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Organogenesis, including renal development, requires an appropriate retinoic
acid concentration, which is established by differential expression of aldehyde
dehydrogenase 1 family member A2 (ALDH1A2) and cytochrome P450 family 26
subfamily A/B/C member 1 (CYP26A1/B1/C1). In the fetal kidney, ALDH1A2 expresses
in the developing stroma and renal vesicle and its derivatives but does not present in the
ureteric bud. It remains unclear what may contribute to this expression pattern. Here we
show that the glycogen synthase kinase 3 alpha/beta (GSK3A/B) inhibitor CHIR99021
significantly represses ALDH1A2 expression in WiT49, which is a Wilms’ tumor cell line
that exhibits “triphasic” differential potential and is used as a fetal kidney cell model.
CHIR99021 fails to suppress ALDH1A2 as β-catenin is inhibited, suggesting that the
downregulation of ALDH1A2 by CHIR99021 is through Wnt/β-catenin signaling. Ectopic
expression of mouse Wnt1, Wnt3a, Wnt4, and Wnt9b represses ALDH1A2 expression
in WiT49 cells. Using immunohistochemistry, we show an inverse correlation of Aldh1a2
expression with β-catenin in rat E18.5 kidney. ChIP demonstrated that β-catenin is
recruited to the ALDH1A2 promoter, the conserved intron1G, and another site within
intron 1 of ALDH1A2. Using a luciferase assay, we further show that the ALDH1A2
promoter and the intron1G element are involved in the repression of ALDH1A2
expression by CHIR99021. Our work demonstrates that ALDH1A2 expression can be
directly repressed by the Wnt/β-catenin signaling in fetal kidney cells, suggesting that
Wnt/β-catenin may play a role in maintaining the expression pattern of ALDH1A2 in the
fetal kidney, thus controlling the availability and localization of retinoic acid and regulating
aspects of kidney development.
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INTRODUCTION

Renal development is initiated by mutual signaling interactions
between the ureteric bud derived from the Wolffian duct
and its surrounding mesenchyme. The Wolffian duct extends
caudally and interacts with its adjacent mesenchyme to generate
a pronephric, mesonephric, and, finally, the metanephric
kidney. The metanephros grows and differentiates to make
up the functional kidney in adult. Metanephric mesenchyme
differentiates and becomes the condensed mesenchyme (cap
mesenchyme), which forms lineages of epithelial, stromal, and
endothelial cells. The epithelial cell lineage differentiates into
structures that include the renal vesicle, pretubular aggregate,
comma-shaped and S-shaped bodies, and renal nephron,
including podocyte on the renal vesicle layer of the glomerulus,
proximal convoluted tubule, loop of Henle, and distal convoluted
tubule. Ureteric buds develop to form collecting duct, renal
calyces, pelvis, and ureter (Davidson, 2008; Dressler, 2009).
Kidney development is a continuous process in the outer
cortex of the developing kidney, where signaling interaction
among cell types, including mesenchyme, ureteric bud, and
stroma, continues until birth in human or after birth in mouse
(Cullen-Mcewen et al., 2016).

Renal development depends on all-trans retinoic acid (atRA)
signaling. atRA mainly acts as a ligand for nuclear retinoic acid
receptors (RARs), which consists of RARα, RARβ, and RARγ,
resulting in a change in subsequent biological procedures and
gene transcription (Dolle, 2009). atRA can also act through
non-canonical pathways including binding to the PPARδ/β
(peroxisome proliferator-activated receptor delta/beta) receptor
in the nucleus (Napoli, 2017) or binding to the RARα/Gαq (G
protein alpha Q) complex on the cell membrane lipid raft to
activate the p38MAPK (Piskunov and Rochette-Egly, 2011) and
the PI3K pathway (Masiá et al., 2007). The knockout of both
Rara and Rarb results in the hypoplasia/agenesis of the kidney
(Mendelsohn et al., 1999). The impact of retinoic acid in renal
development is known to mediate through the upregulation of
ret proto-oncogene (Ret) expression on the cell membrane of
the ureter bud. Ret is a receptor that binds its ligand, glial cell
line-derived neurotrophic factor (Gdnf), secreted from the cap
mesenchyme (Batourina et al., 2001; Rosselot et al., 2010) and
stromal cells (Magella et al., 2018). Endogenous atRA is produced
by two stages of oxidation of vitamin A (all-trans-retinol) via
an intermediate state, all-trans retinal (Duester, 2008; Napoli,
2012). The second stop of retinoic acid synthesis is catalyzed by
enzymes including aldehyde dehydrogenase 1 family member A1
(ALDH1A1) (Fan et al., 2003), aldehyde dehydrogenase 1 family
member A2 (ALDH1A2) (Wang et al., 1996; Zhao et al., 1996),
and aldehyde dehydrogenase 1 family member A3 (ALDH1A3)
(Grun et al., 2000; Sima et al., 2009). Aldh1a2−/− mutant mouse
kidney exhibits a significant reduction of ureteric buds and
nephrons (Rosselot et al., 2010).Aldh1a3−/− has no or little effect
on renal development (Rosselot et al., 2010). Aldh1a1−/− mutant
is non-lethal, adults are fertile, and no abnormality has been
reported (Fan et al., 2003; Matt et al., 2005). These data suggest
that Aldh1a2 activity is the primary source of retinoic acid during
kidney development (Rosselot et al., 2010). The retinoic acid can

be inactivated by cytochrome P450 family 26 (CYP26) subfamily
A/B/C member 1 (CYP26A1/B1/C1). Excessive retinoic acid
is teratogenic (Piersma et al., 2017) and causes hypoplastic
and polycystic kidney (Fantel et al., 1977; Lee et al., 2012).
Therefore, the deficiency or excess of retinoic acid signaling
leads to abnormalities in kidney development, suggesting that the
proper regulation of retinoic acid concentration and retinoic acid
synthetic enzymes is critical.

Regulation of Aldh1a2 expression is important for pronephros
development. In zebrafish pronephros, cdx mutation leads to
Aldh1a2 upregulation and disrupts pronephros positioning and
distal segment formation (Wingert et al., 2007), suggesting that
inhibition of Aldh1a2 expression by cdx is critical for pronephros
development. Recently, it was shown that anterior kidney fates
are induced by retinoic acid on the dorsal side of the embryo
with Aldh1a2 expression, while posterior kidney progenitors are
protected by the Cyp26a1 enzyme (Naylor et al., 2016). These
studies suggest that Aldh1a2 expression determines the precise
localization of retinoic acid signaling and that the repression
of the Aldh1a2 is necessary for the pronephros formation
of zebrafish. However, studies of the regulation of Aldh1a2
expression within the metanephric kidney remains rare.

In the metanephric kidney, as well as being strongly expressed
in the stromal cells of the outer cortex, Aldh1a2 is weakly
presented in the proximal section of the comma-shaped body,
vigorously but transiently expressed in glomerular anlagen in
the S-shaped body and the visceral layer of the glomerulus in
stage III nephron, and declines aggressively in the podocyte of
stage IV nephron. Its expression in collecting tubules during E18-
P4 has also been observed (Batourina et al., 2001; Niederreither
et al., 2002; Marlier and Gilbert, 2004; Rosselot et al., 2010).
This intricate expression pattern of Aldh1a2 should be tightly
controlled. It was reported that Foxd1 knockout led to the
repression of Aldh1a2 expression in stromal cells of the fetal
kidney (Levinson et al., 2005; Fetting et al., 2013). Recently
we provide in vitro evidence that ectopic expression of WT1
transcription factor (WT1) represses ALDH1A2 expression in
the human fetal kidney cell line HEK293 (Li et al., 2017). It
is important to note that, as the retinoic acid concentration
is dependent on the expression of enzymes like ALDH1A2,
repression of ALDH1A2 is as vital as its upregulation for the
formation of the correct local concentration of retinoic acid
in kidney development. The regulator responsible for the lack
of ALDH1A2 expression in ureteric bud and cap mesenchyme
remains unclear.

