor CAL-101 (1 μM, named CA). N-cadherin expression was
ontrol siRNA (named NC), RUNX1 siRNA (named siR), PTEN siRNA (named siP), then
j). N-cadherin, RUNX1 and SNAI1 protein levels were detected by immunoblotting (k).
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β treatment. Although knockdown of RUNX1 reduced HIF-1α expres-
sion at the protein level in resting HK-2 cells, TGF-β treatment did not
affect HIF-1α expression in control HK-2 cells or RUNX1 siRNA-treated
HK-2 cells (Fig. 3d). Together, these results show that RUNX1might not
depend on SMAD3, ATP1B1 or HIF-1α to promote TGF-β-induced renal
tubular EMT.

TGF-β signaling may also regulate EMT via a non-SMAD dependent
pathway [12,50]. We therefore asked whether RUNX1 affected the acti-
vation of MAPKs and Akt by TGF-β. The results showed that RUNX1
knockdown decreased the Akt phosphorylation levels (Fig. 3e) but not
the phosphorylation levels of ERK (Fig. 3F). Although the phosphoryla-
tion levels of p38were increased inHK-2 cellswith RUNX1 knockdown,
as the role of p38 in promoting EMT, it could not explain the molecular
mechanism of RUNX1 promoting EMT (Fig. 3f). Interestingly, we also
found that siRNA-mediated knockdown of RUNX1 in HK-2 cells signifi-
cantly reduced PI3K subunit p110δ expression, encoded by the gene
PIK3CD, in the presence or absence of TGF-β treatment (Fig. 3e-f). This
effect was also confirmed in RPTEC/TERT1 cells (Fig. 3g). In addition,
RUNX1 knockdown or overexpression modulated p110δ expression at
the mRNA level (Fig. 3h). In agreement with these findings, both the
PI3K inhibitor LY294002 (named LY in Fig. 3i) and the p110δ inhibitor
CAL-101 (named CA in Fig. 3i) blocked the enhancement of N-cadherin
expression in response to TGF-β treatment.

Because loss of phosphatase and tensin homolog deleted on chro-
mosome ten (PTEN) may enhance Akt activation and promote EMT
[29], we next examined the effect of RUNX1 on the PTEN/Akt pathway.
Fig. 4. Tubule-specific deletion of Runx1 ameliorates UUO-induced renal fibrosis. (a) Morpholo
levels of Runx1, Col1a1, Col3a1, Fibronectin and Pai-1 (b) or Runx2 (c) or Slc22a6 (d), or Il-
Runx1cKO and WT mice (n= 4). (g) Immunoblotting analysis showed expression levels of SN
mice. (h) Representative images of MTS staining of kidneys from the indicated groups. Bla
experiments. *P b 0.05, **P b 0.01, NS, not significant.
We confirmed the knockdown efficiency of PTEN by the specific siRNA
in HK-2 and RPTEC/TERT1 cells (Fig. 3j). As expected, siRNA-mediated
knockdownof PTEN (named siP in Fig. 3k) enhanced TGF-β-induced ex-
pression levels of N-cadherin and SNAI1. Co-transfection of siRUNX1
and siPTEN (named siP+siR in Fig. 3k) attenuated the enhanced ex-
pression of N-cadherin and SNAI1, when compared to HK-2 and
RPTEC/TERT1 cells transfectedwith siPTEN alone (Fig. 3k). These results
indicate that RUNX1 promotes EMT by upregulating p110δ expression
and AKT activation.

3.4. Tubule-Specific Deletion of Runx1 Ameliorates UUO or FA-Induced Re-
nal Fibrosis

To further explore the role of RUNX1 in vivo,we generated conditional
knockoutmicewith tubular epithelial cell-specific ablation of Runx1. Mice
with the γGT-Cre locus, which express Cre recombinase uniformly in
proximal tubular epithelial cells [30], were bred with homozygous
Runx1-floxed mice. This could generate the mouse model with a specific
disruption of Runx1 in proximal tubular cells (i.e. γGT-Cre+Runx1fl/fl or
γGT-Cre+Runx1fl/+ mice, hereafter named Runx1cKO mice). Runx1cKO

mice were fertile and showed no phenotypic abnormalities, compared
to the control mice (γGT-Cre−Runx1fl/fl, hereafter designated WT mice).
The littermates of the control mice or Runx1cKO mice were subjected to
UUO induction.

