Table'l Endocrinological data of the two patients on neonatal mass
screening. In both cases, TSH increased compared to the first result and
the levels of fT4 were below the normal range

Case 1 Case 2
Day 11 Day 26 Day 17 Day 19
TSH (wU/mL) 10.29 83.41 75.2 311.9
fT4 (ng/dL) 0.59 0.04
17-OHP (ng/ml) 0.36 24.01

fT4, free thyroxine; 17-OHP, 17-hydroxyprogesterone; TSH,
thyroid stimulating hormone.

Thereafter, her clinical course was satisfactory without any
abnormal findings on brain magnetic resonance imaging, includ-
ing the pituitary gland. At present, she is one and a half years old,
and thus far, no abnormality has been observed in her develop-
ment or growth. The thyroid function is within the normal range
(TSH: 2.09 uU/mL, fT4: 1.62 ng/dL, fT3: 4.60 pg/mL) by
administration of L-T4 (25 pug/day).

Case 2

Case 2 was a female infant born after 24 weeks and 5 days of
gestation. Her birthweight was 774 g and Apgar scores were 6
and 8 at 1 and 5 min after birth, respectively. During pregnancy,
no risk factors for congenital hypothyroidism were identified.
Immediately after her birth, she was admitted to our NICU. We
treated her with our routine intensive therapy regimen including
mechanical ventilation with surfactant therapy, infusion therapy,
antibiotics and glucose insulin therapy. Indomethacin was also
given for her PDA due to prematurity. The clinical course was
satisfactory and she was allowed to have breast milk 5 days after
birth. In spite of her stable clinical condition, oxygen adminis-
tration was necessary (inspiratory oxygen fraction 0.4-0.5 on
mechanical ventilation). We suspected chronic lung disease, and
started erythromycin administration at 10 days after birth. Except
for these treatments, we were able to cease other therapies.

At the age of 17 days her TSH level was elevated (TSH:
75.2 puU/mL) on the neonatal mass-screening (Table 1). We

Circulatory collapse induced by L-T4 ¢155

re-examined her thyroid function 19 days after birth. The level of
TSH was remarkably elevated (TSH: 311.9 uU/mL, fT4: 0.04 ng/
dL) (Table 1) and L-T4 administration (8 pg/kg/day) was started.

Twenty-four hours after the initiation of L-T4, she developed
hypotension, oliguria, hyponatremia and hyperkalemia (Na:
117 mEg/L; K: 7.58 mEqg/L) (Table 2). We treated her with
oxygen (inspiratory fraction 0.7-1.0 supported mechanical ven-
tilation), infusion therapy, cardiotropic agents (dopamine and
dobutamine: =<13 pg/kg/min) and diuretics. In spite of these
therapies, her clinical condition did not show any remarkable
improvement. We could not detect any underlying causes of the
circulatory collapse. As in case 1, we suspected adrenal insuffi-
ciency, and initiated hydrocortisone administration (5 mg/kg/
dose). Her clinical condition remarkably improved and all signs
and symptoms disappeared (Fig. 1b). At present, she is six
months old and has normal development and growth. The thyroid
function is within the normal range (TSH: 3.20 uU/mL, fT4:
1.25 ng/dL, fT3: 3.56 pg/mL) by administration of L-T4
(6 pg/kg/day).

In both cases, any signs and symptoms that indicate hypothy-
roidism were not observed before the L-T4 treatment. Glucocor-
ticoids were not given to the mothers during pregnancy or the
patients before the onset of the circulatory collapse. There were
no exposures to excess iodine such as repeated topical treatment
of povidone-iodine antiseptic solutions.

Discussion

We should consider some clinical points from our experience.
First, late onset circulatory collapse due to adrenal insufficiency
should be considered even in patients who have not shown any
signs or symptoms of adrenal insufficiency in their first two
weeks of life. Second, thyroid hormone replacement therapy
precipitates adrenal insufficiency and when initiating the treat-
ment, we should take great care to monitor closely for the devel-
opment of adrenal insufficiency.