Wnt signaling is essential for fetal kidney development (Halt
and Vainio, 2014). The canonical Wnt/β-catenin pathway is
the most well-characterized Wnt pathway (Nusse and Clevers,
2017). The signal is executed by translocation of β-catenin from
plasma into the nucleus and acts together with TCF or other
unknown factors to regulate gene expression. Observations show
that Wnt-2b, -4, -5a, -6, -7b, -9b, and -11 are expressed during
kidney development (Kispert et al., 1996; Kispert et al., 1998; Lin
et al., 2001; Itaranta et al., 2002; Carroll et al., 2005). Wnt1, -
3a, -4, -7a, and -7b were reported to trigger nephrogenesis in
the metanephric mesenchyme (Kispert et al., 1998). Wnt4 was
secreted by metanephric mesenchyme. The loss of Wnt4 leads
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to the failure of the formation of pretubular cell aggregates
(Stark et al., 1994). Wnt9b is expressed in ureteric buds and
activates the canonical Wnt signaling pathway in the surrounding
metanephric mesenchyme (Kispert et al., 1998; Carroll et al.,
2005; Park et al., 2007). Loss of Wnt9a leads to failure of nephron
formation. It also plays an important role in the convergent
extension of renal tubular epithelial cells. Wnt6, Wnt7b, and
Wnt11 are generated by ureteric bud cells. Wnt2b is secreted by
developing stromal cells (Halt and Vainio, 2014).

Recently, increasing evidence suggests that the canonical Wnt
signaling may regulate Aldh1a2 expression. It was shown that,
in 293T cells, β-catenin and TCF4 activate mouse Aldh1a2
promoter (Hong et al., 2015). In the Six2 positive pre-tubular
aggregate of the embryonic kidney, β-catenin/LEF/TCF complex
and Six2 were recruited to a region within the first intron of
the Aldh1a2 gene (chr9:71065207-71065805) (Park et al., 2012).
This region partially overlapped with a TCF7L2 (TCF4) bound
region identified in HEK293 cells using ChIP-sequencing (Frietze
et al., 2012). It was previously found that in the first intron of
the Aldh1a2 gene, there is an enhancer termed intron1G that
can activate Aldh1a2 expression in the mouse developing neuron
cells. Intron1G contains at least three predicted LEF/TCF binding
motif (Castillo et al., 2010).

As Wnt signaling and retinoic acid signaling are critically
involved in kidney development and disease and the above data
suggest that the canonical Wnt signaling may regulate Aldh1a2,
we hypothesized that Wnt/β-catenin signaling might regulate
Aldh1a2 expression in the developing kidney. In this study, we
focus on examining whether the canonical Wnt signaling can
control Aldh1a2 expression in the fetal kidney context. We report
for the first time that Aldh1a2 expression can be suppressed
by CHIR99021 via the canonical Wnt signaling. We confirm
that Aldh1a2 repression by Wnt signaling involves the Aldh1a2
promoter and intron1G element. Our data indicate that Wnt
signaling could be upstream of retinoic acid signaling during
kidney development. Our findings have implications for linking
the Wnt and retinoic acid pathways during kidney development.

MATERIALS AND METHODS

Chemicals
The GSK3 inhibitor CHIR99021 (Cat. SML1046, Sigma-
Aldrich Corp., St. Louis, MO, United States) was obtained
from Sigma. CHIR99021 was dissolved in dimethyl sulfoxide
(DMSO) (Cat.196055, MP Biomedicals). CHIR99021 is an
aminopyrimidine derivative that is a highly potent inhibitor
of GSK3. It inhibits GSK3β (IC50 = 6.7 nM) and GSK3α

(IC50 = 10 nM), acting as a Wnt activator.

Primers
The primers for real-time PCR used in this study are listed
in Table 1.

Plasmids
M50 Super 8x TOPFlash (Addgene #12456) and M51 Super 8x
FOPFlash (TOPFlash mutant) (Addgene #12457) were gifts from

TABLE 1 | Primers for real-time PCR.

Name of primer Primer sequence (5′ to 3′)

ALDH1A2-QF2 GGGCAGTTCTTGCAACCATGGAAT

ALDH1A2-QR2 TTTGATGACGCCCTGCAAATCCAC

TBPRQF GCCCGAAACGCCGAATAT

TBPRQR CCGTGGTTCGTGGCTCTCT

CTNNB1-QF1 CTTCACCTGACAGATCCAAGTC

CTNNB1-QR1 CCTTCCATCCCTTCCTGTTTAG

ALDH1A2_CHIP_QF1 GGGACGATAGCTCTTAGCGTGTAA

ALDH1A2_CHIP_QR1 TGCTTCGTGGGCTCCTTTAGTTCT

MYC-ChIP-QF2 CCCGTCTAGCACCTTTGATTT

MYC-ChIP-QR2 ACACGGAGTTCCCAATTTCTC

1A2-in1G-ChIPQF1 CTCCCAAGCTGATTTATGGTCT

1A2-in1G-ChIPQR1 AGGCCATTCCCATTTACTATCC

1A2-in1G-ChIPQF2 TCTCTGGGTGTTGTCCAATTT

1A2-in1G-ChIPQR2 CCGTCCTAAACACCAGATGAA

1A2-in1G-ChIPQF3 TTTAGAGCTAGGCCACAGAATG

1A2-in1G-ChIPQR3 AGCGATGACACATAGCAAGAA

1A2-in1G-ChIPQF4 GGGATTCCAGGTTCTTGCTATG

1A2-in1G-ChIPQR4 CAGACTCCAATGGCTGTTGATTA

1A2-in1-six2bcat-ChIPQF1 TTTAGGAACGAGCAGGGAAAG

1A2-in1-six2bcat-ChIPQR1 CCTTCCCAAATCTGAGGGTTAG

1A2-in1-six2bcat-ChIPQF2 CCTAACCCTCAGATTTGGGAAG

1A2-in1-six2bcat-ChIPQR2 AGGGAGTAAGAGAACTGGAAGA

1A2-in1-six2bcat-ChIPQF3 CCCAGTAGGAAAGACAACTGAT

1A2-in1-six2bcat-ChIPQR3 GTGGGAAAGTGGATACTGGATAA

1A2-in1-six2bcat-ChIPQF4 CCTTGACAAACAACCCTCATAAA

1A2-in1-six2bcat-ChIPQR4 GCTGGGAATGCTCACAGATA

Randall Moon (Veeman et al., 2003). The HSV-thymidine kinase
promoter (pRL-TK) (Promega), kindly provided by Dr. Kun Du,
was used as a Renilla luciferase control reporter.

Expression plasmids of multiple Wnts, including pRK5-
mWnt1 (Addgene #42273), pRK5-mWnt2b (Addgene #42275),
pRK5-mWnt3a (Addgene #42277), pRK5-mWnt4 (Addgene
#42278), pRK5-mWnt5a (Addgene #42279), pRK5-mWnt6
(Addgene #42281), pRK5-mWnt7a (Addgene #42282), pRK5-
mWnt7b (Addgene #42283), pRK5-mWnt9b (Addgene #42287)
and pRK5-mWnt11 (Addgene #42290), were gifts from Chris
Garcia and Jeremy Nathans (Yu et al., 2012). pRK5 empty
vector was made by re-ligation of the backbone of pRK5-mWnt4
(Addgene #42278) digested by PstI.

ALDH1A2 promoter or intron1G was cloned using the
primers shown in Table 2. Promoter construct pGL3B-1A2ps
(889 bp) was made by digestion of pGL3B-1A2p with KpnI/AvrII,
followed by ligation of the promoter sequence to the pGL3-basic
vector, which was digested with KpnI/NheI. The MF2 and PF2
reporter vectors were made by joining the minus strand or the
plus strand of ALDH1A2 intron1G with the ALDH1A2 promoter
F2 using the overlap extension polymerase chain reaction method
(OE-PCR) (Figure 6A) followed by ligation with pGL3-basic
plasmid using KpnI/HindIII enzyme sites.

siRNAs
siRNAs targeting human CTNNB1 exons were designed
and synthesized by GenePharma (Shanghai, China). The
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TABLE 2 | Primers for ALDH1A2 promoter and intron1G cloning.

