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Transcription Factors ER71/ETV2 and SOX9 Participate in a
Positive Feedback Loop in Fetal and Adult Mouse Testis™
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Background: Male sex determination is dependent on the SRY and SOX9 transcription factors.

Results: SRY activates Er71 transcription. Then, ER71 and SOX9 may sustain each other’s expression.

Conclusion: The transcription factor ER71 may be part of the SRY-SOX9 axis.

Significance: Understanding how male gonadal development is induced explains how the Y chromosome leads to a male

phenotype.

ER71, also known as ETV2, is an ETS transcription factor that
is expressed during embryogenesis and in adult testes. We show
that Er71 transcription can be up-regulated by SRY, the key
determinant of male differentiation. Accordingly, SRY bound to
and activated the Er7I promoter, and mutation of a putative
SRY binding site abolished this promoter activation. In turn,
ER71 was able to bind to the promoter of Sox9, the primary
target of SRY and a critical transcription factor for maintenance
of the Sertoli cell phenotype. Mutation of the ER71 binding site
in the Sox9 promoter suppressed ER71-dependent up-regula-
tion of Sox9 transcription, and a dominant-negative ER71 mol-
ecule severely reduced Sox9 transcription in a Sertoli cell line.
Conversely, SOX9 bound the Er7I promoter in vivo and Sox9
down-regulation reduced Er71 transcript levels. Together, these
data suggest a mechanism by which SRY induces Sox9 and Er71
transcription early in testis differentiation, whereas ER71 and
SOX9 participate in an autoregulatory loop to sustain each oth-
er’s expression after Sry expression has subsided in mice.
Thereby, ER71 and SOX9 may affect late testis development as
well as the function of the adult male gonad.

In most mammals, including humans and mice, development
of testes is dependent on the Y-chromosomal Sry (sex-deter-
mining region Y)? gene. Initially, gonads emerge as bipotential
structures that develop by default into ovaries, but the correct
timing of Sry expression triggers the path to testis differentia-
tion (1, 2). Accordingly, transgenic expression of Sry in XX mice
leads to male development (3), indicating that no other gene on
the Y chromosome is needed for testis determination.
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Sry encodes a protein whose high mobility group (HMG)
domain binds to the minor groove of DNA and induces strong
DNA bending. Aside from the HMG domain, SRY is surpris-
ingly unconserved during evolution. For instance, whereas
mouse SRY consists of 395 amino acids with a glutamine-rich
repeat, the 204 amino acid human SRY protein lacks this repeat
but possesses 57 amino acids preceding the HMG domain that
are absent from mouse SRY (4). Therefore, it is commonly con-
cluded that the conserved HMG domain is crucial for SRY
action in sex determination and, consistently, most mutations
in human SRY that cause male to female sex reversal are located
within the HMG domain (5).

One downstream effector of SRY in testis development is
SOX9 (SRY-type HMG box protein 9). Mutation of one SOX9
allele leads to campomelic dysplasia (6, 7), a skeletal dysmor-
phology syndrome that is commonly characterized by bowing
and angulation of long bones, hypoplastic scapulae, and a miss-
ing pair of ribs. Most patients die soon after birth, probably due
to the hypoplasia of the tracheobronchial cartilage and small
thoracic cage causing respiratory distress. Analysis of SOX9
expression and knock-out models revealed that SOX9 is essen-
tial for the proper differentiation of chondrocytes, which
explains how SOX9 haploinsufficiency leads to defects in skel-
etal elements derived from cartilage (8 —10). However, another
feature of campomelic dysplasia is that about 75% of XY
patients develop as phenotypic females or intersexes (11), indi-
cating that SOXO9 is crucial for male development.

Consistently, SOX9 overexpression causes XX mice to
develop as males (12-14), indicating that SOXO9 in itself is suf-
ficient for the male sex determination process in mice. Simi-
larly, XX sex reversal has been observed in a human upon dupli-
cation of the SOX9 gene (15). Moreover, conditional knock-out
models revealed that the absence of Sox9 in the developing
gonads of XY mice leads to their differentiation into ovaries (16,
17), clearly demonstrating that SOX9 is not only sufficient but
also necessary for male gonad development. Like SRY, SOX9
binds and bends DNA by virtue of its HMG domain. In addi-
tion, SOX9 contains two transactivation domains allowing it to
stimulate gene transcription (4). The discovery that the anti-
Millerian hormone gene, which is required for male duct
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development, is a target of SOX9 was the first revelation of how
SOX9 induces the development of the male sexual phenotype
(18, 19), and subsequently more SOX9 target genes relevant for
sex determination have been uncovered (1, 2).

An obvious hypothesis would be that SRY directly activates
the transcription of the Sox9 gene and thereby exerts its sex
determining power. In fact, a recent study identified an
enhancer located ~10 kb upstream of the Sox9 transcription
start site that stimulates Sox9 transcription upon binding of
steroidogenic factor 1 (SF1) and SRY (20). However, this does
not exclude the presence of other regulatory elements in the
Sox9 promoter, or the involvement of other factors in Sox9 gene
expression. Further, this does not explain how Sox9 transcrip-
tion remains elevated in the developing testes after the tran-
sient, short burst of Sry expression at the beginning of male
gonadal differentiation. Notably, Sox9 transcription is also ele-
vated in the adult testes, where SRY is not expressed (4).