After UUO induction, kidneys were enlarged and swollen, and there
were no obvious differences in the appearance or morphology of
gical changes of kidneys in control or UUO-induced Runx1cKO and WT mice. (b-e) mRNA
6 (e), or Pik3cd (f) were detected by RT-qPCR in kidneys of control and UUO-induced
AI1, SLUG, VIMETIN and α-SMA in kidneys of control or UUO-induced Runx1cKO and WT
ck bar: 50 μm. Data are shown as mean ± SD of a representative of three independent
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kidneys between Runx1cKO and WT mice (Fig. 4a). UUO treatment in-
duced renal destruction in WT mice (Fig. 1e), which significantly en-
hanced mRNA expression levels of Runx1 and profibrogenic genes
including Col1a1, Col3a1, Pai-1 and Fibronectin (Fig. 1e & Fig. 4b). In con-
trast, kidneys of Runx1cKO mice had significantly decreased mRNA ex-
pression levels of Runx1, Col1a1, Col3a1, Pai-1 and Fibronectin after
UUO inductionwhen compared to those inWTmice (Fig. 4b). Two inde-
pendent groups previously reported the contradictory findings of
Runx2 in renal fibrosis [14,31]. We therefore examined whether loss
of RUNX1 could affect RUNX2 expression. Deletion of Runx1 in RTECs
did not substantially affect the mRNA level of Runx2 mRNA in the
UUO-induced renal fibrosis model (Fig. 4c). In addition, we checked
the expression level of SLC22A6, an organic anion transporter that is in-
volved in regulating toxicant metabolism, in kidneys from these UUO
mouse models. Indeed, UUO induction significantly reduced SLC22A6
expression at the mRNA level compared to untreated healthy kidneys
(Fig. 4d), and the genetic ablation of Runx1 in kidneys partially rescued
SLC22A6 expression (Fig. 4d), which indicated that RUNX1 ablation im-
proved tubular health.

In agreement with the improvement in kidney injury and fibrosis of
Runx1cKO mice after UUO induction, mRNA levels of the inflammatory
cytokine IL-6 were also decreased (Fig. 4e). We further found that the
p110δ mRNA levels tended to be decreased in kidneys of Runx1cKO

mice after UUO induction (Fig. 4f), although the difference between
WT mice and Runx1cKO mice was not statistically significant. Neverthe-
less, the expression of EMT markers at the protein level, including
SNAI1, SLUG, VIMENTIN and α-SMA was significantly decreased in
Fig. 5. Tubule-specific deletion of Runx1 ameliorates FA-induced renal fibrosis. (a)Morphologica
levels of Runx1, Col1a1, Col3a1, Pai-1, Il-6 and Pik3cd (b), or Slc22a6 (c) in kidneys from the cont
(BUN) levelswere detected in the control or FA-treated Runx1cKO andWTmice. (e) Representat
shown as mean± SD of a representative of three independent experiments. *P b 0.05, **P b 0.0
kidneys of UUO-induced Runx1cKO mice compared to those in WT
mice (Fig. 4g). Consistently, Masson trichrome staining (MTS) revealed
a reduction of interstitial fibrosis in kidneys of Runx1cKO mice compared
to WT mice after UUO induction (Fig. 4h).