Hypothyroidism often masks adrenal insufficiency, and L-T4
supplementation precipitates the adrenal insufficiency.® It is
believed that thyroxin increases the clearance of cortisol,’ and in

Table 2 Clinical data before and after the onset of circulatory collapse. In addition to hypotension and hyponatremia, metabolic acidosis and

hyperkalemia were also observed

Case 1 Case 2

Day 28 Day 29 Day 19 Day 21
CRP (mg/dL) <0.3 <0.3 <0.3 <0.3
WBC (uL) - - 22 810 23 400
pH 7.375 7.299 7.300 7.204
pCO, (Torr) 45.6 39.2 44.6 53.2
HCOy (mmol/L) 26.1 18.8 21.5 20.5
BE (mmol/L) 0.4 =7.0 —4.9 -7.9
Na (mEq/L) 133 118 127 117
K (mEq/L) 5.68 5.82 4.88 7.58
Urine Volume (mL/kg/hr) 3.0 0.08 2.0 0.00
FiO, 0.24 0.26 0.60 1.0

BE, base excess; CRP, C-reactive protein; FiO,, fraction of inspired oxygen; HCOy', bicarbonate; pCO,, carbon dioxide partial pressure; WBC,

white blood cells.
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Fig.1 The clinical courses of (a) Case 1 and (b) Case 2. Immediately
after the initiation of levothyroxine sodium (L-T4), hypotension and
hyponatremia appeared. These clinical symptoms and signs were
promptly corrected with hydrocortisone (HDC) treatment. CPAP,
continuous positive airway pressure; DOA, dopamine; DOB, dob-
utamine; GI, glucose insulin infusion; sBP, systolic blood pressure.

order to avoid adrenal crisis, glucocorticoid administration prior
to thyroxin administration is recommended in patients suspected
to have both hypothyroidism and adrenal insufficiency. Although
we could not obtain precise endocrinological data of our patients
during circulatory collapse due to severe illness, the clinical
courses strongly suggest that the sudden onset of systemic
hypotension in both patients was caused by adrenal insufficiency
precipitated by administration of L-T4.

In preterm infants, physiological transient adrenal insuffi-
ciency is documented in the immediate postnatal period.*!° This
adrenal insufficiency may recover during in the second week of
their life® and is thought to be one of the major factors responsible
for hypotension in the early postnatal period. Adrenal shock is
vasopressor-resistant and two recent randomized control studies

© 2010 Japan Pediatric Society

recommend glucocorticoid therapy for the treatment of refractory
or pressor-resistant hypotension in their first week of life.** In
general, transient adrenal insufficiency is thought to be caused by
immature function of the hypothalamus-pituitary-adrenal axis.>*

In comparison with early-onset hypotension, less attention has
been paid to late-onset systemic hypotension. A recent Japanese
nationwide surveillance reported that about 4% of VLBWI were
treated with glucocorticoid because of late-onset systemic
hypotension.® Although there are no apparent endocrinological
data that indicate adrenal insufficiency,’” some authors have sug-
gested that transient adrenal insufficiency could be prolonged and
might occasionally result in late-onset vasopressor-resistant sys-
temic hypotension.®>'® These data suggest that late-onset circula-
tory systemic hypotension induced by adrenal insufficiency is
more common than previously believed. From our experience,
we should consider adrenal insufficiency as the cause of systemic
hypotension in preterm infants at any period, especially those
who do not show any signs or symptoms of adrenal insufficiency
during the first two weeks of life.

It is a difficult problem how to predict and prevent this kind of
circulatory collapse precipitated by L-T4 administration. Prophy-
lactic treatment with glucocorticoid could be one option to
prevent adrenal insufficiency prompted by L-T4 administration.
However, in the prophylactic treatment, the side-effects of glu-
cocorticoid should be considered. Besides the usual side-effects
of glucocorticoid, we should consider the particulars of preterm
infants, e.g. the effect on neurological development, growth and
other serious complications such as intestinal perforation. Facile
treatment with glucocorticoids is still cautioned by the recent
reports.'2 In contrast to the immediate postnatal period, adrenal
insufficiency is estimated to be relatively uncommon in the late
postnatal period.” Therefore, prophylactic treatment during the
late postnatal period will likely result in the treatment of patients
with normal adrenal function.

Here we have reported two preterm infants with late onset of
circulatory collapse induced by L-T4 administration for the treat-
ment of hypothyroidism. When initiating L-T4, we should con-
sider the possibility of subclinical adrenal insufficiency. Adrenal
insufficiency has a sudden onset and does not have any specific
signs or symptoms. Therefore careful observation is necessary.
The mechanisms and the effective treatment are not yet deter-
mined and further research including prospective clinical trials
are necessary in order to determine the best method for prevent-
ing and treating adrenal insufficiency in the late postnatal period.
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Hypospadias and Urethral Reconstruction

The Effect of Intramuscular Testosterone
Enanthate Treatment on Stretched Penile
Length in Prepubertal Boys With Hypospadias