Name of promoter Name of primer Primer sequence (5′ to 3′) Product length (bp)

F1 KpnI-1A2-Gaudix-F1 aaaaggtaccATGTTTTCTGGCTGATGCTTAATGT 1623

XhoI-1A2-Gaudix-R1 aaaactcgagATCTTGCTGGAAGTCATGGTG

F2 KpnI-1A2-Gaudix-F2 aaaaggtaccTAGGCCCCTGTCAAGCTTACATT 1321

XhoI-1A2-Gaudix-R1 aaaactcgagATCTTGCTGGAAGTCATGGTG

QF1 KpnI-1A2-CHIPQF1 aaaaggtaccGGGACGATAGCTCTTAGCGT 1066

XhoI-1A2-Gaudix-R1 aaaactcgagATCTTGCTGGAAGTCATGGTG

1A2p KpnI-1A2_CHIP_QF1 aaaaggtaccGGGACGATAGCTCTTAGCGT 1156

HindIII-1A2_CHIP_QR4 ttttaagcTTAATTTCGAGATTGGGCGTGG

P KpnI-1A2-intron1G-plusF aaaaggtaccTGTCTCTTGACATCTGTTTTAGGAA 1286

HindIII-1A2-intron1G-plusR ttttaagcttCTTCCTCTCCTTTTGCATGTGACT

M KpnI-1A2-intron1G-plusR aaaaggtaccCTTCCTCTCCTTTTGCATGTGACT 1286

HindIII-1A2-intron1G-plusF ttttaagcttTGTCTCTTGACATCTGTTTTAGGAA

PF2 KpnI-1A2p-intron1G-plusF aaaaggtaccTGTCTCTTGACATCTGTTTTAGGAA 1286

1A2-intron1G-plusR CTTCCTCTCCTTTTGCATGTGACT

1A2-In1GpR-GaudixF2 AGTCACATGCAAAAGGAGAGGAAGTAGGCCCCTGTCAAGCTTACATT 1321

XhoI-1A2-GaudixR1 aaaactcgagATCTTGCTGGAAGTCATGGTG

MF2 KpnI-1A2p-intron1G-plusR aaaaggtaccCTTCCTCTCCTTTTGCATGTGACT 1286

1A2-intron1G-plusF TGTCTCTTGACATCTGTTTTAGGAA

1A2-In1GpF-GaudixF2 TTCCTAAAACAGATGTCAAGAGACATAGGCCCCTGTCAAGCTTACATT 1321

XhoI-1A2-GaudixR1 aaaactcgagATCTTGCTGGAAGTCATGGTG

Underlined sequences are restriction enzyme sites.

siRNA oligos include CTNNB1 siRNA-1 5′-GGA CAC
AGC AGC AAU UUG UTT-3′, CTNNB1 siRNA-2 5′-
GCU GCU UUA UUC UCC CAU UTT-3′, and the
negative control siRNA oligo 5′-UUC UCC GAA CGU
GUC ACG UTT-3′. The final concentration of siRNA for
transfection is 50 nmol/L. Lipofectamine R© RNAiMAX reagent
(Invitrogen) was used for siRNA transfection according to the
manufacturer’s instruction.

Cell Culture and Transfection
The WiT49 and 293 cells were cultured as described previously
(Li et al., 2017). The WiT49 cell line was donated by Dr. Herman
Yeger. It is a Wilms’ tumor (WT) cell line that is derived from the
first-generation xenograft of a human WT lung metastasis. Some
differentiation potential is retained by WiT49 cells, displaying
the so-called "triphasic" histology (epithelioid, stromal-like, and
mesenchymal) when grown in tissue culture plates (Alami et al.,
2003). It is also triphasic (Mengelbier et al., 2014) or biphasic with
stromal and epithelial components dominant (Li et al., 2010) in
orthotopic xenograft models, suggesting that WiT49 may mimic
certain aspects of the developing kidney (Li et al., 2002; Rivera
and Haber, 2005).

Animals
The pregnant Sprague-Dawley rats (SD rats) were obtained
from Shenzhen Peking University–The Hong Kong University
of Science and Technology Medical Center. Animal welfare and
experimental procedures were carried out following the Guide for
the Care and Use of Laboratory Animals (Ministry of Science and
Technology of China, 2006) and were approved by the animal
ethics committee of Nanshan People’s Hospital.

Real-Time RT-PCR
RNA was purified using TRIZOL reagent (Invitrogen), and
its concentration and purity were assessed at 260/280 nm by
applying Nanodrop (Thermo). A sample of 1 µg total RNA
was reverse-transcribed with oligo (dT)20 at 50◦C for 1 h using
the ThermoScript RT-PCR system (Invitrogen). Comparative
quantitative real-time PCR was carried out employing SYBR
Green qPCR supermix universal (Invitrogen) using the ABI7500
real-time PCR system. The reaction mixture was comprised
of 10 µl SYBR (Invitrogen), 50 nmol/l ROX reference dye,
0.2 µmol/l forward primer, 0.2 µmol/l reverse primer, and 5 µl
of 1:10 diluted cDNA template. PCR cycling was as follows: 50◦C
for 2 min, a denaturing step of 95◦C for 10 min, followed by
40 cycles of 95◦C for 15 s, 58◦C for 30 s, and 72◦C for 30 s.
Gene expression was quantified by applying the comparative
Ct method, normalizing to the housekeeping gene TATA box
binding protein (TBP). Assays were accomplished in triplicate.

Western Blot
Western blot was performed using polyclonal antibodies against
β-catenin (Cat. 51067-2-AP, Proteintech), ALDH1A2 (Cat.
ab75674, Abcam), and GAPDH (Goodhere, China). Secondary
antibodies, including anti-rabbit IgG (whole molecule) – anti-
mouse IgG and peroxidase antibody (whole molecule) –
peroxidase antibody, were obtained from Sigma. In brief, 1× 106

cells were lysed in 150 µl 1 × Cell Lysis Buffer (Cell Signaling
Technology, Inc.) plus EDTA-free protease inhibitor cocktail
(Roche). Protein concentrations were measured by employing the
DC Protein Assay Kit (Bio-Rad). For each lane, 50 µg proteins
were denatured in 30 µl sample buffer (60 mmol/l Tris pH
6.8, 10% glycerol, 2% SDS, 5% mercaptoethanol), followed by
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incubation at 100◦C for 5 min, and cooling on ice to denature
proteins. Protein samples were loaded for electrophoresis and
transferred to Immobilon-P Transfer Membrane (Millipore) with
a wet transfer apparatus (Bio-Rad). The Immobilon-P membrane
was blocked with 1% bovine serum albumin (BSA) (Sigma) in
phosphate-buffered saline (PBS) for 2 h at room temperature.
The membrane was then probed with primary antibodies
overnight at 4◦C at a dilution of 1:1000 or 1:200, followed by
incubation with secondary antibody at room temperature for
1.5 h. Protein bands were visualized with ECLTM Prime Western
Blotting Detection Reagent (Amersham, GE Healthcare). Gel
images were obtained employing the MiniChemi professional
machine (SageCreation Science Co., Ltd., Beijing, China). The
semi-quantification of protein bands was performed using
ImageJ software.