To further determine the role of RUNX1 in renal fibrosis, we utilized
another renal fibrosis model induced by folic acid (FA). As shown in
Fig. 5a, sizes of kidneys in WT mice were profoundly reduced after FA
induction, whereas genetic ablation of Runx1 in kidneys almost
completely reversed the FA-induced changes in renal morphology. The
expression levels of profibrogenic genes, including Col1a1, Col3a1, and
Pai-1, were significantly reduced in FA-treated kidneys of Runx1cKO

mice compared to those in WT mice (Fig. 5b). The mRNA levels of IL-6
and p110δ were also decreased in FA-treated kidneys of Runx1cKO

mice (Fig. 5b). Like in the UUO-induced kidney fibrosis model, ablation
of RUNX1 in kidneys partially rescued the loss of SLC22A6 expression in
FA-treated kidneys (Fig. 5c). After the treatmentwith FA, Runx1cKOmice
showed better renal function compared to that of WT mice (Fig. 5d).
Masson trichrome staining (MTS) also confirmed that renal fibrosis
was inhibited in kidneys of FA-treated Runx1cKO mice compared to
that of FA-treatedWTmice (Fig. 5e). These results, taken together, sug-
gest that RUNX1 is required for the progression of renal fibrosis.

4. Discussion

In the current study, we have demonstrated that expression of
RUNX1, but not RUNX2 or RUNX3, was induced in the process of TGF-
β-induced EMT in a SMAD3-dependent manner and in UUO-induced
l changes of kidneys in the control or FA-treated Runx1cKO andWTmice. (b, c). ThemRNA
rol (n=2) or FA-treated Runx1cKO (n=6) andWTmice (n=9). (d) Blood urea nitrogen
ive images ofMTS staining of kidneys from the indicated groups. Black bar: 50 μm.Data are
1, ***P b 0.001.
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renal fibrosis in vivo. RUNX1 is mainly localized in RTECs in UUO-in-
duced renal fibrosis. We used knockdown, overexpression and
conditional KOmousemodels to further demonstrate that RUNX1 is re-
quired for TGF-β-induced EMT and renal fibrosis in vivo. RUNX1 en-
hanced the expression of EMT markers including N-cadherin, SNAI1
and SLUG. Previous studies focused on the role of RUNX1 in immune
cells [24,32,33], and this study has uncovered the role of RUNX1 in
non-immune cells.

A recent study suggests that RUNX1 promotes the EMT process dur-
ing mesendodermal differentiation via controlling TGF-β2 expression
[34]. In addition, there are inconsistent or contradictory findings about
whether RUNX1 promotes or inhibits EMT in breast cancer cells and ep-
ithelial ovarian carcinoma [35–38]. Our study has identified that RUNX1
promotes renal tubular EMT and renal fibrosis. However, we did not
find that RUNX1 could regulate the expression of TGF-β2 in HK-2 cells
(data not shown).

Although SMAD3 is critical for TGF-β-induced EMT [25] andmay in-
teractwith RUNX1 [52],we did notfind that RUNX1 affected the activity
of SMAD3 in dual luciferase reporter assays or the phosphorylation
levels of SMAD3 in NRK-52E cells. However, our results did show that
TGF-β-induced RUNX1 expression is SMAD3-dependent, whichmay in-
dicate that SMAD3 promotes EMT, at least partially, via RUNX1. Al-
though RUNX2 has been reported to interact with canonical EMT
regulators [39], we excluded the possibility that RUNX1 interacts with
SNAI1, SLUG or TWIST1. ATP1B1 and HIF-1α are also important in the
processes of EMT and renal fibrosis [9,26,28]. Although RUNX1may reg-
ulate ATP1B1 and HIF-1α expression, we suggest that RUNX1-induced
EMT might be independent of ATP1B1 and HIF-1α because the knock-
down of ATP1B1 did not reverse the EMT phenotype induced by
RUNX1 and TGF-β treatment did not affect HIF-1α expression when
comparing control and RUNX1 knock-down cells. We also found that
RUNX1 did not affect TGF-β-mediated activation of MAPKs including
ERK, and p38. After excluding the above possibility, we ultimately
found that RUNX1 promotes EMT by enhancing the TGF-β-induced ex-
pression of the PI3K subunit p110δ and the phosphorylation of AKT. Our
results are consistent with a previous study showing that RUNX1 di-
rectly controls the transcription of p110δ and activation of Akt in
acute megakaryocytic leukemia [40]. Because the PI3K-Akt pathway
controls the protein stability of SNAI1 [41] and HIF-1α [42], it may ex-
plain the observation that loss of RUNX1 only affects expression of
EMT markers, including SNAIL and N-cadherin, at the protein level.