We speculated that the transcription factor ER71 (ETS
related 71; also called ETV2 for ETS variant 2) might be a can-
didate regulator of Sox9 transcription, as Er71 is testis-specifi-
cally expressed in the adult mouse and also present in mouse
embryos at the onset of gonadal differentiation (21, 22). ER71
belongs to the ETS class of transcription factors characterized
by a conserved, ~85 amino acids long DNA binding domain
(23-25). It is a constitutively nuclear protein and is capable of
activating gene transcription (26). In addition, ER71 is an essen-
tial protein whose absence leads to hematopoietic, vascular and
endocardial defects (27-29). Here, we present evidence that the
Er71 gene is a target of SRY. Further, the E¥71 and Sox9 gene
products up-regulate each other’s transcription. This impli-
cates ER71 in the formation of testes in the embryo as well as in
testicular function in adults.

EXPERIMENTAL PROCEDURES

Luciferase Assay—Cells were grown in 6-cm dishes in
DMEM supplemented with 10% fetal bovine serum (30) and
transiently transfected with a total of 9 ug of DNA by the cal-
cium phosphate coprecipitation method (31, 32). 36 h after
transfection, cells were washed once with phosphate-buffered
saline, and lysed in 25 mm Tris-HCI (pH 7.8), 2 mm EDTA, 10%
glycerol, 1% Triton X-100, and 2 mm DTT (33). Luciferase
activity of the cleared supernatant was then determined in a
luminometer (34, 35). Shown are averages (with standard error)
of triplicate experiments.

Electrophoretic Mobility Shift Assay—GST (glutathione
S-transferase) and GST-SRY,_,3, protein were produced in
Escherichia coli and purified on glutathione-agarose according
to standard procedures (36, 37). ER71 was produced by in vitro
transcription and translation using Promega’s TNT kit (26).
Proteins were incubated with **P-labeled, double-stranded oli-
gonucleotides and separated on 5% polyacrylamide gels as pre-
viously described (38, 39). Gels were dried and respective auto-
radiograms obtained by exposure to film (40).

32P-labeled probes were obtained by annealing complemen-
tary oligonucleotides, whose ends were filled in with Klenow
enzyme in the presence of [a->’P]dATP (41, 42). Probes were
purified on NucTrap columns (Stratagene) before utilization in
binding reactions. The following oligonucleotides were employed:
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SRY site (sense): 5'-GCCGATTGTGACGTAGGCT. SRY site
(antisense): 5'-CATCAGCCTACGTCACAATCGGC. —5/—8
(sense): 5'-AGCTATTTATTAGAGACCCTGAGCTGGAAGT-
CGG. —5/—8 (antisense): 5'-AGCTCCGACTTCCAGCTC-
AGGGTCTCTAATAAAT. —111/—114&—118/—121 (sense):
5'-AGTCCCCTTCCAAAATCCGGTCCAATCAGC. —111/
—114&—118/—121 (antisense): 5'-AGTCGCTGATTGGAC-
CGGATTTTGGAAGGG. —135/—138 (sense): 5'-AGCT-
CACCCAACCCGGAGCCACAATCCTCCCC. —135/—138
(antisense): 5'-AGCTGGGGAGGATTGTGGCTCCGGGTT-
GGGTG. —204/—207 (sense): 5'-AGTCCCCTCACCCCACC-
ATCCACCCTCTGG. —204/—207 (antisense): 5'-AGCTCC-
AGAGGGTGGATGGTGGGGTGAGG. —292/—295&—308/
—311 (sense): 5'-GCTCGGAGACCGTTCCAAAACTGTGA-
CATTCCGAG. —292/—295&—308/—311 (antisense): 5'-
AGCTCTCGGAATGTCACAGTTTTGGAACGGTCTCCG.

RT-PCR Analysis of Transfected Cells—Cells were grown in
12-well plates and transfected utilizing 2 ug of DNA and 2 ul of
Lipofectamine 2000 reagent (Invitrogen). Total RNA was iso-
lated from cells employing Trizol (Invitrogen). Approximately
0.5 ng of RNA was utilized to generate and amplify cDNA with
the Access RT-PCR kit (Promega) (43, 44). Briefly, after 45 min
of reverse transcription at 48 °C, DNA was amplified for 36
cycles (Er71) or 30 cycles (Sox9) at 98 °C for 1 min, 60 °C for 1
min and 68 °C for 2 min. Amplification for Gapdh with respec-
tive primers was done as described before (22). DNA was finally
separated on 1.5% agarose gels and visualized by ethidium bro-
mide staining (45). Er71 primers yielding a 348 bp product and
Sox9 primers yielding a 256 bp product were: Er71: 5'-CAAG-
AGGACACACCGATCACACC/5-CACAGAACAGTCCCA-
GCTGGTAGTG. Sox9: 5'-AGGAAGCTGGCAGACCA-
GTA/5'-CCTTGAAGATAGCATTAGGAGAGATGTG.

