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Accumulation of a1(IV) and «2(IV) collagen is one of
the characteristic pathological changes in glomerulo-
sclerosis. Although the Col4a2 gene is known to have
a 0.3-kb critical enhancer element with the GAACAAT
motif, which transcription factor binds and transac-
tivates this motif has not been identified. In this
study, we found that SRY-related HMG box 9 (SOX9)
was bound to the GAACAAT motif in the Col4a2
enhancer in vitro and in vivo in mesangial cells.
SOX9 strongly activated this enhancer when cotrans-
fected with Col4a2 enhancer-promoter construct
in mesangial cells and Swiss/3T3 cells. Mutation in
the GAACAAT motif eliminated the activation by
SOX9. Furthermore, transforming growth factor-f8
(TGF-B) treatment induced the expression of SOX9
and Col4a2, and a small interfering RNA against
SOX9 reduced Col4a2 expression induced by TGF-f3
treatment in mesangial cells. In vivo, we found
that the expression of SOX9 was dramatically in-
creased along with the expression of TGF-B and
Col4a2 in mouse nephrotoxic nephritis. These results
indicate that SOX9 is essential for Col4a2 expression
in mesangial cells and might be involved in the
accumulation of a2(IV) collagen in experimental
nephritis. (Am J Pathol 2007, 170:1854-1864; DOI:
10.2353/ajpath.2007.060899)
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Glomerulosclerosis is an end stage of various forms of
glomerulonephritis and is defined as the segmental or
global collapse or closure of capillary loops with associ-
ated mesangial matrix expansion.” a1 and a2 chains of
type IV collagen are major components of this expanded
extracellular matrix."® a1 and «2(IV) collagen are en-
coded by CoMal and Col4a2 genes, respectively. Al-
though decreasing the expressions of a1 and «2(1V)
collagen in mesangial cells might lead to new ap-
proaches for the management of glomerulosclerosis, little
is known about the regulation of Col4a1 and Col4a2 gene
expression. a1l and «a2(lV) collagen in glomeruli are up-
regulated in response to cytokines, growth factors, and
mechanical factors such as intraglomerular hypertension
and hyperfiltration.* Among them, transforming growth
factor-B (TGF-B) has been implicated in glomerular ex-
tracellular matrix accumulation both in vitro and in vivo.*®
It mediates matrix turnover by increasing synthesis of
collagen rather than inhibiting production of matrix pro-
teases.” However, the molecular mechanism involved in
this process is not fully understood yet.

There are six isoforms of collagen IV. In the mature
glomerulus, heterotrimers composed of two a1 and one
a2 collagen chains are present in the mesangium,
whereas the a3, a4, and o5 chains are present in the
glomerular basement membrane. The a6 chain is found
only in Bowman’s capsule. The Col4al and Col4a2
genes, in human and mouse, are linked in a head-to-
head arrangement and are transcribed by a bidirectional
promoter in opposite orientations.®~'" Although the bidi-
rectional promoter for the Col4al and Col4a2 genes is
highly conserved between human and mouse, this region
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by itself has a very low transcriptional activity in tran-
siently transfected cells.®° Subsequently, a 2.7-kb en-
hancer element 5.5 kb upstream from the first exon of
Col4a1 was found to increase the transcription of Col4a2
gene.® 213 Within this 2.7-kb enhancer element, a 0.3-kb
enhancer element 4.2 kb upstream from the transcription
start site of Col4a2 is transcriptionally active in cells that
produce a1 and a2(1V) collagen.' This enhancer activity
requires two identical elements (GAACAAT)."* However,
which transcription factor transactivates this motif has not
been identified. We hypothesized that TGF-B, one of the
most potent factors contributing to accumulation of ex-
tracellular matrix and glomerulosclerosis, might induce
Col4a2 expression through the critical GAACAAT motif.
Therefore, we tried to find a transcription factor that is
up-regulated by TGF-B treatment and can bind to the
critical GAACAAT motif.

Recently, a family of transcription factors, SRY-related
HMG box (SOX) protein family was identified. They are
characterized by the presence of a DNA-binding domain,
and their target sequence is (A/T)(A/T)CAAAT)G.'5 "7
Although each SOX protein binds to similar motifs in the
minor groove of the DNA helix, they regulate a distinct set
of target genes. They are expressed in a tissue-specific
manner and have various functions in a number of devel-
opmental processes.'™ Among SOX family members,
SOX9 is highly expressed in chondrocytes and Sertoli
cells of the testis.'®2° Mutations in and around the Sox9
gene in human result in campomelic dysplasia, severe
skeletal malformation syndrome, and XY sex reversal in
male patients.?"?2 SOX9 is a critical regulator of many
chondrocyte-specific proteins, such as type Il collagen,
type Xl collagen, and aggrecan.?32°

We examined the expression of SOX proteins in
mesangial cells and found that SOX9 was markedly
up-regulated by TGF-B treatment before induction of
Col4a2. Therefore, we assumed that SOX9 might be
involved in the regulation of Col4a2 in the kidney. In
this study, we show that SOX9 binds to the critical
element in Col4a2 gene enhancer and that SOX9 trans-
activates this enhancer element. To determine the po-
tential role of SOX9 in glomerulosclerosis in vivo, we
studied its expression in accelerated nephrotoxic ne-
phritis (NTN) in mice, a model of postinflammatory
fibrogenesis associated with mesangial matrix expan-
sion.?®27 Qur results show that expression of SOX9
was dramatically increased along with the expression
of TGF-B and Col4a2 in this model.