Tomohiro Ishii, Mie Hayashi, Ayuko Suwanai, Naoko Amano, and Tomonobu Hasegawa

To define the responses of stretched penile length (PL) to intramuscular testosterone enanthate

We examined 17 Japanese boys with hypospadias at 1.4 = 1.3 (mean * SD) years of age. Their
PLs were 2.79 = 037 cm and —1.16 = 0.88 SD of the mean: The etiology of hypospadias
included sex chromosome disorders of sex development in 5, mastermind-like domain-containing
1 deficiency in 1, and unknown cause in the others. No mutation was identified in the SRD5AZ2 or
AR gene. All the boys received as many as three intramuscular injections of TE 25 mg every 4 weeks

The TE treatment significantly increased PL by 1.01 = 0.50 cm and 2.27 = 0.99 SD (cm, P =
.0002; SD, P = .0002). Age, body surface area (BSA), and PL before the treatment did not
significantly correlate with the effect of TE treatment on PL. The effect of TE treatment on PL
at the first injection in Japanese boys with hypospadias (0.35 = 0.20 cm and 0.91 * 0.62 SD)
was significantly less than that in micropenis at 2.6 = 3.1 years of age (0.64 = 0.26 cm and 1.37 =

OBJECTIVES

(TE) treatment in prepubertal boys with hypospadias.
METHODS

(one injection in 3 boys, two in 5, and three in 9).
RESULTS

0.68 SD) (cm, P = .0008; SD, P = .02).
CONCLUSIONS

These data indicate that (1) the intramuscular TE treatment significantly increases PL for
hypospadias in prepubertal boys, with no demonstrable SRD5A2 or AR mutation; (2) age, BSA,
and PL before the treatment are not significantly contributing factors to the effect of TE
treatment; and (3) the effect of TE treatment for hypospadias is significantly less than that for

micropenis.

UROLOGY 76: 97-100, 2010. © 2010 Elsevier Inc.

! l Vestosterone treatment has been advocated to in-

crease penile length.'! Testosterone enanthate

(TE) is usually given intramuscularly in doses of
25 mg during childhood and can be repeated three times
every 4 weeks until sufficient penile length has been
achieved.”® We previously reported that administration
of TE 25 mg is effective for micropenis, which was
defined as significantly small penis without hypospadias,
in prepubertal boys with no SRD5A2 or AR mutation,
with variable burt significant increase in stretched penile
length (PL).® Thus, the TE treatment is advocated for
boys with micropenis, efficiently leading to the enlarge-
ment of penis and the potential establishment of gender
identity for them.

The TE is also administered to patients with hypospa-
dias that is often accompanied by significantly small penis
with compromised formation of corpora spongiosum of
the penis. Gearhart et al.” and Luo et al.¥ administered
intramuscular TE to patients with hypospadias before
reconstructive surgery for hypospadias and demonstrated
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that the preoperative TE treatment resulted in a signifi-
cant increase in penile length without apparent side
effects, ensuring the sufficient penile size to permit easier
surgical repair of hypospadias. Both studies, however, did
not comprehensively assess the effect of TE treatment on
penile size compared with age-matched reference values
and did not analyze the AR and SRD5AZ genes, which
have a crucial role in the PL response to exogenous
androgen. In this study, we systemically studied the re-
sponses of PL to TE treatment and the relevance of the
effect of TE to age, body size, and PL before the treatment
among patients with no demonstrable AR or SRD5A2
gene mutation.

MATERIAL AND METHODS

Subjects With Hypospadias

The present study consisted of 17 Japanese boys with hypospa-
dias at 0-5 years of age (mean = SD 1.4 = 1.3) who were seen
at the outpatient clinic, Department of Pediatrics, Keio Uni-
versity Hospital, Tokyo, Japan, from 1998 through 2008. Their
PLs ranged 2.0-3.5 cm (2.79 * 0.37) and —3.3-0.5 SD of the
mean as compared with the age-matched Japanese standards
(—1.16 = 0.88).° The severity of hypospadias varied among
patients whose hypospadias were penile in 1 boy, penoscrotal in
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13, and perineal in 3 based on the location of urethral meatus.
Cryptorchidism was present in 3 patients for bilateral testes and
in 3 for unilateral. All boys underwent repair surgery for hypo-
spadias at 1 or 2 years of age, but 2 after 3 years. One underwent
the surgery at 6 years of age after his parents decided to change
legal sex from female to male, and the other at 3 years of age
until seizures became tractable by anticonvulsant. Five of 17
boys had sex chromosome disorders of sex development (DSD),
1 had mastermind-like domain-containing 1 (MAMLDI) defi-
ciency,’® and the remaining 11 had unknown cause for hypo-
spadias. The 11 patients with unknown cause for hypospadias
did not have any detectable mutations in the AR and SRD5A2
genes by polymerase chain reaction and direct sequence (data
not shown).