Chromatin Immunoprecipitation (ChIP)
A Magna CHIPTM A chromatin immunoprecipitation kit
(Millipore) was used according to the manufacturer’s protocol.
Briefly, WiT49 cells were treated with 5 µM CHIR99021 for
48 h, and then the cells (5.4 × 106/T75) were fixed with
1% formaldehyde for 20 min at room temperature. Sonication
was performed for 5 min (with cycles of 30 s on/30 s off)
in a Bioruptor R© Pico (Diagenode) on 300 µl cell lysates in
1.5-ml Bioruptor Pico microtubes with Caps (Diagenode, Cat.
No. C30010016) at a concentration of 18 × 106 cells/ml of
nuclear lysis buffer. Acetyl-Histone 3 and Rabbit IgG in the
Magna CHIPTM A kit were used as positive and negative
controls, respectively. Mouse Pol II antibody from the Magna
CHIPTM G kit (Millipore) was also used as a control. Rabbit
polyclonal anti-β-catenin (Cat. 51067-2-AP, Proteintech) was
used. The DNA yielded was then amplified by PCR with
primers specific to different regions, using HotStarTaq Plus DNA
polymerase (Qiagen) with the primers shown in Table 1. The
PCR temperature program for these ChIP DNA samples is 95◦C
for 5 min, 40 cycles of 94◦C for 30 s, 58◦C for 30 s, and 72◦C
for 35 s, followed by an extension step of 72◦C for 5 min.
ChIP PCR products were loaded to the 1.5% agarose gel, and
electrophoresis was performed.

Luciferase Assay
FuGENE R© HD transfection reagent (Roche) and luciferase
assay system with reporter lysis buffer (Promega) were used
for the promoter transcriptional activity assay according to
the manufacturer’s instructions. Briefly, 105 cells were seeded
to each well of a 24-well plate 18–20 h before transfection
and maintained in 1 ml media. Serum-free DMEM media
was mixed with FuGENE R© HD, followed by incubation at
room temperature for 5 min. Plasmids were then added to
this mixture and mixed, followed by incubation for 20 min.
The ratio between the FuGENE R© HD volume and total
plasmid quantity was 3 µl:1 µg. A volume of 40 µl of the
serum-free DMEM/FuGENE R© HD/plasmids mixture was added
to each well. Cells were harvested 48 h after transfection
using 100 µl of 1 × reporter lysis buffer in each well of
the 24-well plate on a Belly Dancer (Stovall Life Science,
Inc) for 20 min at room temperature. Luciferase assay was

performed by adding 10 µl of cell lysate to 50 µl of
lyophilized luciferase assay reagent II (LAR II) (Promega)
and tapping the reaction mixture for 10 s. The reaction was
then measured by a ModulusTM single tube multimode reader
(Turner Biosystems). The renilla activity of the same tube
was also measured. The value of luciferase activity relative
to the renilla activity of the same sample was used for data
analysis. Student’s t-tests (two tails, unpaired) were performed
using Excel software (Microsoft), with p < 0.05 considered
statistically significant.

Immunofluorescence
Sterile coverslips were placed in 6-well plates before WiT49 cell
seeding at a density of 100,000 cells/cm2. Cells were allowed
to grow for 2 days before fixing with 8% paraformaldehyde
in 1 × PBS (pH 7.0, 500 µl/well) for 15 min. The fixation
was stopped with 100 mM glycine, followed by 0.1% Triton
X-100 treatment. Cells were blocked with 1% BSA (Sigma,
2 ml/well) in PBS (pH 7.5) for 30 min at room temperature.
Afterward, the coverslip was lifted, and the side with cells
attached was placed face down directly in contact with 100 µl
of primary antibody (1/200 diluted) on plastic at 4◦C overnight.
The coverslips were then incubated with 100 µl of secondary
antibodies (1/200 diluted) in 1% BSA dissolved in PBS (pH
7.5) at room temperature for 60 min in the dark. Anti-
rabbit secondary antibody AlexaFluor 546 (red) F(ab)2 GαR
(Invitrogen) or anti-mouse secondary antibody AlexaFluor 488
(green) F(ab)2 GαM (Invitrogen) was used. Afterward, the cells
on each coverslip were stained with ProLong Gold (Invitrogen),
which contains 4′-6-diamidino-2-phenylindole (DAPI). The glass
slides were examined under an Olympus BX51 fluorescent
microscope and analyzed.

Immunohistochemistry (IHC) and
Hematoxylin and Eosin (H&E) Staining
Histology was performed to quantify Aldh1a2 and Ctnnb1
(β-catenin) expression in paraffin-embedded rat E18.5 embryonic
kidney samples. IHC was performed on sections using rabbit
polyclonal anti-β-catenin (Cat. 51067-2-AP, Proteintech) and
rabbit polyclonal anti-ALDH1A2 (Cat. ab75674, Abcam). H&E
staining was performed using Mayer’s hematoxylin solution.

Software
Primers were designed using the PrimerQuest Design Tool1.

Statistical Analysis
Student’s t-test was used to compare the significance of the
difference between every two groups. Statistical analysis was
performed using Excel software (Microsoft). Results were
presented as mean ± standard error of the mean. All P-values
were two-tailed, and P < 0.05 was considered to be a statistically
significant difference.

1http://www.idtdna.com/primerquest/Home/Index
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RESULTS

GSK3 Inhibitor CHIR99021 Inhibits
Aldh1a2 Expression in WiT49 Cells
Previous studies have used CHIR99021 in a range of 1–10 µM
in experiments with fetal kidney cells (Francipane and Lagasse,
2015) or kidney organoids generated from iPSC (Takasato et al.,
2016; Taguchi and Nishinakamura, 2017; Przepiorski et al., 2018).
We used a concentration of 5 µM, which is the median value of
the concentration range that has been used in these experiments.
WiT49 cells were treated with 0.1% DMSO or 5 µM CHIR99021
for 48 h. Real-time PCR results show that ALDH1A2 mRNA
levels were reduced to 25% of that measured in DMSO control
cultures (Figure 1A). Western blot shows that ALDH1A2 protein
levels were also significantly repressed in the CHIR99021 group
compared to the DMSO control (Figure 1B).

Inhibition of ALDH1A2 Expression by
GSK3 Inhibitor CHIR99021 Is via
β-Catenin Signaling
To confirm that the GSK3 inhibitor CHIR99021 affects
Wnt/β-catenin signaling, we measured whether CHIR99021
affects the β-catenin nuclear translocation and the activity of
TCF reporter. WiT49 cells were treated with 0.1% DMSO or
5 µM CHIR99021 for 48 h. Immunofluorescence detection of
β-catenin shows that β-catenin protein mainly presented on the
membrane/cytoplasm of WiT49 cells of the 0.1% DMSO control.
With 5-µM CHIR99021 treatment, the majority of β-catenin
translocated to the nucleus of WiT49 cells (Figure 2A). Luciferase
assay results show that CHIR99021 activated TOPFlash TCF
reporter (Figure 2B), suggesting that CHIR99021 treatment can
activate Wnt/β-catenin signaling in WiT49 cells.

Next, we tested whether repression of ALDH1A2 by
CHIR99021 requires β-catenin. The expression of CTNNB1
(β-catenin) in WiT49 cells was knocked down with siRNA
for 24 h, followed by treatment of cells with 0.1% DMSO or
5 µM CHIR99021 for another 48 h. Real-time RT-PCR shows
that when CTNNB1 was knocked down, CHIR99021 failed to
represses ALDH1A2 (Figure 2C). Suppression of CTNNB1 alone
slightly upregulated ALDH1A2 expression (Figure 2C), probably
because β-catenin is mainly located on the membrane/cytoplasm
in WiT49 cells. Western blot shows that in the 0.1% DMSO
control group, CTNNB1 knockdown had little effect on
ALDH1A2 expression. In the 5-µM CHIR99021 treatment
group, CTNNB1 knockdown led to ALDH1A2 upregulation
(Figure 2D). These data suggest that the repression of ALDH1A2
expression by CHIR99021 requires CTNNB1. Taken together,
these results suggest that canonical Wnt signaling represses
ALDH1A2 expression.