Materials and Methods
Cell Cultures

Mouse kidney mesangial cells were characterized and
maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 20% fetal bovine serum and glutamine as
previously described.?® The cultured cells fulfilled the
criteria generally accepted for glomerular mesangial
cells.?® Swiss/3T3 cell lines were obtained from the Amer-
ican Type Cell Culture collection (Manassas, VA).
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Cell Treatment

Mesangial cells were plated in six-well plates. Twenty-
four hours later, cells were treated with 1 ng/ml human
recombinant TGF-B1 (R&D Systems, Minneapolis, MN) or
control vehicle for the indicated time. Total RNA was
isolated by TRIzol reagent (Invitrogen, Carlsbad, CA).
Mesangial cells were lysed in RIPA buffer (50 mmol/L
Tris, pH 7.5, 150 mmol/L NaCl, 1% Nonidet P-40, 0.25%
sodium dodecyl sulfate, 1 mmol/L NazgvVO,, 2 mmol/L
ethylenediamine tetraacetic acid, 1 mmol/L phenylmeth-
ylsulfonyl fluoride, and 10 ng/ml aprotinin). Samples were
rotated and centrifugated for 30 minutes at 4°C, and the
supernatants were used for immunoblotting.

Preparation of Total RNA and Quantitative
Reverse Transcription-Polymerase Chain
Reaction

One microgram of total RNA was used to prepare com-
plementary DNA with Superscript Il reverse transcrip-
tase (Invitrogen). Amplification was conducted in an ABI
Prism 7900 Sequence Detection System (Roche, Basel,
Switzerland) using the SYBR Green PCR Master Mix (Ap-
plied Biosystems, Foster City, CA). Primers specific for
glyceraldehyde-3-phosphate dehydrogenase are 5’-GG-
CAAATTCAACGGCACAG-3’ (forward) and 5'-GCCTCA-
CCCCATTTGATGTTA-3’ (reverse); SOX1, 5’-CCAAGAT-
GCACAACTCGGAGA-3’ (forward) and 5'-TCTTGAGCA-
GCGTCTTGGTCT-3' (reverse); SOX2, 5'-TTCGGTGATG-
CCGACTAGAAA-3’ (forward) and 5’-AGACTTTTGCGA-
ACTCCCTGC-3’ (reverse); SOX4, 5'-AAAATCCAGCGT-
GCCCCAT-3’ (forward) and 5’-GCTCAACACAAATGCC-
AAACG-3’ (reverse); SOX9, 5'-TCCAGCAAGAACAAGC-
CACAC-3’ (forward) and 5’-CAGCGCCTTGAAGATAGC-
ATT-3’ (reverse); SOX10, 5'-TACCCTCACCTCCACAAT-
GCT-3' (forward) and 5’-CCTTTTTGTGCTGCATCCG-3’
(reverse); SOX11, 5'-CTCATCGCTGTGATGTGTGGA-3’
(forward) and 5'-AGTGCATTGAGTCTGCTTCGC-3' (re-
verse); SOX15, 5'-AACGCCTTCATGGTGTGGA-3’ (for-
ward) and 5’-CGAGTTTTTGCTCTTACGCCG-3' (reverse);
SOX17, 5'-CTACCCCGACATTTGACGGTT-3" (forward)
and 5’-TCGTGTAGCCCCTCAACTGTT-3' (reverse);
SOX18, 5'-TCGCCTCCTCATTTACACACC-3’ (forward)
and 5'-TTCACCACCAATCCTGGCA-3' (reverse); Coldail,
5'-TTCAGATTCCGCAGTGCCCTA-3' (forward) and 5'-TT-
CTCATGCACACTTGGCAGC-3' (reverse); and Col4a2, 5'-
TGGCTGAGGAGGAAATCAAGC-3’ (forward) and 5'-AAT-
GGCGTTGCACGGAAGT-3' (reverse). The cycling para-
meters were 10 minutes at 95°C, followed by 40 cycles of 15
seconds at 95°C, and 60 seconds at 60°C. Glyceraldehy-
de-3-phosphate dehydrogenase, a common housekeeping
gene, was used as an internal control for an equal amount
of starting material.

Immunoblotting Analysis

Twenty micrograms of each sample was applied to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
gels and immunoblotted. Rabbit anti-SOX9 antibody was
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from Chemicon International (Temecula, CA), and rabbit
anti-type IV collagen antibody was from Biodesign Inter-
national (Kennebunk, ME). Equal loading of proteins was
verified by blotting for actin. The immunoreactive bands
were visualized and quantificated by imaging densitom-
eter, Science Lab 99 Image Gauge (Fujifilm, Tokyo, Ja-
pan). The values of SOX9 and a2(IV) collagen were nor-
malized to that of actin and compared with the values of
0 hours.