Six boys had cryptorchidism, unilateral in 3 and bilateral in
3, that required either orchidopexy or orchiectomy, depending
on the position of the testes and the severity of testicular
hypoplasia. Basal and peak levels of serum luteinizing hormone
and follicle-stimulating hormone after GnRH provocation (100
pg/m? intravenously; blood sampling at 0, 30, 60, 90, and 120
min) were elevated in 4 and 8 boys, respectively, and serum
testosterone level after hCG provocation (3000 1U/m?*/dose
intramuscularly for 3 consecutive days; blood sampling on days
1 and 4) was low in 1 boy, compared with the age- and pubertal
tempo-matched Japanese reference data.'’>'

Subject With Micropenis

To assess the effect of intramuscular TE injection in boys with
hypospadias, we used data from boys with micropenis who were
involved in our previous study and younger than 6 years old as
a reference group. The ages in the micropenis group varied 0-5
years (2.6 = 1.8), and the PLs in that group ranged 1.5-2.5 cm
(2.09 = 0.34) and —4.7-—2.2 SD (—3.01 * 0.75).

Measurement of PL

The PLs were determined by the same physician before and
after each TE injection. PL was obtained with a ruler placed
against the dorsum of stretched penis by measuring the distance
between the tip of the glans and the pubic symphysis, while
depressing the suprapubic fat pad as completely as possible.?

Testosterone Treatment

All boys with hypospadias in this study received intramuscular
injections of TE with a dosage of 25 mg. The injection was
repeated every 4 weeks up to 3 times until PL was definitely
above the mean of age-matched reference (1 injection in 3
boys, 2 in 5, and 3 in 9).

Statistical Analysis

The statistical significance of the difference was examined by
Student’s t-test and paired t-test for the means between 2
independent and dependent groups, respectively. The statistical
significance of the regression was analyzed by the multiple
regression analysis. A P value of less than 0.05 was considered
significant.

RESULTS

The change in actual PL and PL SD score for each
patient was shown in Fig. 1. The TE treatment signifi-
cantly increased PL by 0.5-2.5 cm (1.01 = 0.50) and
0.9-5.1 SD (2.27 %= 0.99) (cm, P = .0002; SD, P =

98
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Figure 1. Stretched penile length (PL) before and after
testosterone enanthate (TE) treatment.

.0002). The increment of PL at the first injection was
0.0-0.8 cm (0.35 * 0.20) and 0.0-2.0 SD (0.91 = 0.62)
and was not significantly correlated with age, body sur-
face area (BSA), actual PL before the treatment, or PL
SD score before the treatment (Fig. 2). The increment of
PL at the first injection in boys with hypospadias was
significantly less than that in micropenis (n = 19, 0.2-1.1
cm [0.64 % 0.26] and 0.3-3.3 SD (1.37 = 0.68]) (cm, P =
.0008; SD, P = .02) (Fig. 3). When boys with cryp-

torchidism were excluded, the increment of PL at the first

- injection was still significantly decreased in boys with

hypospadias (n = 10, 0.0-0.5 cm [0.32 = 0.19] and
0.0-1.3 SD [0.77 = 0.52]) than in boys with micropenis
(n = 18,0.2-1.1 cm [0.66 = 0.25] and 0.3-3.3 SD (1.40 =
0.69]) (cm, P = .001; SD, P = .02). We did not find any
adverse events such as gynecomastia, growth spurt, or
appearance of pubic hair.