EMT has been suggested as one of the key mechanisms of TGF-β-in-
duced fibrosis [12,50]. We found that RUNX1 promotes renal tubular
EMT and that the deletion of RUNX1 specifically in RTECs significantly
attenuated renal fibrosis. RUNX2 is another RUNX family member, and
there is some discrepancy about the role of RUNX2 in EMT. One study
used full RUNX2 KO mice and demonstrated that RUNX2 prevents
renal fibrosis by inhibiting EMTand that RUNX2 expression is decreased
in UUO kidneys [31]. This is contradictory to another study which re-
ported that RUNX2was overexpressed in UUOkidneys [14]. In addition,
several studies have demonstrated that RUNX2 promotes EMT in other
systems [43–45]. Therefore, a conditional RUNX2 knockout mouse
model is needed to resolve this discrepancy. Our results show that
only RUNX1, but not RUNX2 or RUNX3, is induced in renal epithelial
cells by TGF-β treatment. This finding might indicate that RUNX1
plays a more important role in renal fibrosis. In agreement with previ-
ous studies showing that the inhibition of EMT prevents the loss of
RTEC transporters and inhibits inflammation [8,9], deletion of RUNX1
promoted SLC22A6 expression and inhibited IL-6 expression in renal fi-
brosis. Interestingly, several studies have suggested that RUNX1 regu-
lates the expression of another transporter, SLC22A4, in rheumatoid
arthritis [46–48]. Consistent with the in vitro results, conditional KO of
RUNX1 in renal tubular epithelial cells also reduced p110δ expression.
This finding suggests that RUNX1 promotes renal EMT and fibrosis at
least partially via p110δ-mediated Akt activation. In summary, our find-
ings demonstrate the importance of RUNX1 in EMT and renal fibrosis,
andwepropose that RUNX1might be used as a newpotential therapeu-
tic target for renal fibrosis.

Acknowledgments

We would like to thank technique supports from Core Facility for
Molecular Biology and Animal Core Facility in Shanghai Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sciences.

Funding Source

This work was supported by grants from the Strategic Priority Re-
search Program of the Chinese Academy of Sciences (XDB19000000),
the Ministry of Science and Technology of China (2016YFD0500207,
2016YFC0902200), National Natural Science Foundation of China
(81270801, 81470941, 31422018, 81571617, 81570508, 81671572),
and the State Key Laboratory of Cell Biology, SIBCB, CAS (SKL
CBKF2013003). Dr. H. Wang is supported by the Hundred Talents
Program of the Chinese Academy of Sciences.

Conflicts of Interests

The authors declare that they have no conflicts of interests.

Author Contributions

H.W., T.Z., and M.L. designed this study. M.L., W.C., and S.Z. per-
formed the experiments. H.W., M.L., T.Z., and W.C. analyzed the results.
S.Z., D.F., and C.X. coordinated the project. T.Z., M.L., and H.W. wrote
the paper with input from S.Z., and W.C. All authors approved the final
version of manuscript.

Appendix A. Supplementary Data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.04.023.

References

[1] Klinkhammer BM, Goldschmeding R, Floege J, Boor P. Treatment of renal fibrosis-
turning challenges into opportunities. Adv Chronic Kidney Dis 2017;24:117–29.

[2] Duffield JS. Cellular andmolecular mechanisms in kidney fibrosis. J Clin Invest 2014;
124:2299–306.

[3] Derynck R, Muthusamy BP, Saeteurn KY. Signaling pathway cooperation in TGF-β-
induced epithelial-mesenchymal transition. Curr Opin Cell Biol 2014;31:56–66.