Mouse Embryos—Embryos were collected from timed mat-
ings, with noon of the day on which the mating plug was
observed designated 0.5 days post coitum (dpc). CD1 mice were
used for in situ hybridization and W*/W* mice (46) for quanti-
tative RT-PCR analysis. When necessary, embryo sexing was
carried out by analysis of tail tissue for the presence of Zfy as
described (47). All animal work was conducted according to
protocols approved by the University of Queensland Animal
Ethics Committee.

In Situ Hybridization, Microarray Analysis, and RT-PCR on
Embryos—Whole-mount in situ hybridization was performed
as described (48). Section in situ hybridization was performed
on 10 wm sections of paraffin-embedded embryos as described
previously (49). The Er71 probe used spans nucleotides 641—
937 of the mouse Er7I transcript (L10427), encoding most of
the 3’-UTR (untranslated region). Expression of mouse Sox9
was detected using the probe Sox9.5a (8).

A genome-wide Affymetrix microarray analysis of gene
expression in mouse fetal gonads, with a focus on time points
11.5and 12.0 dpc, was conducted and described previously (50).
Data are shown for Sry (1450578 _at), Sox9 (1433889 _at), Cbln4
(1433607_at), and Er71 (1421773_at).

Relative cDNA levels were analyzed by the comparative cycle
time method of quantitative RT-PCR with reactions including
Tagman PCR master mix (ABI) and Tagman gene expression
sets as described (51). Endogenous control, used to normalize
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gene expression levels, was Thp (encoding TATA box bind-
ing protein). Tagman gene expression sets were as follows:
MmO0044973_m1 (Tbp), Mm00448840_m1l (Sox9), and
MmO00468389_m1 (Er71).

Chromatin Immunoprecipitation—Where indicated, cells
were transfected utilizing Lipofectamine 2000 reagent (Invitro-
gen). 36 h after transfection, chromatin immunoprecipitation
(ChIP) assays were performed essentially as described (52, 53).
To ascertain that equal amounts of chromatin were present in
each sample, we split cell extracts after formaldehyde treatment
and sonication into identical portions. Sox9 promoter DNA was
amplified utilizing nested PCR with the ChIP-Sox9-forward/
ChIP-Sox9-reverse-new primer pair in the first PCR reaction
(20 repeats) and ChIP-Sox9-forward-new/ChIP-Sox9-reverse
primer pair in the second PCR reaction (22 repeats). The PCR
program was: 98 °C for 2 min, 8 cycles of 98 °C for 30's, 64 °C for
30 s (minus 1 °C per cycle), 72 °C for 25 s followed by the indi-
cated number of repeats for the cycle 98 °C for 30 s, 56 °C for
30 s, 72 °C for 25 s (plus 1 s per cycle), and finally by a 4 min
extension at 72 °C. The expected 286 bp DNA product was
visualized by ethidium bromide staining after electrophoresis
on a 1.5% agarose gel (54).