COMMENT

The present study indicates that the intramuscular injec-
tion of TE 25 mg is an effective therapeutic method for
increase in PL for hypospadias boys with preserved AR
and SRD5A2 functions. Such beneficial effects of intra-
muscular TE treatment has been described in the litera-
ture reported by Luo et al.,® although they did not analyze
the AR and SRD5A2 genes. The mean increment of PL
in this study (1.0 cm, n = 17, age 0.2-5.0 years) surpasses
that reported by Luo et al. (0.4 cm, n = 25, age 0.8-1.0
years). We assume that the defect of androgen produc-
tion or action might be less severe in our study popula-
tion than in that of Luo et al., aside from the ethnic
difference in androgen sensitivity. In fact, PL before TE
treatment in this study (2.8 = 0.4 cm) is longer than that
in Luo et al. (2.0 £ 0.2 cm). Thus, our results provide
additional credence for the application of intramuscular
TE treatment for hypospadias in infancy to childhood.
Age, BSA, and PL before the treatment are not sig-
nificant contributing factors to the effect of TE treatment
on PL. We also previously reported that these factors did
not significantly affect the effect of TE treatment for
micropenis.® It still remains unknown what affects the
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Figure 2. Relationship of the increment of PL at the first
injection of TE to age (A), BSA (B), or stretched PL before
the treatment (C).

variation in the effect of TE treatment for hypospadias
and micropenis. We administered the same dosage of TE
25 mg for all boys, with no dosage adjustment to age or
BSA. This simple and convenient method appears to still
be clinically acceptable until future studies with a large
number of subjects may reveal the contributing factors to
the effect of TE treatment for hypospadias or micropenis.

Although the TE treatment significantly increased PL
in all the boys with hypospadias in this study, the incre-
ments of PL were variable, with those at the first injec-
tion ranging from 0.0-0.8 ¢m (0.0-2.0 SD). Two boys
showed no response to TE at the first injection, and one
also exhibited no response at the second injection. How-
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Figure 3. Comparison of the increment of stretched PL at
the first injection of TE between boys with hypospadias and
those with micropenis. The horizontal line within each box
represents the mean, the limits of each box 95% confidence
interval of the mean, and the whiskers mean = SD.

ever, thereafter they exhibited much better response to
TE with 0.8 em (2.0 SD) and 1.2 cm (3.1 SD) at the
second and third injections, respectively, in one, and 1.0
cm (2.6 SD) at the third injection in the other. The
variation in the increment of PL among boys with hypo-
spadias would primarily be caused by the heterogeneity of
the underlying factors for etiology of hypospadias in this
study. The variation in the increment of PL in the same
individual at different injections remains elusive.

The increment of PL for hypospadias at the first injec-
tion of TE is significantly less than that for micropenis
when the possibility of androgen insensitivity syndrome
or 5 alpha-reductase deficiency is excluded. The presence
of cryptorchidism does not affect the significance of dif-
ference in PL response between those groups. In consis-
tent with our data, Velasquez-Urzola et al.'®> compared
the effects of intramuscular testosterone heptylate (TH)
treatment between 2 groups having equivalent degree of
small penis with and without hypospadias and showed
that the increase in penile length after TH treatment was
less in the children with hypospadias than in those with-
out hypospadias, although they did not analyze AR and
SRD5A2 genes among their subjects (Table 1). Thus, it is
inferred that a certain number of boys with hypospadias
might have a defect in the anlage formation or in the
downstream signal transduction of AR during the devel-
opment of genital tubercle. Otherwise, the hypoplasia of
corpora spongiosum accompanied with hypospadias itself
would result in the poor response of PL to parenteral
testosterone therapy.

The construction of a symmetric conically-shaped
glans is one of objectives of the repair surgery for hypo-
spadias. The surgery might be more difficult in boys with

99

_75._



Table 1. The effect of intramuscular injection of testosterone compound on the increment of penile iength (APL) in

different conditions: micropenis v.s. hypospadias

Age
Condition n (years)

Velasquez-Urzola A et al.>  Micropenis 13 0-2/12
2/12-2

2-10

Hypospadias 27 0-2/12

2/12-2

2-10

This study Micropenis 19 0-5
Hypospadias 16 0-5

PL Before Testosterone APL

Injection (SD)* Compound (SD)*
—-4.6 +1.0 Heptylate (100 mg/m?) 2.8 £ 0.7
-25+1.0 1.5+0.2
-3.0x1.0 2.3*+1.0
—-4.0+ 2.0 1.9+1.2
—-2.5+0.0 0.8 0.8
-3.0+0.0 0.5*+0.2
-3.0x£0.8 Enanthate (25 mg) 1.4 = 0.7
0.8+ 0.6 0.8 0.6

* Mean = SD.

a small penis than in those with a penis of normal size.
We could not evaluate the relevance of the increase in
penile size by the TE treatment and the outcome of
reconstruction surgery for hypospadias because of lack of
untreated subjects as a control. In this context, Gearhart
et al.” and Luo et al.® noted that successful surgery was
attributable to the achievement of adequate penis size.
Both groups also mentioned the safety of TE treatment
for hypospadias as shown in our study. At this point, it is
reasonable to consider the potential contribution of the
preoperative TE treatment to the successful surgery in
patients with hypospadias.