Distinct Wnt Family Members Can
Repress ALDH1A2 Expression in WiT49
Cells
Before measuring whether Wnt molecules may affect ALDH1A2
expression, we tested whether Wnts that have been shown to

express or have an effect in kidney development (Halt and Vainio,
2014) may activate the TCF reporter. Luciferase assay using
TOPFlash/FOPFlash reporter shows that transient transfection
of mouse Wnt1, Wnt3a, Wnt4, and Wnt9b expression vector
to WiT49 cells for 48 h led to significant activation of the
TOPFlash reporter, suggesting that these four Wnts can activate
the canonical Wnt signaling in WiT49 cells. Six other mouse
Wnts, namely Wnt2b, Wnt5a, Wnt6, Wnt7a, Wnt7b, and Wnt11,
did not affect TOPFlash reporter activity (Figure 3A).

Next, we transiently transfected expression vectors of Wnts
that have been shown to activate TCF reporter (Figure 3A)
to WiT49 cells and measured whether ALDH1A2 expression
was altered. Mouse Wnt1, Wnt3a, Wnt4, and Wnt9b expression
vectors were transiently transfected to WiT49 cells for 48 h.
Samples were tested for ALDH1A2 expression. Real-time RT-
PCR and Western blot results both show that mouse Wnt1,
Wnt3a, Wnt4, and Wnt9b transfection led to repression of
ALDH1A2 expression (Figures 3B,C).

Taken together, the above data suggest that Wnt/β-catenin
signaling can repress ALDH1A2 expression in the fetal kidney
model WiT49 cells.

β-Catenin and Aldh1a2 Proteins Are
Localized in Distinct, Adjacent Domains
in vivo
Having shown negative regulation of ALDH1A2 expression by
β-catenin in WiT49 cell line in vitro, we next address whether
the localization pattern of Aldh1a2 and β-catenin in the fetal
kidney is consistent with this repressive effect. We determined
the Aldh1a2 and β-catenin protein localization in the rat E18.5
fetal kidney by immunohistochemistry. The results show that
Aldh1a2 primarily localized in the stroma of the developing
renal cortex but did not localize in the ureteric bud and cap
mesenchyme (Figures 4C,F). β-catenin strongly localized in the
ureteric bud and cap mesenchyme, but little was detectable in the
developing stroma (Figures 4D,G). In the developing podocytes,
Aldh1a2 was strongly localized (Figures 4E,I), while β-catenin
was not detectable (Figures 4D,H). These data suggest an inverse
relationship between β-catenin and Aldh1a2 protein localization
in the fetal kidney.

β-Catenin Is Associated With ALDH1A2
Promoter and Intron1G
Given the ability of β-catenin to repress ALDH1A2 expression,
we next determined whether β-catenin is associated with the
ALDH1A2 promoter and two DNA elements within ALDH1A2
intron 1 using ChIP analysis. One DNA element, named
“intron1G,” was previously shown to activate Aldh1a2 expression
in the mouse spine (Castillo et al., 2010). Another DNA element,
which we named the “β-catenin and Six2 co-bound region
(BSCR),” was previously shown to recruit both β-catenin and
Six2 in fetal kidney pretubular aggregate (Park et al., 2012)
(Figure 5A). In our ChIP assay, control acetyl-histone 3 and
pol II immunoprecipitations confirmed the presence of acetyl-
histone 3 and RNA polymerase II at the promoter of GAPDH
(Figure 5B) and also showed their recruitment to the MYC and
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FIGURE 1 | GSK3 inhibitor CHIR99021 inhibits Aldh1a2 expression in WiT49 cells. (A) Effect of CHIR99021 on ALDH1A2 mRNA expression in WiT49 cells. WiT49
cells were treated with 0.1% DMSO (control vehicle) or 5 µM CHIR99021 for 48 h. ALDH1A2 expression relative to TBP was measured by real-time RT-PCR. Values
are the mean ± SD of three determinations; representative results from at least three separate experiments. ∗∗∗P < 0.001 compared with the DMSO control group
(without CHIR99021 addition). (B) Effect of CHIR99021 on ALDH1A2 protein expression in WiT49 cells. WiT49 cells were treated with 0.1% DMSO or 5 µM
CHIR99021 for 48 or 72 h. ALDH1A2 and GAPDH protein expression were measured by Western blot. pRM-67-ALDH1A2, positive control of ALDH1A2 protein
made by transfection of mammalian expression vector pReceiver-M67-ALDH1A2 to WiT49 cells. pRM-67, negative control of ALDH1A2 protein generated by
transfection of pReceiver-M67 empty vector. Values under protein bands were calculated by the density of bands of ALDH1A2 divided by the density of bands
of GAPDH.

ALDH1A2 promoters (Figure 5B). β-catenin is known to regulate
the MYC promoter, and MYC promoter DNA was precipitated
by the β-catenin antibody (Figure 5B), providing a positive
control. Significantly, the β-catenin antibody also precipitated the
ALDH1A2 promoter DNA (Figure 5B).

In the ChIP assay of the ALDH1A2 intron1G DNA element,
the presence of RNA polymerase II was confirmed by pol II
immunoprecipitations at the F1, F2, F3, and F4 fragment of
intron1G (Figure 5C). The intense presence of Pol II on intron1G
suggests that this conserved DNA element is very likely to be
involved in ALDH1A2 transcription. Acetyl-histone 3 only binds
to F2 and F3 sites of intron1G (Figure 5C). β-catenin antibody
precipitated the F1 and F4 fragments of intron1G (Figure 5C).

In the ChIP assay of the ALDH1A2 BSCR element, the Pol II
antibody did not precipitate any fragment of the BSCR element
(Figure 5D). Acetyl-histone 3 only binds to f4 pieces of the
BSCR element (Figure 5D). β-catenin antibody precipitated the
f3 fragment of the BSCR element (Figure 5D).

Taken together, ChIP analysis of ALDH1A2 promoter,
intron1G, and BSCR elements suggests that β-catenin represses
ALDH1A2 expression through direct recruitment of β-catenin to
these DNA elements.

Canonical Wnt Signaling Activated by
CHIR99021 Inhibits the Transcriptional
Activity of ALDH1A2 Promoter and
Intron1G Enhancer
Given that both the control acetyl-histone 3 and pol II antibodies
immunoprecipitated ALDH1A2 promoter and multiple sites
of intron1G, chromatin within these two sites is more likely

to be in an open state and relevant to the ALDH1A2
transcription. To examine whether canonical Wnt signaling
activated by CHIR99021 may affect the transcriptional activity of
the ALDH1A2 promoter and intron1G element, we conducted
luciferase assay. First, we cloned ALDH1A2 promoter of
different lengths, intron1G with opposite orientations, and the
combination of intron1G and ALDH1A2 promoter (Figure 6A).
The luciferase assay results show that the ALDH1A2 promoter
F2 (−1031 bp to 290 bp relative to the transcription start
site of NM_003888) is the most active and essential region
for ALDH1A2 promoter activation (Figure 6B). Comparison
between ALDH1A2 promoters QF1 and 1A2ps suggests that a
region from 113 to 290 bp (relative to the transcription start site)
is the basal and most essential element for ALDH1A2 promoter
activity (Figure 6B). Comparison between ALDH1A2 promoter
QF1 and 1A2p suggests that a region between 290 and 380 bp has
a strong inhibitory effect on theALDH1A2 promoter activity. The
luciferase activity of intron1G at minus strand (M) is higher than
that of intron1G at the plus strand (P) (Figure 6B).