Similarly, a 309 bp FlkI promoter fragment was amplified by
utilizing ChIP-Flk-forward and ChIP-Flk-reverse primers. More-
over, Sox9 3'-UTR sequences were amplified with 2646-for/3044-
rev or 3268-for/3599-rev primers in the first PCR reaction fol-
lowed by 2664-for/3023-rev or 3293-for/3572-rev primers,
respectively, in the second PCR reaction. To amplify a 362 bp Er71
sequence around the SRY binding-site, a first amplification with
ChIP-Er71-for-1/ChIP-Er71-revl primers was followed by a sec-
ond amplification with ChIP-Er71-for-2/ChIP-Er71-rev2 primers.
Asacontrol, a 306 bp Er71 fragment spanning intron 6 and parts of
exons 6 and 7 was amplified with ChIP-Er71-end-for-1/ChIP-
Er71-end-revl primers followed by a second amplification with
ChIP-Er71-end-for-3/ChIP-Er71-end-rev2 primers. Lastly, a 329
bp fragment from the beginning of the Sry coding sequence was
amplified with SRY-for-1/SRY-rev-1 primers in the first PCR reac-
tion followed by SRY-for-2/SRY-rev-2 primers in the second PCR
reaction. The primers used were: ChIP-Sox9-forward: 5'-TCG-
GTTCACACGGAGACCGTTCC. ChIP-Sox9-forward-new:
5'-CCGTTCCAAAACTGTGACATTCCGAG. ChIP-Sox9-re-
verse: 5'-TACTCCTCCTTCACGTTAGATACC. ChIP-Sox9-
reverse-new: 5'-TCGGCTCTCCGACTTCCAGCTCAG. ChIP-
Flk-forward: 5'-AGGGCTAATCAGGTAACTTCGGAC.
ChIP-Flk-reverse: 5'-CTCATTAGGAGCCTGCAAGTGCAG.
2646-for: 5'-GCTTTGATTAATTCCCCAGGCTCTTG. 2664-
for: 5'-GGCTCTTGGATTTCAAGAGTAGCTG. 3023-rev:
5'-GTGCTTGGGCACTTAGGGCTGCGTG. 3044-rev: 5'-CAG-
GAGGCAACCAGGGAAAATGTGC. 3268-for: 5'-TCTTTAA-
GGTAGATTGTTGGCGCCTTC. 3293-for: 5 -TCCTCAAA-
GGGTATGGTCATCTGTTG. 3572-rev: 5'-GCTCCTCACT-
GCATCTGAAACCTCTC. 3599-rev: 5'-GGCTGAAAACATT-
GCAAAGGACTCAG. ChIP-Er71-for-1: 5'-CTCGAAATTC-
TCCAATGGTTCGGGAC. ChIP-Er71-for-2: 5'-GCTATAGC-
CCAGAAAGCCCAGACAG. ChIP-Er71-rev-1: 5'-CTGGGCA-
GCTCTGGGCTTATCTGCAAC. ChIP-Er71-rev-2: 5'-CAA-
CAGGAAGAGGGATTTCCGGCCAG. ChIP-Er71-end-for-1:
5-CATTCAGCTGTGGCAATTCCTCCTG. ChIP-Er71-end-
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for-3: 5'-GGCAATAGCCGCGAGTTCCAGCTG. ChIP-Er71-
end-rev-1: 5'-CATCCTGATAGGCGAGGACAGGCACAC.
ChIP-Er71-end-rev-2: 5'-CGCCCACCACTCTTGAGCAC-
GATGTC. SRY-for-1: 5'-ATGGAGGGCCATGTCAAGCG.
SRY-for-2: 5'-CCCATGAATGCATTTATGGTGTGG. SRY-
rev-1: 5'-CAGTGGGGATATCAACAGGCTG. SRY-rev-2:
5'-CAGTCTTGCCTGTATGTGATGGC.

RNA Interference—The sequence 5'-GGACAGACCUUAA-
UUCUUA in the 3’-UTR of mouse Sox9 mRNA was targeted
with shRNA, which was cloned into pSIREN-RetroQ (Clon-
tech). Respective retrovirus was then produced in 293T cells
according to standard procedures (55). 15P-1 cells were then
twice infected with control or Sox9 shRNA expressing retrovi-
rus (56), selected for 5 days with 1 ug/ul puromycin and then
grown for another 2 days before preparation of RNA utilizing
Trizol (Invitrogen). RNA was then amplified with mSox9-for-
604/627 (5'- GTCAGCCAGGTGCTGAAGGGCTAC) and
mSox9-rev-993/969 (5'-CGCCTTGAAGATAGCATTAGG-
AGAG) primers in a MiniOpticon (Bio-Rad) real-time PCR
machine utilizing the iScript One-Step RT-PCR kit with SYBR
green (Bio-Rad) and the following PCR program: 50 °C for 15
min; 95 °C for 5 min; 35 cycles of 95 °C for 15 s, 58 °C for 15 s,
65 °C for 45 s. Likewise, Gapdh was amplified with previously
described primers (22). Er71 mRNA was first amplified with the
Access RT-PCR kit (Promega) and then with the iQ SYBR
Green Supermix (Bio-Rad) using nested primer pairs published
before (22). Sox9 and Er71 mRNA levels were normalized to
Gapdh by the comparative cycle time method.

RESULTS

SRY Activates Transcription of Er71—Previously, we cloned
the mouse Er71 gene promoter (22), allowing us to set out to
analyze whether SRY activates Er71 transcription and may thus
contribute to the embryonic expression of ER71. To this end,
successively smaller Er71 promoter fragments were cloned in
front of luciferase cDNA and their activation by mouse SRY
investigated. As shown in Fig. 14, SRY activated all three Er71
promoter fragments utilized, and the degree of activation was
basically unchanged from the longest (—460 to +51) to the
shortest (—85 to +51) promoter fragment. Moreover, we
expressed SRY in the mouse Leydig tumor cell 1 (MLTC-1) line
that expresses no significant amounts of Sry or Er71 (22) and
found that endogenous Er7I transcription was activated by
ectopic SRY expression (Fig. 1B). In addition, we performed
ChIP assays in MLTC-1 cells transfected with a FLAG-tagged
SRY expression construct. We thereby found that mouse SRY
bound to the Er71 promoter within the region —334 to +28
(Fig. 1C), whereas SRY did not interact with a downstream
region of the Er7I gene or the Sry coding region. These data
strongly indicate that the Er7I gene is a potential target of SRY.