Plasmid Constructs

The B-gal Reporter Vector pNASSB (Clontech, Mountain
View, CA) was used as negative control plasmid (no
promoter). Col4a2 promoter reporter plasmid (no en-
hancer) was constructed as follows. The 0.8-kb Ncol-Xbal
fragment of the 5'-flanking region of Col4a2 gene was
subcloned into the pNASSB. An enhancer fragment for
Col4a2 gene' 4.2 kb upstream of transcription start site
of the Col4a2 gene was prepared by polymerase chain
reaction (PCR) using the sequence-specific oligode-
oxynucleotide primers with EcoRI site at the 5" end and
Ncol site at the 3’ end. The fragment was then inserted
into the unique EcoRI and Ncol site of pNASSR, in front of
the promoter. Series of 5" deletion fragments were con-
structed by PCR using the oligodeoxynucleotide primers.
Among them, the 4174-3972 fragment was constructed
by restriction digestion at EcoRl site made by site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA). Point
mutations in the 0.3-kb enhancer fragment were made by
site-directed mutagenesis kit. Primers for 4290-3972 are
5'-GAAGACATTCCCAATGACCCG-3' (forward) and CC-
CCAGCACGAATCTCTGTTAG (reverse); 4192-3972, 5'-
TGCTGGCTGGGAAGAACAATG-3" (forward) and re-
verse is the same as 4290-3972; 4174-3972, 5'-GCTGGG-
AAGAAGAATTCCCCGAGATAATGAGTTAGG-3' (sense)
and 5'-CCTAACTCAGGATCTCGGGGAATTCTTCTTCCC-
AGC-3' (antisense); mutant type 1, 5'-CTGGGAAGAACG-
CTGCCCCGAGATCCTGAGTTAG-3' (sense) and 5'-CTA-
ACTCAGGATCTGGGGGCAGCGTTCTTCCCAG-3' (anti-
sense); and mutant type 2, 5'-CCATGTTTGGGAACGCTC-
GCTGTTCAATTCAAGGCTG-3’ (sense) and 5'-CAGCCTT-
GAATTGAACAGCGAGCGTTCCCAAACATGG-3'" (anti-
sense). All constructions made with mutagenesis kit and
products of PCR were confirmed by DNA sequencing. N-
terminally flagged SOX9 expression constructs were used
for transient transfection experiments in Swiss/3T3 cells.®®

Reporter Assay

Transfection was performed using FUGENES transfection
reagent (Roche) according to the manufacturer’s instruc-
tions. Mouse mesangial cells (1.0 X 10°) were seeded
onto six-well plates. Six hours later, cells were transfected
with 1 ug of reporter construct along with 100 ng of firefly
luciferase under the control of cytomegalovirus promoter
as an internal control. For overexpression experiments,
mesangial cells or Swiss/3T3 cells were transfected with
500 ng of reporter construct with 500 ng of either the
vector encoding SOX9 or the mock vector in the pres-

ence of 100 ng of firefly luciferase under the control of
cytomegalovirus promoter. Forty-eight hours later, the
cells were harvested in reporter lysis buffer, and B-ga-
lactosidase and luciferase activities were measured us-
ing the Luminescent B-galactosidase reporter system
(BD Biosciences, San Jose, CA) and the luciferase re-
porter assay system (Promega, Madison, WI). B-Galac-
tosidase results were normalized for luciferase activity.
Transfection experiments were repeated at least three
times. B-Galactosidase per luciferase activity data were
expressed as means + SD.

Elecrophoretic Mobility Shift Assays

SOX9 was synthesized by a transcription/translation-
coupled reticulocyte lysate system (Promega) with an
N-terminally flagged SOX9 expression vector. Electro-
phoretic mobility shift assays were carried out using 1
wl of in vitro synthesized SOX9 with 0.1 ug of poly(dG-
dC)-poly(dG-dC) as described previously.®® The se-
quence of the sense strands of the double-stranded
oligonucleotides were as follows: wild-type Col4a2 en-
hancer, 5'-GGAAGAACAATGCCCCGAGATCCTG-3',
and mutant type Col4a2 enhancer, 5'-GGAAGAACG-
CTGCCCCGAGATCCTG-3" (mutated sequence is un-
derlined). The wild-type and mutant probes were made
by annealing. For supershift assays, lysates were inc-
ubated with anti-Flag antibody (Sigma-Aldrich, St. Lo-
uis, MQO) for 20 minutes before protein-DNA binding
reactions.