This study involves some limitations. First, our insti-
tution has a special care unit for children with DSD,
leading to a potential selection bias in this study. Our
patients have markedly severe hypospadias, suggesting
this conclusion may not apply to mild hypospadias such
as the subcoronal or glanular type. Second, we did not set
clear criteria to decide whether the injection of TE
should be continued because of the nature of a retrospec-
tive study. Thus, we could evaluate the effect of TE on PL
only at the first injection of TE. Third, a small number of
patients did not allow us to generalize the conclusion
from this study and to compare the effect of TE between
the groups of hypospadias with and without significantly
small penis.

CONCLUSIONS

The present study indicates that the intramuscular injec-
tion of TE significantly increases PL for hypospadias in
prepubertal boys with no demonstrable SRD5A2 or AR
mutation. The effect of TE treatment on PL does not
significantly correlate with age, BSA, and PL before the
treatment, suggesting that the TE treatment can be ap-
plied at the same dosage of 25 mg irrespective of age,

100

BSA, and PL. Finally, the results show that the TE
treatment is significantly less effective in boys with hy-
pospadias than in those with micropenis, implying the
difference in the pathophysiological aspect between the
development of hypospadias and micropenis.
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ABSTRACT Sex determination in fetal germ cells de-
pends on a balance between exposure to retinoic acid
(RA) and the degradation of RA achieved by the testis-
specific expression of the catabolic cytochrome P450
enzyme, CYP26B1. Therefore, identification of factors
regulating the expression of the Cyp26bl gene is an
important goal in reproductive biology. We used in sifu
hybridization to demonstrate that Cyp26bI and transcrip-
tion factor genes steroidogenic factor-1 (§fI) and Sry-
related HMG box 9 (Sox9) are coexpressed in Sertoli cells,
whereas Cyp26bl and SfI are coexpressed in Leydig cells
in mouse fetal testes. In the mouse gonadal somatic cell
line TM3, transfection of constructs expressing SOX9 and
SF1 activated Cyp26bl expression, independently of the
positive regulator RA. In embryonic gonads deficient in
SOX9 or SF1, Cyp26b1 expression was decreased relative
to wild-type (WT) controls; as measured by quantitative
RT-PCR (qRT-PCR). Furthermore, qRT-PCR showed
that Cyp26b1 up-regulation by SOX9/SF1 was attenuated
by the ovarian transcription factor Forkhead box L2
(FOXL2) in TM3 cells, whereas in Foxi2mull mice,
Cyp26b1 expression in XX gonads was increased ~20-fold
relative to WT controls. These data support the hypothe-
sis that SOX9 and SF1 ensure the male fate of germ cells
by up-regulating Cyp26b1 and that FOXL2 acts to antago-
nize Cyp26b1 expression in ovaries.—Kashimada, K., Svin-
gen, T., Feng, C-W., Pelosi, E., Bagheri-Fam, S., Harley,
V. R., Schlessinger, D., Bowles, J., Koopman, P. Antago-
nistic regulation of Cyp26bl by transcription factors
SOX9/SF1 and FOXL2 during gonadal development in
mice. FASEB J. 25, 000—000 (2011). www.fasebj.org
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SEXUAL DIFFERENTIATION IN mammals is a2 unique process
in that two completely different organs, testes and ovaries,
arise from a common precursor, the bipotential genital
ridge. The Ylinked gene Sry is the master switch of
mammalian male determination (1), and its major role is

0892-6638/11/0025-0001 © FASEB

to up-regulate an autosomal but related gene, Sryrelated

HMG box 9 (Sox% ref. 2). SOX9 directly up-regulates a
number of male-specific genes, such as Amh, Pgds, Vnnl,
and Sox9 itself, in conjunction with the transcription
factor steroidogenic factor-1 (SF1; also known as NR5al
and Ad4BP), during Sertoli cell differentiation (2-5).
Sertoli cells orchestrate testis development, including the
differentiation of androgen-producing Leydig cells, testis
vascular cells, and other interstitial cells. In the absence of
Sry, female genes, such as Wn#4 and Forkhead box 1.2
(FoxI2), are upregulated by default, leading to ovarian
development (6, 7).