Since the above results show that β-catenin binds to the
ALDH1A2 promoter and enhancers within intron 1, we next
used data mining on in situ Hi-C data (Rao et al., 2014) to
see if these elements are within a chromatin loop, which is
a chromatin structure enabling interaction of enhancer and
promoter. We found that the ALDH1A2 promoter, intron1G, and
BSCR are within a chromatin loop defined by CTCF binding
sites (Supplementary Figure S1). To explore whether ALDH1A2
promoter, Intron1G, and BSCR sequences are in an open
chromatin state, we aligned sequences of these three elements to
the UCSC genome browser on human Feb. 2009 (GRCh37/hg19)
assembly. The alignment of ALDH1A2 promoter, Intron1G, and
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FIGURE 2 | Inhibition of ALDH1A2 expression by GSK3 inhibitor CHIR99021 is via β-catenin signaling. (A) Effect of CHIR99021 on β-catenin nuclear translocation in
WiT49 cells. WiT49 cells were treated with 5 µM CHIR99021 or 0.1% DMSO for 48 h, and then immunofluorescence was performed with β-catenin antibody and
DAPI staining. Negative control represents no primary antibody control. Bar length equals 50 µm. (B) Effect of CHIR99021 on the TCF reporter in WiT49 cells.
A 500-ng sample of TOPFlash or FOPFlash constructs, together with 50 ng of the pRL-TK renilla control vector, was transiently transfected into WiT49 cells. Cells
were treated with 0.1% DMSO or 5 µM CHIR99021 after 24 h of transfection. Luciferase reporter activities relative to renilla (pRL-TK) are shown in percentage terms.
Values are the mean ± SD of three determinations from separate experiments. ∗∗∗P < 0.001 compared with the DMSO control group (without CHIR99021 addition).
(C,D) Effect of CTNNB1 knockdown on the downregulation of ALDH1A2 by CHIR99021 treatment. WiT49 was transfected with 50 nM CTNNB1 siRNA or negative
control siRNA for 24 h, followed by treatment of 5 µM CHIR99021 for another 48 h. CTNNB1 and ALDH1A2 mRNA expression relative to TBP control in WiT49 cells
were measured by real-time RT-PCR (C). Values are the mean ± SD of three determinations from separate experiments. ∗∗∗P < 0.001 compared with the siNEG
control group. β-catenin (CTNNB1), ALDH1A2 and GAPDH protein expression in WiT49 cells were measured by Western blot (D). Values under bands were
calculated by the density of bands of β-catenin or ALDH1A2 divided by the density of bands of GAPDH.

BSCR sequences to the UCSC genome browser shows that the
ALDH1A2 promoter and intron1G are relatively in an open
chromatin state in multiple cell lines (Supplementary Figure
S2) (Ernst et al., 2011), suggesting that they may potentially
interact with each other. Although these results from data mining
are not obtained from fetal kidney cells, they still provide the
useful information that ALDH1A2 promoter, intron1G, and
BSCR may be within the same chromatin loop and in an open
chromatin state, considering that chromatin 3D structure is
usually conserved (Dixon et al., 2012; Rao et al., 2014).

Therefore, we combined the ALDH1A2 promoter and
intron1G to see their transcriptional activity and whether
canonical Wnt signaling activated by CHIR99021 affects their
transcriptional activity. Luciferase assay was performed to
measure the effect of canonical Wnt signaling activated by
CHIR99021 on the ALDH1A2 promoter F2, intron1G with
opposite orientations, or the combination of intron1G with F2.

The luciferase assay results show that the canonical Wnt signaling
activated by CHIR99021 represses the transcriptional activity of
both the ALDH1A2 promoter F2 and the intron1G in WiT49
cells (Figure 6C). The canonical Wnt signaling activated by
CHIR99021 also suppresses the combination of intron1G and
ALDH1A2 promoter F2 (Figure 6C).

Taken together, the canonical Wnt signaling activated
by CHIR99021 can repress the ALDH1A2 promoter and
intron1G DNA element.

DISCUSSION

The Wnt/β-catenin signaling and retinoic acid pathways
are critical factors regulating fetal kidney development
(Mendelsohn et al., 1999; Halt and Vainio, 2014). The retinoic
acid synthetic enzyme ALDH1A2, which is essential for renal
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FIGURE 3 | Wnts affect ALDH1A2 expression in WiT49 cells. (A) Effects of Wnts on TCF reporter activity in WiT49 cells. 400 ng TOPFlash or FOPFlash constructs
with 100 ng pRK5-mWnts expression vectors or pRK-5 empty vector, as well as 25 ng of the pRL-TK renilla control vector, was transiently transfected into WiT49
cells for 48 h. The pRK5-mWnts include pRK5-mWnt1, pRK5-mWnt2b, pRK5-mWnt3a, pRK5-mWnt4, pRK5-mWnt5a, pRK5-mWnt6, pRK5-mWnt7a,
pRK5-mWnt7b, pRK5-mWnt9b, and pRK5-mWnt11. Luciferase reporter activities relative to renilla (pRL-TK) are shown. Values are the mean ± SD of four
determinations; representative results from at least three separate experiments are shown. ∗∗P < 0.01 and ∗∗∗P < 0.001 compared with their respective controls,
calculated using the Student’s t-test. (B,C) Effect of Wnts on ALDH1A2 expression in WiT49 cells. WiT49 cells were transiently transfected with pRK5-mWnt1,
pRK5-mWnt3a, pRK5-mWnt4, pRK5-mWnt9b, or the empty vector pRK5 for 48 h. The ALDH1A2 expression relative to TBP was measured by real-time RT-PCR
(B). Values are the mean ± SD of three determinations; representative results from at least three separate experiments. ∗∗P < 0.01 and ∗∗∗P < 0.001 compared
with the empty vector pRK5 control group. The ALDH1A2 protein expression was measured by Western blot (C). pRM-67-ALDH1A2, positive control of ALDH1A2
protein made by transfection of mammalian expression vector pReceiver-M67-ALDH1A2 to WiT49 cells. pRM-67, negative control of ALDH1A2 protein generated
by transfection of pReceiver-M67 empty vector. Per lane, 50 µg of the sample was loaded, and 2 µg ALDH1A2 protein-positive control was loaded. Mock
represents samples of cells treated with transfection reagent and without plasmid DNA. Values under bands were calculated by the density of bands of ALDH1A2
divided by the density of bands of GAPDH.

development (Rosselot et al., 2010), strongly expresses in
the stroma of the renal outer cortex (Batourina et al., 2001;
Niederreither et al., 2002; Marlier and Gilbert, 2004; Rosselot
et al., 2010), while β-catenin predominantly expresses in the
ureteric bud (Bridgewater et al., 2008; Marose et al., 2008; Wang
et al., 2018), suggesting an inverse relationship between their
expression in the fetal kidney. Recent data from several lines
of evidence indicate that ALDH1A2 could be a novel target of
β-catenin signaling (Castillo et al., 2010; Frietze et al., 2012;
Park et al., 2012; Hong et al., 2015). Indeed, we show here for
the first time that activation of the canonical Wnt signaling
pathway using CHIR99021 can negatively regulate ALDH1A2
expression in WiT49 cells. We demonstrate that knockdown
of CTNNB1 abrogates the down-regulation of ALDH1A2 by
CHIR99021. Transient transfection of Wnt1, Wnt3a, Wnt4,
and Wnt9b to WiT49 cells leads to ALDH1A2 downregulation.
We confirm that Aldh1a2 and β-catenin expression in the fetal

kidney are inversely correlated. Importantly, the ALDH1A2
promoter and the intron1G element recruit β-catenin and
are transcriptionally repressed by canonical Wnt signaling
activated by CHIR99021, suggesting that β-catenin directly
represses ALDH1A2 expression via its promoter and intron1G.
Taken together, we provide in vitro evidence showing that the
Wnt/β-catenin pathway directly represses ALDH1A2 expression
in a fetal kidney cell model.