Chromatin Immunoprecipitation Assay

Mesangial cells were seeded in 10-cm dishes (1 X 10°
cells/dish) and treated with 1 ng/ml TGF-B1 or control
vehicle for 3 hours. Chromatin immunoprecipitation
(ChIP) assay was performed using ChlIP assay kit (Ac-
tive Motif, Carlsbad, CA) according to manufacturer’s
protocol with SOX9 antibody (Chemicon) or control
IgG. Input DNA (2.5%) or 5 ul of immunoprecipitated
DNA was used as a template in the PCR reaction. PCR
amplification was performed using Tag polymerase
with primers to amplify the region containing the GAA-
CAAT motif in Col4a2 gene enhancer. The primers are
5"-TGACCTTTCATTGTGTGCTGGAC-3' (forward) and
5"-GGTTTGGCATTTGGAACTCCG-3" (reverse). For
nonspecific genomic DNA contaminations, we used an
element from the mouse genomes located at —7252
and at —7058 upstream of the Col4a2 gene transcrip-
tion start site as negative control. The primers are
5'-TCCACAGGTCAAACTCCTCTAGTCC-3’ (forward)
and 5-ACAGTTGGTGAAGGATTGGGC-3' (reverse).
PCR was performed under the following conditions:
95°C for 10 minutes followed by 40 cycles at 95°C for
30 seconds, 60°C for 30 seconds, and 72°C for 30
seconds, ending with a final extension at 72°C for 5
minutes. The PCR products were run on 2% agarose
gels and visualized by ethidium bromide staining.



RNA Interference

Stealth small interference RNA (siRNA) against SOX9
(5'-UGACGUCGAAGGUCUCAAUGUUGGA-3") and
Stealth RNA Interference (RNAI) negative control duplex
were provided by Invitrogen. Mesangial cells were used
for the knockdown experiment with siRNA. Cells were
transfected with the siRNA against SOX9 or control RNA
(50 pmol/ml) using Lipofectamine 2000 according to the
manufacturer’s instructions. Then the cells were starved for
48 hours and treated with TGF-B or vehicle for 6 hours.
Knockdown of SOX9 and Col4a2 were confirmed by re-
verse transcriptase (RT)-PCR analysis and immunoblotting.

Animals and Induction of Accelerated NTN

CD1ICR mice were obtained from Shimizu Laboratory Ani-
mal Center (Hamamatsu, Japan). All mice were housed
under specific pathogen-free conditions. All animal experi-
ments were performed in accordance with institutional
guidelines, and the Review Board of Kyoto University
granted ethical permission to perform this study. Nephro-
toxic serum was prepared as described previously. Male
CD1ICR mice (6 to 7 weeks old) weighing 20 to 30 g were
sensitized by subcutaneous injection of 1 mg of normal
sheep IgG in Freund’s complete adjuvant in divided doses.
Five days later, mice were injected with 0.05 ml of nephro-
toxic serum daily for 3 days. At intervals 7 and 14 days after
the first dose of nephrotoxic serum, groups of mice (10to 12
per group) were sacrificed, and the kidneys were removed
for the experiments. Whole-kidney RNA was isolated using
RNeasy (Qiagen Inc., Valencia, CA). Preparation of total
RNA and quantitative RT-PCR were conducted as de-
scribed before. Primers specific for TGF-B1 were 5'-GCAA-
CAATTCCTGGCGTTACC-3' (forward) and 5-CGCT-
GAATCGAAAGCCCTGTA-3' (reverse).

Histological Study

Kidney halves were fixed in methyl Carnoy’s solution and
embedded in paraffin. Sections (2 um) were stained with
periodic acid-Schiff for routine histology. For the immuno-
histochemistry, remaining kidneys were fixed in 4% para-
formaldehyde and snap-frozen, and 5-um-thick cryostat
sections were prepared. Sections were rehydrated in phos-
phate-buffered saline and incubated with 10% normal don-
key serum for 20 minutes and then incubated with rabbit
anti-SOX9 antibody (Chemicon) (1:300 dilution), rabbit anti-
TGF-B antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) (1:50 dilution), or rabbit anti-type IV collagen antibody
(Progen, Heidelberg, Germany) (1:200 dilution). The sec-
tions were washed in phosphate-buffered saline and incu-
bated with fluorescein isothiocyanate-conjugated donkey
anti-rabbit IgG antibody (Chemicon) for 60 minutes.

Statistical Analysis

The data are expressed as the means = SD. Comparison
among more than two groups was performed by one-way
analysis of variance followed by the post hoc analysis
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Table 1. Expression of SOX4, -9, and -15 mRNA in
Mesangial Cells Treated with 1 ng/ml TGF-B for 3
or 6 Hours

3 hours P 6 hours P

SOX4 1.07 (0.08) n.s.
SOX9 150 (0.15)  <0.05
SOX15  0.86(0.13) n.s.

1.09 (0.09) n.s.
1.92(0.33) <0.05
1.02 (0.32) n.s.

The means and SD of three independent experiments examined by
quantitative RT-PCR are shown. The results are presented as fold
increase compared with that of control. n.s., not significant.

(Bonferroni/Dunn test) to evaluate statistical significance.
All analyses were performed using StatView (SAS Insti-
tute, Cary, NC). Statistical significance was defined as
P < 0.05.