[4] Liu Y. Epithelial to mesenchymal transition in renal fibrogenesis: pathologic signifi-
cance, molecular mechanism, and therapeutic intervention. J Am Soc Nephrol 2004;
15:1–12.

[5] Zhou D, Liu Y. Renal fibrosis in 2015: understanding the mechanisms of kidney fi-
brosis. Nat Rev Nephrol 2016;12:68–70.

[6] Meng XM, Huang XR, Xiao J, Chen HY, Zhong X, Chung AC, et al. Diverse roles of TGF-
β receptor II in renal fibrosis and inflammation in vivo and in vitro. J Pathol 2012;
227:175–88.

[7] Meng XM, Huang XR, Xiao J, Chung AC, Qin W, Chen HY, et al. Disruption of Smad4
impairs TGF-β/Smad3 and Smad7 transcriptional regulation during renal inflamma-
tion and fibrosis in vivo and in vitro. Kidney Int 2012;81:266–79.

[8] Grande MT, Sanchez-Laorden B, Lopez-Blau C, De Frutos CA, Boutet A, Arevalo M,
et al. Snail1-induced partial epithelial-to-mesenchymal transition drives renal fibrosis
inmice and can be targeted to reverse established disease. Nat Med 2015;21:989–97.

[9] Lovisa S, LeBleu VS, Tampe B, Sugimoto H, Vadnagara K, Carstens JL, et al. Epithelial-
to-mesenchymal transition induces cell cycle arrest and parenchymal damage in
renal fibrosis. Nat Med 2015;21:998–1009.

[10] Boutet A, De Frutos CA, Maxwell PH, Mayol MJ, Romero J, Nieto MA. Snail activation
disrupts tissue homeostasis and induces fibrosis in the adult kidney. EMBO J 2006;
25:5603–13.

[11] Lovisa S, Zeisberg M, Kalluri R. Partial epithelial-to-mesenchymal transition and other
new mechanisms of kidney fibrosis. Trends Endocrinol Metab 2016;27:681–95.

[12] Sutariya B, Jhonsa D, Saraf MN. TGF-β: the connecting link between nephropathy
and fibrosis. Immunopharmacol Immunotoxicol 2016;38:39–49.

[13] Ito Y, Miyazono K. RUNX transcription factors as key targets of TGF-β superfamily
signaling. Curr Opin Genet Dev 2003;13:43–7.

[14] Ardura JA, Sanz AB, Ortiz A, Esbrit P. Parathyroid hormone-related protein protects
renal tubuloepithelial cells from apoptosis by activating transcription factor Runx2.
Kidney Int 2013;83:825–34.

https://doi.org/10.1016/j.ebiom.2018.04.023
https://doi.org/10.1016/j.ebiom.2018.04.023
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0005
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0005
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0010
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0010
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0015
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0015
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0020
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0020
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0020
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0025
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0025
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0030
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0030
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0030
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0035
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0035
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0035
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0040
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0040
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0040
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0045
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0045
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0045
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0050
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0050
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0050
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0055
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0055
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0060
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0060
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0065
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0065
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0070
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0070
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0070


225T. Zhou et al. / EBioMedicine 31 (2018) 217–225
[15] MatsudaM, Tamura K,Wakui H, Dejima T,Maeda A, OhsawaM, et al. Involvement of
Runx3 in the basal transcriptional activation of the mouse angiotensin II type 1 re-
ceptor-associated protein gene. Physiol Genomics 2011;43:884–94.

[16] Tober J, MaijenburgMW, Speck NA. Taking the leap: Runx1 in the formation of blood
from endothelium. Curr Top Dev Biol 2016;118:113–62.

[17] Tang X, Sun L, Jin X, Chen Y, Zhu H, Liang Y, et al. Runt-related transcription factor 1
regulates LPS-induced acute lung injury via NF-kappaB signaling. Am J Respir Cell
Mol Biol 2017;57:174–83.