SRY Binds to the Er71 Promoter—The smallest Er71 pro-
moter fragment identified above to be responsive for activation
by SRY spans the Er71 promoter sequences from —85to +51. If
SRY directly up-regulates Er71 transcription, SRY should bind
within this region of the Er7I promoter. Mouse SRY binds pref-
erentially to sites of the sequence 5'-NACAAT-3' (or reverse:
5'-ATTGTN-3') (57) and inspection of the Er7I promoter
revealed one such site from —34 to —29 (Fig. 2A4). Thus, we
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FIGURE 1. Activation of the Er71 promoter by SRY. A, indicated Er71 promoter fragments were cloned into the pGL2-Basic luciferase reporter plasmid and
cotransfected with 1.5 g of empty vector or mouse SRY expression vector into MLTC-1 cells. Resultant luciferase activities were measured. B, RT-PCR revealing
Er71 and Gapdh mRNA levels in MLTC-1 cells transfected with empty vector or 0.4 ug of mouse SRY expression vector. C, untransfected MLTC-1 cells or
transfected with FLAG-SRY,_, 5, were subjected to ChIP assays. Inmunoprecipitations were performed with control mouse IgG or mouse monoclonal anti-HA
or anti-FLAG antibodies. DNA from the Er71 promoter (—334 to +28), an Er71 region ranging from exon 6 to exon 7, or the coding region of Sry was amplified
by PCR. IgG and anti-HA immunoprecipitations served as negative controls.
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FIGURE 2. Binding of SRY to the Er71 promoter. A, sequence of the mouse Er71 promoter from —460 to +51. A potential SRY binding site (—34 to —29) is
boxed and a previously identified SP1 binding site (—68 to —60) underlined. B, electrophoretic mobility shift assays with a probe spanning the putative SRY site
(—29/—34) inthe Er71 promoter. GST or GST-SRY, _, 5, protein were incubated with *?P-labeled probe and resultant DNA:protein complexes resolved by native
polyacrylamide gel electrophoresis. Where indicated, a 20-fold excess of unlabeled wild-type probe or mutated at the SRY binding site (5'-ATTGTG-3' to
5'-ATTACG-3’ at —34/-29) was utilized for competition. C, activation of wild-type or binding site-mutated —460/+51 Er71 luciferase reporter by SRY in 293T,
RK13 or MLTC-1 cells. Either T g of wild-type or mutated (5'-ATTGTG-3' to 5'-ATTACG-3" at —34/—29) reporter plasmid was cotransfected with 1.5 ug of SRY
plasmid. D, synergistic activation of the —460/+51 Er71 luciferase reporter by SRY (375 ng expression vector) and SP1 (625 ng expression vector) in 293T cells.

tested in electrophoretic mobility shift assays whether SRY
binds to this site. Indeed, bacterially expressed, mouse SRY
formed a complex with a radiolabeled oligonucleotide spanning
the —34/—29 site (Fig. 2B). This binding was specific, as this
complex formation was suppressed by an excess of unlabeled
oligonucleotide, but not by an unlabeled oligonucleotide in
which the —34/—29 site was mutated. Thus, SRY can bind to
the Er71 promoter and may thereby regulate its activity.

To further support this hypothesis, we analyzed how mutat-
ing the —34/—29 site would affect the ability of SRY to activate
the Er71 promoter. In three different cell lines, mutation of the
putative SRY site in the Er71 promoter abolished its responsive-
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ness to SRY (Fig. 2C), thus underscoring the importance of this
SRY site for Er71 promoter activity.

Previously, the Er71 promoter was shown to be regulated by
the ubiquitously expressed transcription factor SP1 (22). Thus,
we also assessed whether SP1 and SRY might cooperate in
inducing Er71 transcription. To this end, we cotransfected sub-
optimal amounts of SP1 and SRY expression plasmids and
indeed observed a synergistic stimulation of the Er7I promoter
by these two transcription factors (Fig. 2D).

Expression of Er71 in Developing Gonads—Sry transcription
in the genital ridge of XY mice starts at 10.5 dpc, peaks at
around 11.5 dpc and vanishes by 13 dpc (58 -60). If Er71 is a
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FIGURE 3. Expression of Er71 in 11. 5-13.5 dpc mouse gonads. A, microar-
ray expression data for Sry, Sox9, CbIn4,and Er71in gonad samples at 11.5 dpc
and 12.0 dpc. XY samples are shown in blue, XX samples in red. Whole-mount
in situ hybridization for Er71 in developing testes and ovaries at (B) 11.5 dpc,
(0) 12,5 dpc, and (D) 13.5 dpc. The extent of the gonad tissue within the
gonad/mesonephros complex is outlined in B. Section in situ hybridization for
Sox9 (E) and Er71 (F) in XY 13.5 dpc gonads and for Er71 in XX 13.5 dpc gonads
(G). Testis cords are outlined (E, F); scale bar, 100 wm. Areas marked with
rectangles are shown at higher magnification (H, /). J, quantitative RT-PCR
analysis of Sox9 and Er71 expression in wild-type (wt) and W° gonads at 13.5
dpc.

true SRY target gene, its expression should closely follow that of
Sry. We assessed the dynamics of Er7I expression in fetal
mouse gonads, in comparison to expression patterns of Sry,
Sox9 and Cbin4 (cerebellin 4 precursor), a known target of both
SRY and SOX9 (61). As expected, Sry expression was high at
11.5 dpc and was diminishing by 12.0 dpc in XY embryos
(Fig. 3A). In contrast, expression of known SRY targets, Sox9
and Cbin4, along with Er71 increased from 11.5 dpc to 12.0
dpc. The similar profiles of Er71, Sox9, and Cbin4 expression
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are consistent with all three genes being direct targets of
SRY.