Results
TGF-B Increases SOX9 in Mesangial Cells

We first examined the effects of TGF-B on mRNA levels of
SOX protein family in mesangial cells. SOX protein family
was selected and examined according to the review by
Bowles et al.’® Total RNA from mesangial cells treated
with 1 ng/ml TGF-B were analyzed by RT-PCR, and we
found that the levels of SOX9 mMRNA were increased 3
and 6 hours after administration of TGF-B (Table 1). SOX4
and -15 were detected but not increased by TGF-p treat-
ment, whereas SOX1, -2, -10, -11, -17, and -18 were not
detectable in mesangial cells. TGF-B also increased
SOX9 protein levels in mesangial cells at 3 hours, and the
increase persisted for 12 hours (Figure 1, A and B).
Up-regulation of a2(1V) collagen was found at 12 hours,
followed by the increase in SOX9 expression (Figure 1,
A and C).

Activities of Col4a2 Enhancer in Mesangial Cells

The arrangement of exons of Col4al and Col4a2 genes
and the orientation of transcription initiation sites and
map of promoter and enhancer constructs are shown in
Figure 2A. The sequences of these elements were shown
in Figure 2B. We tested the activities of Col4a2 enhancer
elements in mouse mesangial cells (Figure 2C). In this
promoter and enhancer orientation, B-galactosidase ac-
tivity measures Col4a2 gene activity. The negative control
plasmid was not active at all, and basal transcriptional
activity of the 0.8-kb promoter fragment was low, but
enhancer-promoter plasmid (4290-3972) showed a 6.2-
fold increase in activity compared with promoter plasmid.
To determine the site responsible for the up-regulation,
we prepared various deletion mutants of this 4290-3972
enhancer fragment. Their transcriptional activities were
then determined in transiently transfected cells. Although
deletion mutant 4192-3972 did not affect the enhancer
activity, transfection of deletion mutant 4174-3972, which
lacks GAACAAT, resulted in a decrease in the enhancer
activity to about one-half of the original construct. Muta-
tion of the nucleotide sequence (mutant 1), GAACAAT to
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Figure 1. A: TGF-f increased SOX9 and a2(IV) collagen proteins in mesan-
gial cells. Mouse mesangial cells were cultured for the indicated periods of
time in the presence or absence of 1 ng/ml TGF-B. Total cell lysates were
examined by immunoblotting analysis using anti-SOX9 and anti-type IV
collagen antibodies. An actin immunoblot was used to control for equal
loading. The figure presents data from one of three experiments that pro-
duced similar results. B and C: Optical densitometry of SOX9 and «a2(IV)
collagen in immunoblotting. The values of SOX9 and «a2(1V) collagen were
normalized for that of actin and compared with the values of 0 hours. The
average value of three independent experiments is shown. *P < 0.05
compared with control.
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GAACGCT, also resulted in a decrease of the enhancer
activity (Figure 2C). The 0.3-kb Col4a2 enhancer frag-
ment, 125 bp downstream of the former GAACAAT, has
another GAACAAT sequence (Figure 2B), which is also
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Figure 2. AACAAT of the 0.3-kb enhancer element is critical for activation in
mesangial cells. A: Genomic map of the mouse Col4al and Colda2 genes
with exons of Col4a1 and Col4a2 genes (black boxes) and the orientation of
transcription initiation sites are shown. Scale bar indicates the distance (bp)
of fragments relative to Col4al gene transcription start site. Enhancer and
promoter fragments used during construction of plasmids are indicated as
gray box and open box, respectively. Arrowheads show primers used in
ChIP assay. B: The sequences of these promoter and enhancer elements were
shown. The number indicates the distance (bp) of fragments relative to
Col4al gene transcription start site. The left and right brackets in the se-
quence indicate the end points of deletions. The underlined sequences are
former and latter GAACAAT motif. C: Schematic diagram of promoter and
wild-type, deleted, or mutated enhancer elements indicated by the positions
of the first and last nucleotides relative to the transcription start site of Col4a1
gene (left). Col4a2 promoter is displayed as a white box, and enhancer is
displayed as a gray box. The wild-type critical element, AACAAT, is displayed
as a black box, and the mutated one, AACGCT, is displayed as a dark gray
box. Activities of the enhancer-promoter reporter constructs in mesangial
cells are shown. Mesangial cells were transfected with 1 ug of reporter
construct with 100 ng of firefly luciferase under the control of cytomegalo-
virus promoter as an internal control. The average values of three indepen-
dent experiments in triplicate are shown as fold increase compared with that
of no enhancer. *P < 0.05 compared with control.

critical for transactivation in PYS-2 cells.’* Unexpectedly,
mutation in the latter one (mutant 2) slightly, but not
significantly, decreased the enhancer activity. Therefore,
the former GAACAAT sequence is responsible for effec-
tive transactivation of Col4a2 in mesangial cells.