Although Wnt/β-catenin signaling is known to activate
gene expression, the expression of several target genes can
also be inhibited by the Wnt/β-catenin signaling (including
E-cadherin, Hath1, Sox9, 15-PGDH, RANKL and Osteocalcin)
(Jamora et al., 2003; Kahler and Westendorf, 2003; Leow et al.,
2004; Hill et al., 2005; Spencer et al., 2006; Smartt et al., 2012).
It has also been shown that the GSK3 inhibitors (canonical
Wnt signaling activator) can repress PEPCK and G6Pase gene
expression (Lochhead et al., 2001). The exact mechanisms that
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FIGURE 4 | Inverse correlation of Aldh1a2 localization with β-catenin in E18.5 embryonic rat kidney. (A) Hematoxylin and eosin (H&E) staining of rat embryonic
kidney (E18.5). Rat embryonic kidney (E18.5) were immunohistochemically stained with no antibody control (B), ALDH1A2 antibody (C,E,F,I), and β-catenin antibody
(D,G,H). CM, cap mesenchyme; UB, ureteric bud; ST, stroma; pg, the primitive podocytes of the glomerulus. Length of the bar equals 200 µm.

are responsible for transcriptional repression are less well known
than for transcriptional activation by Wnt/β-catenin signaling.
As our understanding of the mechanisms of gene repression by
β-catenin gets better, it will be of tremendous interest to elucidate
the mechanism that was responsible for ALDH1A2 suppression.

Our work shows that β-catenin is strongly localized in the
ureteric bud of the E18.5 rat kidney and does not present
in the developing stroma, consistent with previous reports
showing that β-catenin and its signaling primarily present in
the ureteric bud (Bridgewater et al., 2008; Marose et al., 2008;
Wang et al., 2018). Other literature also shows that β-catenin
intensely presents in the branching ureteric bud (Iglesias et al.,
2007; Billfeldt et al., 2016; Kovacs et al., 2017; Terada et al., 2017).
Although our immunohistochemistry result shows that β-catenin
is mainly localized to the membrane/cytosol, another study has
documented the nuclear staining of β-catenin in ureteric bud cells
using immunofluorescence method (Wang et al., 2018). Active
canonical WNT signaling (TCF reporter activity) was obvious in
the branching ureteric bud throughout its transition into renal
tubules (Iglesias et al., 2007). The presence of Wnt/β-catenin
signaling in the ureteric bud is also supported by the fact that
Axin2, the Wnt/β-catenin signaling typical target, expresses in

the ureteric bud of the fetal kidney (Mohri et al., 2011). Taken
together, it is clear that Wnt/β-catenin signaling presents in
the ureteric bud, supported by all three types of evidence from
the literature and our result (Figure 4), including expression
of β-catenin/activated β-catenin, TCF reporter activity, and
conditional knockout of β-catenin driven by the Hoxb7 promoter
(Iglesias et al., 2007; Bridgewater et al., 2008; Marose et al., 2008;
Billfeldt et al., 2016; Kovacs et al., 2017; Terada et al., 2017;
Wang et al., 2018).

Our result showing that β-catenin presents in the cap
mesenchyme is consistent with previous reports showing that
β-catenin expresses in Six2 positive cap mesenchyme cells (Park
et al., 2007; Karner et al., 2011; Park et al., 2012), in Myc
positive nephron progenitor cells (Pan et al., 2017), and in the
nephrogenic mesenchyme (Iglesias et al., 2007; Billfeldt et al.,
2016; Kovacs et al., 2017; Terada et al., 2017). Furthermore,
active canonical WNT signaling (TCF reporter activity) was
obvious in the epithelia of the nephrogenic mesenchyme (Iglesias
et al., 2007). However, other works show an absence of
β-catenin activity in nephron progenitor (Burn et al., 2011;
Tanigawa et al., 2011). These works may lack evidence from the
higher resolution pictures of β-catenin staining and TCF reporter
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FIGURE 5 | β-catenin is associated with the ALDH1A2 gene promoter and intron1G enhancer. (A) Diagram of 5′ terminal of the ALDH1A2 gene. DNA elements
include ALDH1A2 promoter, intron1G, β-catenin, and the Six2 co-bound region (BSCR). (B) Chromatin immunoprecipitation demonstrating the binding of β-catenin
to the ALDH1A2 promoter in WiT49 cells. β-catenin is associated with the promoter of the known β-catenin target C-MYC but not with the promoter of the
housekeeping gene GAPDH. Acetyl histone 3 (ac-H3) and RNA polymerase II (pol II) were associated with all three gene promoters. (C) Chromatin
immunoprecipitation demonstrating binding of β-catenin to the evolutionarily conserved element intron1G within intron 1 of the ALDH1A2 gene (Castillo et al., 2010)
at two loci (F1 and F4) in WiT49 cells. (D) Chromatin immunoprecipitation showing binding of β-catenin to the f3 fragment of the “β-catenin and Six2 co-bound
region (BSCR)” within intron 1 of the ALDH1A2 gene in WiT49 cells. BSCR was previously shown to co-bound by β-catenin and Six2 in nephron progenitor
(chr9:71065207–71065805) (Park et al., 2012). This region partially overlapped with a TCF7L2 (TCF4) bound region in HEK293 previously suggested by a ChIP-seq
result (Frietze et al., 2012).

activity on the cap mesenchyme that would be necessary to show
a lack of β-catenin activity in cap mesenchyme. Taken together,
it is very likely that cap mesenchyme also has β-catenin activity,
considering that all three types of evidence present, namely the
intense β-catenin staining, TCF reporter activity, and conditional
knockout of β-catenin within Six2 expression positive cells, result
in a phenotype (Iglesias et al., 2007; Park et al., 2007; Karner et al.,
2011; Park et al., 2012; Billfeldt et al., 2016; Kovacs et al., 2017;
Pan et al., 2017; Terada et al., 2017).

Our result showing that β-catenin is not present in the
developing podocyte is consistent with a previous report showing
that TCF reporter activity is quickly downregulated in maturing
nephrons and becomes undetectable in the postnatal kidney
(Iglesias et al., 2007).

Our work showing that β-catenin does not present in
the developing stroma is also consistent with previous
reports. However, it has been shown in other studies that
β-catenin presents in the developing stroma (Yu et al., 2008;
Boivin et al., 2015) and the medullar stroma of the developing

human kidney (Billfeldt et al., 2016). This discrepancy may
arise from differences in the specificity and sensitivity of
different β-catenin antibodies and detection methods (IHC
vs. immunofluorescence). Although conditional deletion of
β-catenin in stroma driven by the Foxd1 promoter shows a
phenotype of kidney development (Yu et al., 2008; Boivin
et al., 2015), most of the literature supports β-catenin not
being expressed in the developing stroma (Iglesias et al.,
2007; Park et al., 2007; Bridgewater et al., 2008; Marose
et al., 2008; Karner et al., 2011; Park et al., 2012; Kovacs
et al., 2017; Pan et al., 2017; Terada et al., 2017; Wang et al.,
2018). The presence of Wnt/β-catenin signaling in stroma
also needs support from result of TCF luciferase reporter
activity (Yu et al., 2008; Boivin et al., 2015). At least we
can be sure that Wnt/β-catenin expression/signaling in the
ureteric bud and cap mesenchyme is stronger than that in the
developing stroma.