[18] Matsuo J, Kimura S, Yamamura A, Koh CP, Hossain MZ, Heng DL, et al. Identification
of stem cells in the epithelium of the stomach Corpus and antrum of mice. Gastroen-
terology 2017;152:218–31.

[19] Fijneman RJA, Anderson RA, Richards E, Liu JM, TijssenM,Meijer GA, et al. Runx1 is a
tumor suppressor gene in the mouse gastrointestinal tract. Cancer Sci 2012;103:
593–9.

[20] Wildey GM, Howe PH. Runx1 is a co-activator with FOXO3 to mediate transforming
growth factor β (TGFβ)-induced Bim transcription in hepatic cells. J Biol Chem 2009;
284:20227–39.

[21] Kim W, Barron DA, San Martin R, Chan KS, Tran LL, Yang F, et al. RUNX1 is essential
for mesenchymal stem cell proliferation and myofibroblast differentiation. Proc Natl
Acad Sci 2014;111(46):16389–94.

[22] Wu MJ, Wen MC, Chiu YT, Chiou YY, Shu KH, Tang MJ. Rapamycin attenuates unilat-
eral ureteral obstruction-induced renal fibrosis. Kidney Int 2006;69:2029–36.

[23] Chakraborty PK, Scharner B, Jurasovic J, Messner B, Bernhard D, Thévenod F. Chronic
cadmium exposure induces transcriptional activation of the Wnt pathway and up-
regulation of epithelial-to-mesenchymal transition markers in mouse kidney.
Toxicol Lett 2010;198:69–76.

[24] Luo MC, Zhou SY, Feng DY, Xiao J, Li WY, Xu CD, et al. Runt-related transcription fac-
tor 1 (RUNX1) binds to p50 in macrophages and enhances TLR4-triggered inflam-
mation and septic shock. J Biol Chem 2016;291:22011–20.

[25] Roberts AB, Tian F, Byfield SD, Stuelten C, Ooshima A, Saika S, et al. Smad3 is key to
TGF-β-mediated epithelial-to-mesenchymal transition, fibrosis, tumor suppression
and metastasis. Cytokine Growth Factor Rev 2006;17:19–27.

[26] Rajasekaran SA, Huynh TP,Wolle DG, Espineda CE, Inge LJ, Skay A, et al. Na,K-ATPase
subunits as markers for epithelial-mesenchymal transition in Cancer and fibrosis.
Mol Cancer Ther 2010;9:1515–24.

[27] Peng ZG, Zhou MY, Huang Y, Qiu JH, Wang LS, Liao SH, et al. Physical and functional
interaction of runt-related protein 1 with hypoxia-inducible factor-1alpha. Onco-
gene 2008;27:839–47.

[28] Higgins DF, Kimura K, Bernhardt WM, Shrimanker N, Akai Y, Hohenstein B, et al.
Hypoxia promotes fibrogenesis in vivo via HIF-1 stimulation of epithelial-to-mesen-
chymal transition. J Clin Invest 2007;117:3810–20.

[29] Lan R, Geng H, Polichnowski AJ, Singha PK, Saikumar P, McEwen DG, et al. PTEN loss
defines a TGF-β-induced tubule phenotype of failed differentiation and JNK signal-
ing during renal fibrosis. Am J Physiol Ren Physiol 2012;302:F1210–1223.

[30] Iwano M, Plieth D, Danoff TM, Xue C, Okada H, Neilson EG. Evidence that fibroblasts
derive from epithelium during tissue fibrosis. J Clin Invest 2002;110:341–50.

[31] Kim JI, Jang HS, Jeong JH, NohMR, Choi JY, Park KM. Defect in Runx2 gene accelerates
ureteral obstruction-induced kidney fibrosis via increased TGF-β signaling pathway.
Biochim Biophys Acta 2013;1832:1520–7.

[32] Lazarevic V, Chen X, Shim JH, Hwang ES, Jang E, Bolm AN, et al. T-bet represses T(H)
17 differentiation by preventing Runx1-mediated activation of the gene encoding
RORgammat. Nat Immunol 2011;12:96–104.