SOX9 Bound to the Col4a2 Enhancer Element

To determine whether the critical GAACAAT motif was
bound by SOX9, the radiolabeled fragment derived from
Col4a2 enhancer element was tested in electrophoretic
mobility shift assays with in vitro synthesized flagged
SOX9 protein. SOX9 formed complex with a probe con-
taining the Col4a2 enhancer element. Furthermore, the
DNA-protein complex was supershifted by adding anti-
body against Flag, indicating that SOX9 directly bound to
the Col4a2 enhancer element (Figure 3A). The DNA-
SOX9 complex could not be formed with an excess
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Figure 3. SOX9 bound to the Col4a2 enhancer element through GAACAAT
motif in vitro. A: Electrophoretic mobility shift assay was performed using the
Col4a2 enhancer probe with i vitro synthesized flagged SOX9. SOX9 bound to
the Col4a2 enhancer probe (lanes 1 and 2), and the DNA-protein complex was
supershifted by adding antibodies against Flag (lane 4). An arrow indicates
supershifted SOX9-DNA complexes. B: Electrophoretic mobility shift assay was
performed using in vitro synthesized SOX9 with unlabeled wild-type or mutated
probes as competitors. SOX9-DNA complex was competed out by an excess
amount of wild-type probes but not by mutated probes in the GAACAAT motif.

amount of unlabeled probe but formed with the same
amount of unlabeled mutated probe in the GAACAAT
motif (Figure 3B). These observations indicate that the
Col4a2 enhancer element interacts with SOX9 through
the consensus SOX9 binding motif GAACAAT.

Next, we used ChIP assay to demonstrate that endog-
enous SOX9 binds to the Col4a2 enhancer in vivo. The
anti-SOX9 antibody precipitated chromatin containing
GAACAAT motif in Col4a2 enhancer in mesangial cells
treated with TGF-B (Figure 4A). However, we could not
find immunoprecipitated chromatin containing GAACAAT
motif without TGF-B treatment. In contrast, upstream
chromatin amplified with control primers were not seen in
the same samples (Figure 4B), suggesting that chromatin
amplified with GAACAAT primers was not the result of
genomic DNA contamination.

SOX9 Activates Col4a2 Enhancer-Promoter
Construct

Then we examined whether overexpression of SOX9 could
induce transcriptional activation of the Col4a2 enhancer-
promoter construct in mesangial cells and in Swiss/3T3
cells. The transcriptional activity of the Col4a2 enhancer-
promoter construct was up-regulated when the cells were
cotransfected with the SOX9 expression vector both in mes-
angial cells and Swiss/3T3 cells (Figure 5, A and B). Co-
transfection of SOX9 resulted in a threefold increase in a
relative B-galactosidase activity compared with that of mock
vector. SOX9 overexpression increased the transcriptional
activity of the mutant enhancer fragment 2 (mutation in the
latter GAACAAT), although the increase was slightly smaller
than that of wild type. However, SOX9 overexpression was
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Figure 4. SOX9 interacts with the Col4a2 gene enhancer in vivo. A and B:
Chromatin prepared from mesangial cells treated with TGF-B or vehicle was
immunoprecipitated with IgG or SOX9 antibody as indicated. PCR was done
with oligonucleotide pairs for two regions of the Col4a1 gene, one correspond-
ing to the enhancer region (—4259 to —4100) containing the GAACAAT (en-
hancer with GAACAAT; A) and the other one corresponding to an upstream
region (—7252 to —7058) (negative control; B). Ten microliters of sonicated and
precleared chromatin was used as input DNA. MW, molecular weight.

unable to increase transcriptional activity of the mutant en-
hancer fragment1 (mutation in the former GAACAAT). Thus,
transactivation by SOX9 would be mainly through the former
GAACAAT fragment.

Involvement of SOX9 in Up-Regulation of
Col4az

To investigate the role of SOX9 in the up-regulation of
Col4a2, we used stealth siRNA to reduce the expression
of SOX9. Mesangial cells treated with 1 ng/ml TGF-B or
control vehicle were harvested and analyzed by RT-PCR
at 48 hours after transfection. SOX9 mRNA expression
was induced by TGF- treatment in cells transfected with
control RNAI, and it was suppressed by transfection with
siRNA against SOX9 (Figure 6A, a). In immunoblot anal-
yses, SOX9 was markedly reduced in cells transfected
with siRNA compared with that transfected with control
RNAJ in both TGF-B treated or nontreated cells (Figure
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Figure 5. SOX9 activated the enhancer-promoter reporter constructs. A: Acti-
vation of the enhancer-promoter reporter construct by SOX9 in mesangial cells.
Mesangial cells were transfected with 1 ug of reporter construct with 100 ng of
firefly luciferase under the control of cytomegalovirus promoter as an internal
control. The average values of three independent experiments in triplicate are
shown as fold increase compared with that of no enhancer. B: Activation of
wild-type or mutant type enhancer-promoter reporter constructs by SOX9 in
Swiss/3T3 cells. *P < 0.05 compared with control.