As the progenitors of the gametes, germ cells also
undergo sexual differentiation in mammalian gonads.
The earliest known sex-specific event in germ cell
development is entry into meiosis in ovaries and not in
testes. Approximately 13.5 days post coitum (dpc), germ
cells stop proliferating and enter the prophase of
meiotic division in mouse fetal ovaries, whereas, in
testes, germ cells arrest in G or Gy of the mitotic cycle,
resuming mitosis after birth (8, 9). Studies using
XX<>XY chimeric mice showed that both XX and XY
germ cells enter meiosis in developing ovaries (10),
suggesting that sexual differentiation of bipotential
germ cells is not cell-autonomous but instead that the
tissue environment determines the initial sex differen-
tiation of germ cells (11, 12).

Recent studies identified retinoic acid (RA) as an
environmental factor that controls germ cell meiosis
(18, 14). RA is a metabolite of vitamin A that mediates
many physiological functions, including embryogenesis
and organogenesis. RA binds to nuclear receptors,
particularly retinoic acid receptors (RARs), which form
heterodimers with retinoid X receptors (RXRs). The
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RAR/RXR complex binds to retinoic acid response
elements in the regulatory regions of target genes (15,
16). It is believed that fetal gonads are exposed to RA
that is synthesized in the adjacent mesonephros in a
non-sex-specific manner. In the gonad, the concentra-
tion of RA is regulated by a P450 cytochrome enzyme,
CYP26B1, that catabolizes all-transRA into inactive ox-
idized metabolites (13, 17, 18). Cyp26bl is initially
expressed in fetal testes and ovaries and then becomes
male-specifically expressed at 11.5-12.5 dpc (13). In
developing testes, germ cells are prevented from enter-
ing meiosis by the presence of the RA-degrading en-
zyme, CYP26B1. Hence, CYP26B1 plays a key role in
determining whether or not germ cells enter meiosis by
controlling local distribution of RA (13, 14).

Despite its important role in the control of germ cell
sexual differentiation, the mechanisms of Cyp26b1 gene
regulation are not known. Because Cyp26b1 is up-regu-
lated in developing testes as early as 11.5 dpc and is
expressed by both Sertoli and interstitial cells (13), we
hypothesized that Cyp26bl1 is regulated by the transcrip-
tion factors SF1 and/or SOX9, both being expressed
during the early stages of gonadal sex differentiation.

We report here that the spatial and temporal expres-
sion patterns of Cyp26b1 and SfI or Sox9 overlap during
testicular development in vivo. Further, we find that in
TM3 cells, a model of fetal testicular somatic cells, exog-
enous Sox9 or Sfl significantly activated Cyp26b1 expres-
sion. Cyp26b1 regulation by SOX9 and SF1 did not require
RA, another positive regulator of Cyp26b1. In AMH-Cre:
Sox9™*/* mice (19), which lack Sox9 expression, or in
Cited2null mice, a mouse model with impaired SfI expres-
sion (20-22), Cyp26b1 expression was significantly de-
-creased at 13.5 and 12.25 dpc, respectively. Furthermore,
we find that one of the female sex-determining factors,
FOXL2, attenuates Cyp26b1 up-regulation by SOX9 and
SF1 in TM3 cells and that Cyp26b1 expression was signif-
icantly increased in XX gonads of FoxI2null mice. Our
results indicate that the testicular transcription factors
SOX9 and SF1 and the ovarian transcription factor
FOXIL2 have mutually antagonistic actions that ensure
correct sexual differentiation of fetal germ cells through
regulation of Cyp26b1 expression.

MATERIALS AND METHODS
Animals

Protocols and use of animals were approved by the Animal
Welfare Unit of the University of Queensland. Mouse em-
bryos were collected from timed matings of the Swiss Quack-
enbush and CD1 outbred strain, with noon of the day on
which the mating plug was observed designated as 0.5 dpc.
Embryos were sexed at 10.5-11.5 dpc using an X-linked GFP
marker (23) and at 12.5-13.5 dpc by gonadal morphology.
AMH-Cre:Sox9"*/#** mice were obtained as described previ-
ously (19). In brief, Sox9"/** mice produced by homologous
recombination in embryonic stem cells were bred to AMH-
Cre transgenic mice on a C57BL/6 background, and the
resulting AMH-Cre:Sox9™*/* offspring were backcrossed to
Sox9"*/7*% mice to obtain AMH-Cre:Sox9"*/** embryos. The
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Cited2knockout mice on a C57BL/6 background have been
described previously (24), and embryo sex was determined by
UBEX1 PCR analysis (25). The generation of Fox/2-null mice
was reported previously (26), and these mice were main-
tained on a mixed C57B6/J/129/SV] genetic background.