Next, we assessed the expression of Er71 mRNA by in situ
hybridization in genital ridges of 11.5-13.5 dpc embryos. Er71
expression was present at low amounts in 11.5 dpc genital
ridges of both XX and XY animals (Fig. 3B). By 12.5 dpc, the
expression level of Er71 had increased in both XX and XY ani-
mals, but we noted that Er71 expression appeared to be more
interior (i.e. within the developing gonads) in XY than in XX
animals (Fig. 3C). By 13.5 dpc, there was a clear distinction
between XY and XX animals, with Er71 expression being much
higher in XY than XX gonads (Fig. 3D). This result was corrobo-
rated by RT-PCR of 13.5 dpc male and female gonads (see wild-
type in Fig. 3]). Section in situ hybridization at 13.5 dpc con-
firmed that Er71 was male-specifically expressed and that, as
was also the case for Sox9, expression was localized to testicular
cords (Fig. 3, E-I). To confirm that Er71 is expressed in somatic
(Sertoli) cells of the cords rather than in the germ cells, we
analyzed expression in W°/W°® mutant gonads, which are
devoid of germ cells (46). Like Sox9, Er71 was more highly
expressed in XY wild-type gonads than in XX wild-type gonads
at 13.5 dpc (Fig. 3)). Further, Er71 expression was increased
rather than diminished in XY W¢/W* mutants compared with
XY wild-type samples, consistent with Er71 expression being
restricted to Sertoli cells. Together these data show that Er71 is
up-regulated in the Sertoli lineage shortly after SRY is
expressed in XY gonads, consistent with Er71 being an in vivo
target gene of SRY.

Binding of ER71 to the Sox9 Promoter—Sox9 expression is
induced shortly after Sry in the genital ridges and remains high
even after Sry transcription has ceased (62, 63). Since our stud-
ies identified Er7I to have a similar expression profile as Sox9,
we wondered whether ER71 could be involved in the regulation
of the Sox9 promoter. Indeed, inspection of the Sox9 promoter
revealed seven putative ETS core binding sites that might be
bound by ER71 (Fig. 44). Therefore, we systematically investi-
gated by gel electrophoretic mobility shift assays whether any of
these sites could be bound by mouse ER71 in vitro. As shown in
Fig. 4B, an oligonucleotide spanning both ETS sites at —111/
—114 and —118/—121 was bound by ER71, but oligonucleo-
tides spanning the other five putative ETS sites at —5/—8,
—135/—138, —204/—207, —292/—295, or —308/—311 did not
interact with ER71. Binding to the —111/—114&—118/—121
oligonucleotide was specific, since (i) simultaneous incubation
with anti-ER71 antibodies but not control anti-hTERT anti-
bodies resulted in supershifts (Fig. 4C) and (ii) competition with
unlabeled —111/—114&—118/—121 oligonucleotide but not
when both ETS sites were mutated resulted in suppression of
mobility shift. Moreover, when mutating either the ETS site
—111/—114 or the ETS site —118/—121 alone (Fig. 4C), we
observed that only unlabeled oligonucleotide mutated at the
—111/—114 site lost the ability to suppress mobility shift, indi-
cating that ER71 binds to the —111/—114 site.

Activation of Sox9 Transcription by ER7I—The fact that
ER71 can bind to the Sox9 promoter prompted us to test
whether ER71 might stimulate Sox9 transcription. To this end,
we first assessed whether mouse ER71 activates a Sox9 pro-
moter fragment spanning sequences from —453 to +13.

JOURNAL OF BIOLOGICAL CHEMISTRY 23661



Role of ER71 in Male Gonads

A catcgaaaagtgggggtggggggttgtggaggg  -421
tcctagtctagacacgctcgecgtgcacgecgcacacacacacacacacacacacatacaca  -361
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FIGURE 4. Interaction of ER71 with the Sox9 promoter. A, sequence of the
mouse Sox9 promoter from —453 to +13. Sequences matching the ETS core
sequence (5'-GGA*/-3’, or 5'-"/,TCC-3' in reverse) are boxed. B, electropho-
retic mobility shift assays with indicated *?P-labeled probes. Either in vitro
transcribed/translated ER71 or vector control was employed for the binding
reactions. Asterisks mark unspecific complexes, whereas the arrowhead
points to an ER71:DNA complex. C, —111/—114&—118/—121 radiolabeled
probe was incubated with ER71 protein and, as indicated, with a 20-fold
excess of unlabeled oligonucleotide, in which the ETS sites at —111/—114
and/or —118/—121 were mutated. In the last two lanes, either antibodies
directed against hTERT or ER71 were included in the binding reaction.
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FIGURE 5. Stimulation of the Sox9 promoter by ER71. A, indicated Sox9
promoter-luciferase constructs were cotransfected with 4 ug of ER71 expres-
sion construct or control vector into MLTC-1 cells. B, —453/+13 Sox9 lucifer-
ase reporter plasmid (wild-type or mutated at the ETS site —111/—114) was
cotransfected with ER71 expression vector into Mv1Lu cells. Resultant lucif-
erase activities are shown.