6A, b and c). As for Col4a2, TGF-B treatment increased
the Col4a2 mRNA expression, and the expression was
suppressed by knockdown of SOX9 in both TGF-g-
treated and nontreated cells (Figure 6B, a). In immuno-
blot analyses, TGF-B treatment induced a2(1V) collagen
expression in cells transfected with control RNAI, and the
up-regulation was suppressed by knockdown of SOX9
(Figure 6, A, b, and B, b). These results indicate that
endogeneous SOX9 is involved in the regulation of
Col4a2 expression via both up-regulation by TGF-g and
basal expression in mesangial cells. In addition, Col4a1
mMRNA expression was also increased by TGF-B treat-
ment, and the expression was suppressed by knock-
down of SOX9 in both TGF-B-treated or nontreated cells
in a similar way as Col4a2 (Figure 6B, c).
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Figure 6. Involvement of SOX9 in Col4a2 up-regulation in mesangial cells. Az
SOX9 mRNA and protein was reduced by transfection of siRNA against SOX9 in
cells treated or untreated with TGF-B. Gene expression of SOX9 was examined
by quantitative RT-PCR using mRNA of mesangial cells transfected with siRNA
against SOX9 or control RNAi (a). An immunoblot analysis of mesangial cells
transfected with siRNA against SOX9 or control RNAi, treated with TGF-8 or
nontreated (b). Optical densitometry of SOX9 in immunoblotting (¢). The
average value of three independent experiments was shown. The results were
presented as the fold increase or decrease compared with the values of cells
transfected with control RNAi and nontreated cells. B: Col4a2 mRNA expression
was suppressed by transfection of siRNA against SOX9 (a). Optical densitometry
of a2(IV) collagen in immunoblotting (b). Col4al mRNA expression was also
suppressed by transfection of siRNA against SOX9 (¢). The average value of
three independent experiments was shown. GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase. *P < 0.05 compared with control.

SOX9 Expression in Mouse NTN

In the normal mouse kidney, the expression of SOX9 was
quite low. We induced NTN to examine whether SOX9 is
up-regulated along with Col4a1 and Col4a2 in mice. Re-
nal expression of SOX9 was examined by quantitative
RT-PCR and immunohistological analysis. Total RNA was
prepared from the whole kidneys, and the expression of
SOX9 mRNA 7 and 14 days after the induction of nephri-

Figure 7. Up-regulation of SOX9 in NTN. A: Mice were sacrificed before induction of NTN and at days 7 and 14 after induction of NTN. Gene expression of SOX9
was examined by quantitative RT-PCR using whole-kidney mRNA. The results were presented as the fold increase compared with the values obtained before the
induction of NTN (day 0). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B: Immunohistological analysis of SOX9 in NTN. Note that nuclear staining of
SOX9 was seen in the glomeruli at day 7 (b), although SOX9 was hardly expressed in the glomeruli before induction (a). *P < 0.05 compared with control.



SOX9 Regulates Col4a2 1861
AJP June 2007, Vol. 170, No. 6

A B *
= 7T — 3 7 — s [/
] ! s 1 &
8 25k b o
g _E 1.5F g 1.5}
z ?f o 3
o —’ L
L oash T T 4l
z 2 :
2 ) g :
o Zosf N o5t
= o5} 3 3
té - TGF-B 3 -O-Coldat o -#-Colda2
0 L L L 1 1 1 1 1 1
day0 day7 dayld " day0 day7 dayid 0™"day0 day7 dayi4

C--

whole-kidney mRNA. The results were presented as the fold increase compared with the values obtained before the induction of NTN (day 0). GAPDH, glyceraldehyde-
3-phosphate dehydrogenase. *P < 0.05 compared with control. C: Immunohistochemical findings of TGF-B (a and b) and a1 and «2(IV) collagen (¢ and d) at control
(aand ¢) and day 7 (b and d). TGF-B was up-regulated in the glomeruli at day 7 (b), although it was hardly seen before induction (a). Accumulation of a1 and a2(IV)
collagen was also observed at day 7 (d) compared with before induction (c). White scale bar = 100 wm. Original magnifications, X400.

tis was examined. Figure 7A shows that SOX9 mRNA was Expression of TGF-B, Col4al, and Col4a2
significantly increased at days 7 and 14. Immunohisto-

logical analysis confirmed that SOX9 was expressed at a To analyze the development of glomerulosclerosis, we
low level in the glomerulus before induction, and its ex- examined gene expression of TGF-B, Col4al, and
pression was dramatically induced at day 7 (Figure 7B, a Col4a2 by quantitative RT-PCR. Quantitative RT-PCR
and b). showed that TGF-B, Col4al, and Col4a2 mRNA were



1862  Sumi et al
AJP June 2007, Vol. 170, No. 6

Figure 9. Light microscopy. Periodic acid-Schiff methenamine-stained paraftin-embedded sections of mouse kidney before induction of NTN (a) and at day 7
(b) are shown. Increased mesangial cell number and extracellular matrix were seen in large glomeruli at day 7. White scale bar = 100 wm. Original magnifications,

X400.

increased at days 7 and 14 (Figure 8, A and B). We
noticed that SOX9, TGF-B, Col4al, and Col4a2 were
increased at days 7 and 14 in a parallel fashion. Immu-
nohistological analysis revealed that TGF-B was hardly
seen in the glomerulus before induction of NTN but was
highly expressed in the glomerulus at day 7 (Figure 8C, a
and b). a1 and «2(IV) Collagen expression was induced
in the glomerulus at day 7 (Figure 8C, ¢ and d). We also
found extensive mesangial cell proliferation and accumu-
lation of extracellular matrix at day 7, in addition to prom-
inent epithelial crescent formation (Figure 9, a and b).