[33] Rudra D, Egawa T, Chong MM, Treuting P, Littman DR, Rudensky AY. Runx-CBFβ
complexes control expression of the transcription factor Foxp3 in regulatory T
cells. Nat Immunol 2009;10:1170–7.
[34] VanOudenhove JJ, Medina R, Ghule PN, Lian JB, Stein JL, Zaidi SK, et al. Transient
RUNX1 expression during early Mesendodermal differentiation of hESCs promotes
epithelial to mesenchymal transition through TGFB2 signaling. Stem cell Rep
2016;7:884–96.

[35] Browne G, Taipaleenmaki H, Bishop NM, Madasu SC, Shaw LM, van Wijnen AJ, et al.
Runx1 is associated with breast cancer progression in MMTV-PyMT transgenic mice
and its depletion in vitro inhibits migration and invasion. J Cell Physiol 2015;230:
2522–32.

[36] Chimge NO, Ahmed-Alnassar S, Frenkel B. Relationship between RUNX1 and AXIN1
in ER-negative versus ER-positive breast Cancer. Cell Cycle 2017;16:312–8.

[37] Hong D, Messier TL, Tye CE, Dobson JR, Fritz AJ, Sikora KR, et al. Runx1 stabilizes the
mammary epithelial cell phenotype and prevents epithelial to mesenchymal transi-
tion. Oncotarget 2017;8:17610–27.

[38] Keita M, Bachvarova M, Morin C, Plante M, Gregoire J, Renaud MC, et al. The RUNX1
transcription factor is expressed in serous epithelial ovarian carcinoma and contrib-
utes to cell proliferation, migration and invasion. Cell Cycle 2013;12:972–86.

[39] Tang Y, Feinberg T, Keller ET, Li XY, Weiss SJ. Snail/Slug binding interactions with
YAP/TAZ control skeletal stem cell self-renewal and differentiation. Nat Cell Biol
2016;18:917–29.

[40] Edwards H, Xie C, LaFiura KM, Dombkowski AA, Buck SA, Boerner JL, et al. RUNX1
regulates phosphoinositide 3-kinase/AKT pathway: role in chemotherapy sensitivity
in acute megakaryocytic leukemia. Blood 2009;114:2744–52.

[41] Wang H, Wang HS, Zhou BH, Li CL, Zhang F, Wang XF, et al. Epithelial-mesenchymal
transition (EMT) induced by TNF-alpha requires AKT/GSK-3β-mediated stabilization
of snail in colorectal cancer. PLoS One 2013;8:e56664.

[42] Agani F, Jiang BH. Oxygen-independent regulation of HIF-1: novel involvement of
PI3K/AKT/mTOR pathway in Cancer. Curr Cancer Drug Targets 2013;13:245–51.

[43] Chimge NO, Baniwal SK, Little GH, Chen YB, Kahn M, Tripathy D, et al. Regulation of
breast cancer metastasis by Runx2 and estrogen signaling: the role of SNAI2. Breast
Cancer Res 2011;13:R127.

[44] Hsu YL, Huang MS, Yang CJ, Hung JY, Wu LY, Kuo PL. Lung tumor-associated osteo-
blast-derived bone morphogenetic Protein-2 increased epithelial-to-mesenchymal
transition of Cancer by Runx2/snail signaling pathway. J Biol Chem 2011;286:
37335–46.

[45] Niu DF, Kondo T, Nakazawa T, Oishi N, Kawasaki T, Mochizuki K, et al. Transcription
factor Runx2 is a regulator of epithelial-mesenchymal transition and invasion in thy-
roid carcinomas. Lab Investig 2012;92:1181–90.

[46] Maeda T, Hirayama M, Kobayashi D, Miyazawa K, Tamai I. Mechanism of the regula-
tion of organic cation/carnitine transporter 1 (SLC22A4) by rheumatoid arthritis-as-
sociated transcriptional factor RUNX1 and inflammatory cytokines. Drug Metab
Dispos 2007;35:394–401.