Indeed, ER71 did so in two different cell lines tested (MLTC-1
and Mv1Lu; Fig. 5, A and B). Moreover, deletion of 260 bp of
5'-terminal base pairs (—193/+13 construct) did not compro-
mise the ability of ER71 to stimulate the Sox9 promoter,
whereas further deletion of 120 base pairs (—73/+13 construct)
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resulted in transcriptional inactivity (Fig. 5A4). This is consistent
with a previous report suggesting that Sox9 promoter activity in
the gonads is dependent on sequences between —193 and —73
(64), and accordingly we have above identified ER71 to bind an
ETS site (—111/—114) within this region (see Fig. 4). Next, we
mutated the —111/—114 ETS site to determine whether this
would compromise the ability of ER71 to activate the Sox9 pro-
moter (Fig. 5B). Indeed, mutation of the —111/—114 ETS site
greatly diminished the ability of ER71 to activate the —453/+13
Sox9 promoter, proving the functionality of the —111/—114
ETS site and corroborating that Sox9 is a potential target gene
of ER71.

ER71 Is Involved in Endogenous Sox9 Regulation—Next, we
asked whether ER71 may also regulate the endogenous Sox9
gene promoter. First, we determined whether ER71 binds to the
Sox9 promoter. To this end, we employed a mouse Sertoli cell
line (15P-1) that robustly expresses Sox9. We then transfected
15P-1 cells with either the empty control vector (pEV3S) or a
FLAG-tagged ER71 expression vector. Thereafter, cells were
subjected to ChIP assays. When the control vector pEV3S was
transfected, no Sox9 promoter DNA was immunoprecipitated
with anti-FLAG antibodies (Fig. 64, left panel). However, when
equivalent amounts, as evidenced by comparable input levels
(see Fig. 6A, right panel), of chromatin were immunoprecipi-
tated from FLAG,-ER71-transfected cells, Sox9 promoter DNA
was immunoprecipitated with anti-FLAG antibodies but not
with anti-HA or no antibody (Fig. 6A, middle panel). These
results indicate that ER71 is capable of binding to the Sox9
promoter.

As a positive control for our ChIP assay, we also assessed
whether ER71 would bind to another previously reported target
gene, Flk1 (27). Indeed, ER71 expectedly interacted with the
Flk1 promoter (Fig. 6B). Furthermore, we performed negative
controls by assessing whether ER71 would bind to two different
regions in the Sox9 3'-UTR or within the coding region of Sry.
No binding of ER71 to these genomic regions was observable
(Fig. 6C), attesting to the specificity of our ChIP assay.

Thereafter, we assessed if ER71 can stimulate Sox9 transcrip-
tion in 15P-1 Sertoli cells. Overexpression of ER71 did not
result in changes of Sox9 mRNA (data not shown), possibly
because Sox9 transcription may already be maximally induced
in 15P-1 cells by endogenous ER71. Therefore, we took a dom-
inant-negative approach expressing ER71-C, a molecule that
consists of the last 129 amino acids of ER71 encompassing its
DNA binding domain but lacking any transactivation domain.
As previously shown (26), ER71-C can still bind to ER71 target
sites and thereby prevent any productive transcriptional activa-
tion mediated by full-length endogenous ER71. Accordingly,
we observed that ER71-Cled to a down-regulation of Sox9 tran-
scription in 15P-1 cells (Fig. 6D), corroborating that ER71 can
target the Sox9 promoter.

SOXO9 as a Regulator of Er71 Transcription—SOX9 and SRY
have similar DNA binding preferences (1), prompting us to
investigate whether SOX9 may regulate Er7I expression simi-
lar to SRY. To test this, we first performed ChIP assays in 15P-1
Sertoli cells (Fig. 7A). Indeed, SOX9 occupied the Er7I pro-
moter in vivo, but not a region ~2.5 kbp downstream ranging
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from Er71 exon 6 to exon 7; neither did SOX9 bind to the Sox9
3'-UTR.

Finally, we tested whether SOX9 may not only bind to the
Er71 promoter, but also regulate its activity. To this end, we
down-regulated Sox9 with shRNA in 15P-1 cells and found as a
consequence a 70% reduction of Sox9 mRNA (left panel, Fig.

Er71 promoter in vitro and in vivo; (ii) SRY activates the Er71
promoter and mutation of the —29 to —34 SRY binding site
compromises this activation; (iii) ectopic expression of SRY
leads to the up-regulation of endogenous Er71 transcription;
and (iv) Er71 mRNA levels are enhanced in male gonads shortly
after Sry is up-regulated to trigger male differentiation of the

7B). Simultaneously, a small, yet significant reduction of Er71
mRNA levels was observed (right panel, Fig. 7B). These data
suggest that SOX9 is capable of activating Er71 transcription.