Discussion

In this study, we demonstrate the role of SOX9 as a
critical transcriptional regulator of Col4a2 in mesangial
cells by showing that SOX9 bound to and activated the
enhancer element with the GAACAAT moitif in the Col4a2
gene and that SOX9 was involved in the Col4a2 expres-
sion induced by TGF-B treatment. Furthermore, we show
that the expression of SOX9 was markedly increased in
mouse NTN, suggesting that SOX9 is involved in the
increase of Col4a2 in mesangial matrix hypertrophy
rather than expression of Col4a2 in normal mouse glo-
merular basement membrane. Moreover, our study ex-
pands the list of collagen genes likely to be regulated by
SOX9 other than cartilage collagen genes.

In the present study, Col4al and Col4a2 genes are
regulated by SOX9 in a similar way, suggesting that
SOX9 functions as a common transcription factor to reg-
ulate both genes. Moreover, SOX9 interacts with the crit-
ical GAACAAT motif in Col4a2 gene enhancer. It is likely
that this motif is also critical for Col4al gene because
Col4a1 and Col4a2 genes share enhancer and bidirec-
tional promoter,® although the orientation of transcription
of these genes is opposite. Therefore, SOX9 would be
involved in the coordinated expression of these genes
through interacting with the GAACAAT motif.

The 0.3-kb enhancer element used in our study has
two identical sequences of seven nucleotides, GAA-
CAAT, and both elements are critical for active transcrip-
tion in PYS-2 cells.'* Mutational analysis revealed that the
former GAACAAT motif is critical in mesangial cells, but
the latter is not. This difference could be explained by the
difference of cell type. SOX9 activates the 0.3-kb element
mainly through the former GAACAAT motif because
SOX9 could not activate the enhancer element with mu-
tations in the former GAACAAT motif. Although both mo-
tifs are in agreement with the SOX9-binding sequence,
SOX9 activates transcription through the former motif
preferably. SOX9 transactivates type Xl collagen gene
Col11a2 at chondrocyte-specific enhancer elements, but
mutations in adjacent DNA sequences can eliminate the
enhancer activity.*' SOX proteins need the associated
factors to bind the sites adjacent to the SOX sites for
stable complex formation with the target DNA and trans-
activation.®'32 Therefore, it seems that associated mole-
cules of SOX9 can bind to the nearby sequences of the
former but not the latter GAACAAT site. Moreover, we
found that overexpression of SOX9 increased the Col4a2
enhancer-promoter activity in mesangial cells, Swiss/3T3
cells, and COS-7 cells but not in HEK-293T cells (data not
shown). This result also suggests that SOX9 might acti-
vate the Col4a2 enhancer-promoter activity in concert
with particular associated factors and that it may be
present in myofibroblasts and fibroblasts, but not in epi-
thelial cells. SOX9 functions as a dimer when activating
cartilage collagen genes, Col2at, Col11a2, Col9a2, and
Col27a1, through paired SOX-binding sites arranged in
opposite orientation facing each other.2*3133735 How-
ever, Col4a2 enhancer element does not contain SOX-
binding site around GAACAAT motif, suggesting that
SOX9 transactivates the Col4a2 gene as a monomer, as
CD-RAP®® or anti-Mllerian hormone promoter.3”

Apart from the 0.3-kb element located 4.2 kb upstream
of Col4a2 gene, which we found to be target of SOX9,



another 0.3-kb element located 3.3 kb upstream of
Col4a2 gene is reported. ' We first prepared both 0.3-kb
enhancer elements and examined the transcriptional ac-
tivities in mesangial cells by transient transfection and
found that the element located 3.3 kb upstream was only
one-half as active as the element located 4.2 kb upstream
(data not shown). Moreover, we demonstrated that the ele-
ment located 4.2 kb upstream was responsible for the up-
regulation of Col4a2 by TGF-B administration. Considering
that TGF-B is a potent fibrogenic cytokine and is involved in
glomerulosclerosis, the element located 4.2 kb upstream is
more critical for Col4a2 accumulation.

Our results from knockdown of SOX9 suggest that
SOX9 is involved in basal Col4a2 expression as well as
TGF-B-induced expression in mesangial cells. However,
ChIP assay shows that endogenous SOX9 is associated
with the enhancer only when mesangial cells are treated
with TGF-B. TGF-B is known to regulate transcription
through recruitment of histone deacetylases.*® A possi-
ble explanation is that chromatin structure is modified by
administration of TGF-B.

Although mRNA expression of SOX9 markedly in-
creased at day 7, mRNA expression of Col4a2 at day 7
was less than twofold compared with that at day O in
nephrotoxic nephritis. This could be because Col4a2 is
already present in normal mouse mesangium. On the
other hand, because SOX9 mRNA expression in normal
mouse kidney was quite low, only a small induction leads
to a marked increase of SOX9 mRNA at day 7 in RT-PCR
analysis.

In summary, we show that the critical enhancer ele-
ment of the Col4a2 gene is a target for SOX9. Our results
indicate that TGF-B up-regulates SOX9 expression,
which enhances transcription of the Col4a2 gene.
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