[47] Tokuhiro S, Yamada R, Chang X, Suzuki A, Kochi Y, Sawada T, et al. An intronic SNP in
a RUNX1 binding site of SLC22A4, encoding an organic cation transporter, is associ-
ated with rheumatoid arthritis. Nat Genet 2003;35:341–8.

[48] Yamada R, Tokuhiro S, Chang X, Yamamoto K. SLC22A4 and RUNX1: identification of
RA susceptible genes. J Mol Med 2004;82:558–64.

[49] Kitagawa K,Wada T, Furuichi K, Hashimoto H, Ishiwata Y, AsanoM, et al. Blockade of
CCR2 ameliorates progressive fibrosis in kidney. Am J Pathol 2004;165:237–46.

[50] Meng XM. Nikolic-Paterson, DJ, Lan, HY, TGF-β: the master regulator of fibrosis. Nat
Rev Nephrol 2016;12:325–38.

[51] Wang X, Spandidos A,Wang H, Seed B. PrimerBank: a PCR primer database for quan-
titative gene expression analysis, 2012 update. Nucleic Acids Res 2011;40:D1144–9.

[52] Zaidi SK, Sullivan AJ, van Wijnen AJ, Stein JL, Stein GS, Lian JB. Integration of Runx
and Smad regulatory signals at transcriptionally active subnuclear sites. P Natl
Acad Sci USA 2016;99:8048–53.

http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0075
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0075
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0075
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0080
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0080
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0085
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0085
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0085
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0090
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0090
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0090
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0095
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0095
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0095
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0100
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0100
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0100
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0105
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0105
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0105
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0110
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0110
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0115
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0115
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0115
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0115
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0120
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0120
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0120
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0125
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0125
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0125
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0130
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0130
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0130
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0135
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0135
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0135
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0140
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0140
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0140
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0145
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0145
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0145
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0150
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0150
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0155
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0155
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0155
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0160
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0160
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0160
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0165
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0165
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0165
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0170
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0170
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0170
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0170
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0175
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0175
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0175
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0175
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0180
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0180
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0185
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0185
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0185
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0190
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0190
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0190
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0195
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0195
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0195
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0200
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0200
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0200
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0205
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0205
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0205
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0210
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0210
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0215
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0215
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0215
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0220
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0220
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0220
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0220
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0225
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0225
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0225
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0230
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0230
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0230
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0230
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0235
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0235
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0235
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0240
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0240
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0245
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0245
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0250
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0250
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0255
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0255
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0260
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0260
http://refhub.elsevier.com/S2352-3964(18)30151-8/rf0260

	Runt-�Related Transcription Factor 1 (RUNX1) Promotes TGF-�β-�Induced Renal Tubular Epithelial-�to-�Mesenchymal Transition ...
	1. Introduction
	2. Materials and Methods
	2.1. Reagents
	2.2. Cell Culture
	2.3. Animal Models
	2.4. Retroviral Transduction
	2.5. siRNA Transfection
	2.6. RT-qPCR
	2.7. Coimmunoprecipitation and Western Blot Analysis
	2.8. Luciferase Assay
	2.9. Immunohistochemistry (IHC) and Masson Trichrome Staining (MTS)
	2.10. Renal Function Evaluation
	2.11. Statistical Analysis

	3. Results
	3.1. RUNX1 Expression Levels Are Increased in TGF-β-Induced EMT and Renal Fibrosis
	3.2. RUNX1 is Required for TGF-β-Induced Renal Tubular EMT
	3.3. RUNX1 Promotes EMT Via p110δ-Mediated Akt Activation
	3.4. Tubule-Specific Deletion of Runx1 Ameliorates UUO or FA-Induced Renal Fibrosis

	4. Discussion
	section20
	Acknowledgments
	Funding Source
	Conflicts of Interests
	Author Contributions
	Appendix A. Supplementary Data
	References