DISCUSSION

Our present data suggest that Er71 is a bona fide SRY target
gene as evidenced by the following facts: (i) SRY can bind to the
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bipotential gonads. Thus, our study has not only identified a
novel direct SRY target gene but also for the first time impli-
cates ER71 as a potential player in sex determination and
gonadal development.

The fact that Er71 is also expressed in the absence of any SRY
in the XX gonads, albeit at eventually lower levels than in XY
gonads, indicates that SRY is not absolutely required for Er71
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transcription. Possibly SP1, a ubiquitously expressed zinc finger
transcription factor (65, 66) that we have previously shown to
bind to and activate the Er71 promoter (22), may be responsible
for the low levels of ER71 expression in XX gonads. Interest-
ingly, SP1 is also required for efficient SRY expression during
sexual differentiation (67, 68), emphasizing the important func-
tion of this transcription factor in the developing gonad. There-
fore, SP1 and SRY may indeed collaborate to induce common
target genes, and our data indicate that Er7I is such a target
gene since its promoter was synergistically activated by SP1 and
SRY.

Er71 mRNA levels are slightly up-regulated between 11.5 and
12.0 dpc in XY genital ridges and drastically increased at 13.5
dpc, whereas Sry transcription starts at 10.5 dpc, peaks at
around 11.5 dpc and has subsided again by 12.5 dpc (58 —60),
indicating that Er7I transcription trails behind Sry transcrip-
tion by about 1 day. This expression pattern of Er71 mRNA is
consistent with Er71 being a target gene of SRY in vivo. More-
over, the Er71 expression pattern is reminiscent of that of Sox9:
before overt sexual differentiation at 10.5 dpc, Sox9 expression
is indiscriminate between XX and XY animals, but becomes
elevated in XY and reduced in XX gonads after Sry induction
(62, 63). This may suggest that Er71 and Sox9 are jointly up-reg-
ulated by SRY (Fig. 7C), with SRY cooperating with SP1 in
upregulating the Er71 promoter and SRY and SF1 synergisti-
cally activating a gonad-specific Sox9 enhancer located ~10 kb
upstream of the transcription start site (20).

Sox9 expression persists in the absence of SRY past 13 dpc in
the mouse embryo and is present in Sertoli cells of the adult
testes (1, 4). Similarly, Er71 is also expressed in Sertoli cells (22),
suggesting that £771 and Sox9 might be coregulated. It has been
hypothesized that the continued expression of Sox9 is due to an
autoregulatory loop (2, 5). Alternatively, ER71 and SOX9 may
act mutually in a positive feedback loop, with ER71 activating
the Sox9 promoter, and SOX9 in turn activating the Er71 gene
(Fig. 7D). In support of this model, our data show that ER71 can
interact with the Sox9 promoter in vitro and in vivo and stimu-
late its activity, whereas the dominant-negative ER71-C mole-
cule caused down-regulation of Sox9 transcription. Conversely,
SOX9 occupied the Er71 promoter in vivo and Sox9 down-
regulation resulted in a concomitant reduction of Er7I tran-
scription. Possibly like SRY, SOX9 might cooperate with the
ubiquitously expressed SP1 transcription factor in stimulating
the Er71 promoter.

Clearly, such models are in need of testing, and the construc-
tion of transgenic mice overexpressing ER71 in the genital ridge
or appropriate tissue-specific knock-outs will provide us with a
more definite answer to ER71’s role in male sex determination.
Similarly, the role of ER71 in Sertoli cells of adult testes should
be investigated utilizing mouse models. Notably, JMJD1A/
TSGA/JHDM2A, a histone 3 lysine 9 demethylase (69), inter-
acts with ER71 (70) and knocking-out this cofactor leads to
defective spermatogenesis and infertility in male mice (71, 72),
suggesting that ER71 and JMJD1A/TSGA/JHDM2A may coop-
erate in the physiological function of adult testes.

Apart from Sox9 transcriptional regulation, it is possible that
ER71 affects male embryonic gonads and testicular function in
adults by other mechanisms. Previously, we showed that ER71
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activates transcription from the matrix metalloproteinase-1
promoter (26). It is likely that other matrix metalloproteinase
genes are also induced by ER71, since many proteinase genes
are transcriptionally controlled by ETS binding sites (24).
Matrix metalloproteinases play an important role in early tes-
ticular development, including mesonephric cell migration (1),
and also during spermatogenesis (73), indicating that ER71 may
pleiotropically affect these processes through regulating the
expression of one or more matrix metalloproteinases.

In conclusion, our study provides evidence that Er71 is a
novel SRY target gene in the male developing gonad and that
ER71 and SOXO9 regulate each other’s gene transcription. Thus,
ER71 is strongly implicated in SRY-triggered male sex determi-
nation and to be a key regulator of adult testicular function in
conjunction with SOX9.
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