We show that activation of Wnt/β-catenin signaling by
CHIR99021 represses ALDH1A2 expression. This result
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FIGURE 6 | CHIR99021 represses ALDH1A2 promoter and the intron1G element. (A) Maps of ALDH1A2 promoter and intron1G DNA element, numbered relative to
the ALDH1A2 transcriptional start. pGL3B luciferase assay reporter driven by ALDH1A2 promoter with different lengths (F1, F2, QF1, 1A2ps, 1A2p), intron1G with
opposite orientations (M, P), and the combination of intron1G and ALDH1A2 promoter (MF2, PF2). (B) Identification of the essential promoter region of the ALDH1A2
gene. A 500-ng sample of pGL3-basic (pGL3B) or of pGL3B inserted with ALDH1A2 promoter of different lengths, together with 25 ng of the pRL-TK renilla control
vector, was transiently transfected to HEK293 cells for 48 h. Luciferase reporter activities relative to renilla control are shown. Values are the mean ± SD of three
determinations; representative results from at least three separate experiments. ∗∗∗P < 0.001 compared with the empty vector pGL3B control group. (C) The
repressive effect of CHIR99021 to ALDH1A2 promoter and intron1G. A 500-ng sample of pGL3B, pGL3B construct driven by ALDH1A2 promoter, intron1G, or the
combination of intron1G and ALDH1A2 promoter was transiently transfected to WiT49 cells. At 24 h of transfection, cells were treated with 0.1% DMSO or 5 µM
CHIR99021 for another 48 h. Luciferase reporter activities relative to renilla (pRL-TK) are shown. Values are the mean ± SD of four determinations; representative
results from at least three separate experiments. ∗∗∗P < 0.001 compared with their respective controls, calculated using the Student’s t-test.

reveals for the first time that β-catenin can downregulate,
rather than upregulate, Aldh1a2 expression, indicating that
the canonical Wnt signaling is upstream of retinoic acid
synthesis. This finding is different from reports suggesting that
Wnt/β-catenin signaling may upregulate Aldh1a2 expression
in Zebrafish development (Wehner et al., 2014) and dendritic
cells (Suryawanshi and Manicassamy, 2015). This difference
suggests that the regulation of Aldh1a2 expression by β-catenin
may be tissue and developmental context-dependent, which
is a common phenomenon for transcriptional regulation
(Ma, 2005; Essafi et al., 2011). It would be of interest in
the future to study what may contribute to this opposite
regulation of Aldh1a2 expression by Wnt/β-catenin signaling in
different contexts.

The result that Wnt1, Wnt3a, Wnt4, and Wnt9b activate
TOPFlash activity in WiT49 cells (Figure 3A) is consistent with
reports showing that Wnt3a and Wnt9b activate Wnt/β-catenin
signaling (Dallosso et al., 2009; Karner et al., 2011; Pan et al.,
2017). The mild activation of TCF reporter by Wnt4 shown by
us (Figure 3A) is different from reports showing that Wnt4 does
not activate TCF reporter in fetal kidney cells (Tanigawa et al.,
2011; Billfeldt et al., 2016). This discrepancy may arise from
the difference in the expression of Wnt receptors. Nonetheless,
our results demonstrate that Wnt molecules, at least Wnt3a,
Wnt9b, and Wnt1, can activate TCF reporter activity and repress
ALDH1A2 expression in WiT49 cells. As Wnt9b is expressed in
ureteric buds, we speculate that Wnt9b might directly repress
Aldh1a2 expression via canonical Wnt signaling in the ureteric
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branching by autocrine, leading to a proper local concentration
of retinoic acid.

We have defined the F2 region (−1031 to 290 bp) as the
most active promoter region of the ALDH1A2 gene (Figure 6B).
We found a region (290–380 bp) that has an inhibitory effect
on the ALDH1A2 promoter activity, and another region (96–
290 bp) has an essential effect on ALDH1A2 promoter activity
(Figure 6B). This study also shows that Aldh1a2 intron1G, which
was shown to have an enhancing effect on the expression of
Aldh1a2 in the developing neuron cells (Castillo et al., 2010),
can be repressed by activation of the canonical Wnt signaling
pathway using CHIR99021 in WiT49 cells.

ChIP-PCR data show that pol II was recruited to all four
regions within intron1G (Figure 5C), suggesting that this
conserved element is very likely to be involved in pol II-
dependent ALDH1A2 transcription, although the intron1G is
26095 bp away from the ALDH1A2 transcription start site.
The basal luciferase activity of intron1G on the minus strand
(M) is higher than that of intron1G on the plus strand (P)
(Figure 6B). The luciferase assay result shows that the repressive
effect of intron1G by CHIR99021 works on the minus strand
(M) but not on the plus strand (P) (Figure 6C), suggesting that
intron1G on the same stand of the ALDH1A2 gene is more
likely to play a role in the repressive regulation by β-catenin.
The BSCR element is a DNA region previously suggested to be
co-bound by β-catenin and Six2 in nephron progenitor (Park
et al., 2012) and bound by TCF7L2 in HEK293 (Frietze et al.,
2012) based on ChIP-seq data. We show by ChIP-PCR that
β-catenin is recruited to the BSCR element at the f3 region, where
acetyl-histone 3 and pol II do not bind (Figure 5D), suggesting
that the chromatin state of this region may not be as open as
that of intron1G.

Taken together, our data suggest a novel role for
Wnt/β-catenin signaling in direct repression of Aldh1a2
expression via the Aldh1a2 promoter and the intron1G
conserved element, which may lead to alteration of retinoic
acid synthesis in ureteric bud branching and cap mesenchyme.
Because Aldh1a2−/− mutant mouse kidney exhibits a significant
reduction of ureteric buds and nephrons (Rosselot et al., 2010)
and excessive retinoic acid is teratogenic (Fantel et al., 1977; Lee
et al., 2012; Piersma et al., 2017), our findings suggest that the
regulation of Aldh1a2 by Wnt/β-catenin signaling may play a
significant role in the limitation of retinoic acid production in
ureteric bud and cap mesenchyme, where a proper control of
retinoic acid concentration is critical for renal development.

CONCLUSION

Our findings of the direct repression of Aldh1a2 by
Wnt/β-catenin signaling have a significant consequence for
the regulation of retinoic acid synthesis, which may play roles
in fetal kidney development. Future study is necessary to
address how the Aldh1a2 expression and control of retinoic
acid concentration are altered in the ureteric bud when Ctnnb1
is conditionally knocked out in ureteric bud of fetal kidney
in animal models.
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FIGURE S1 | CCCTC-binding factor (CTCF) binding to ALDH1A2 gene locus and
formation of DNA loops in GM12878 cells. The arrows show the two distal DNA
sites where the chromatin loops bind to each other (the straight line extending
from the point directs to two DNA sites; in most cases, the CTCF binding site).
The red (a, b, c) and blue (d, e) arcs indicate the extent of each chromatin loop,
and the red chromatin loop (a, b, c) totally or partially covers the ALDH1A2 gene.
This figure was based on a previous report using the Hi-C method (Rao et al.,
2014). The report detailed a Hi-C experiment conducted to examine the
genome-wide chromatin loop in the GM12878 cell line. The data were integrated
with the ChIP-seq data of CTCF, H3K36me3 (active mark), H3K27ac (active
mark), H3K27me3 (repressive mark), H3K4me3 (active mark), H3K9me3
(repressive mark), H3K9ac (active mark), and Dnase Seq data. Since the
chromatin loop is relatively stable among species and different tissues, the data of
chromatin loop at ALDH1A2 locus obtained from the lymphoblastoid cell line
GM12878 give us clues on how the chromatin at ALDH1A2 gene locus is
organized. The data show that ALDH1A2 promoter, intron1G, and the BSCR
element are likely to be within the same chromatin loop. Thus, they may have

close spatial proximity and less physical segmentation, suggesting that they have
the potential to interact with each other and may be relevant to β-catenin
recruitment and regulation of ALDH1A2 expression.

FIGURE S2 | The chromatin state of the ALDH1A2 gene. Intron1G, BSCR, and
ALDH1A2 promoter sequences were searched on genome on the UCSC browser
and highlighted in a light blue color. The lane “100 vertebrates Basewise
Conservation by PhyloP” shows that the ALDH1A2 promoter, intron1G, and
BSCR element are all evolutionally conserved. The lane “Chromatin State
Segmentation by HMM from ENCODE/Broad” shows that ALDH1A2 promoter
and intron1G are in an open chromatin state in nine cell lines, namely GM12878,
H1-hESC, K562, HepG2, HUVEC, HMEC, HSMM, NHEK, and NHLF. The lane
“DNaseI Hypersensitivity Clusters in 125 cell types from ENCODE (V3)” also
shows that the ALDH1A2 promoter and intron1G are in an open chromatin state.
The lane “Transcription Factor ChIP-seq Clusters (161 factors) from ENCODE
with Factorbook Motifs” shows moderate TCF7L2 binding on the intron1G
and BSCR site.
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