Transfection into TM3 cells

The murine testicular somatic cell line TM3 was obtained
from American Type Culture Collection (Manassas, VA, USA)
and cultured in DMEM (Invitrogen, Carlsbad, CA, USA) with
10% FBS (AusGenex, Loganholme, QLD, Australia) at 37°C
in 5% CO,. Cells were plated at 2.5 X 10°/well in 6-well plates
12 h before transfection. Cells were transfected with 0.5, 1, or
2 pg of expression vector (pSG.Sox9, ref. 27; pcDNA.Sf1, ref.
28; pcDNA.HA-Sry, ref. 29; or pcDNA.Foxl2, ref. 30) using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. The total amount of transfected plasmid
was standardized using the empty expression vector as con-
trol. All-transRA was purchased from Sigma-Aldrich (R2625;
Sigma-Aldrich Corp., St. Louis, MO, USA). RAR antagonist
AGN193109 was provided by Vitae Pharmaceuticals (Fort
Washington, PA, USA).

Real-time quantitative RT-PCR (qQRT-PCR)

qRT-PCR analysis of TM3 cells and mouse gonads (except
Foxl2null mice) was conducted as follows. Total RNA was
collected at 48 h post-transfection, except for experiments
depicted in Fig. 2A4. For tissue analysis, embryonic gonads
without mesonephroi were dissected in ice-cold PBS at the
appropriate stages. Total RNA from cells and tissue was
isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) or Micro Kit (Qijagen) including DNase treatment.
Total RNA (500 ng for TM3 or 300 ng for gonads) was used
as a template for synthesis of cDNA using SuperScript III
(Invitrogen) and random primers (Invitrogen), according to
the manufacturer’s instructions. cDNA samples were diluted
1:4, and 1 pl was used in each 25 pl of qRT-PCR reaction,
containing SYBR Green PCR Master Mix (Applied Biosys-
tems, Foster City, Ca, USA). Transcript levels were analyzed
on an ABI Prism 7500 Sequence Detector System (Applied
Biosystems) over 40 cycles of 95°C for 15 s and 60°C for 1 min
in a 2-step thermal cycle, preceded by an initial 10-min step at
95°C. Ribosomal protein §29 (Rps29) served as the normaliz-
ing gene to standardize qRT-PCR data (31). For analysis of
Foxl2null mice, we collected gonadal samples at 13.5 dpc, and
total RNA was obtained from dissected gonads by enzymatic
extraction (MELT system; Ambion, Austin, TX, USA) fol-
lowed by linear RNA amplification using Ovation Pico (Nu-
GEN, San Carlos, CA, USA). qRT-PCR (TagMan; Applied
Biosystems) was performed using an ABI 7900HT system
(Applied Biosystems). Sdha was used as the housekeeping
gene to standardize the data as reported previously (32), and
the relative expression levels to XX wild-type (WT) mice
were calculated. All qRT-PCR primers are listed in Table 1.
The means = SE of 3 biological replicates measured in
triplicate were calculated. We used an unpaired Student’s
¢ test to demonstrate statistical significance of differences
between the control and the given sample.

In situ hybridization and immunohistochemistry

In situ hybridization was performed as described previously (33).
In brief, sequential sections of paraformaldehyde-fixed, paraffin-
embedded embryos were dewaxed, rehydrated, incubated in
proteinase K, refixed with 4% paraformaldehyde, acetylated,
and prehybridized. Hybridization was performed overnight at
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TABLE 1. Primers used for gRT-PCR analysis

Gene Description

Forward primer Reverse primer

SYBR gqRT-PCR

Rnl8s 18S rRNA GATCCATTGGAGGGCAAGTCT CCAAGATCCAACTACGAGCTTTTT

Rps29 Ribosomal protein S29 TGAAGGCAAGATGGGTCAC GCACATGTTCAGCCCGTATT

Cyp26b1 Cytochrome P450 26B1 TGGACTGTGTCATCAAGGAGGT  GTCGTGAGTGTCTCGGATGCTA

Sox9 Sry-related HMG box 9 AGTACCCGCATCTGCACAAC TACTTGTAATCGGGGTGGTCT

Sf1 Steroidogenic factor 1 TCCAGTACGGCAAGGAAGA CCACTGTGCTCAAGCTCCAC

Foxl2 Forkhead box L2 GCTACCCCGAGCCCGAAGAC GTGTTGTCCCGCCTCCCTTG
TagMan qRT-PCR

Sdha Succinate dehydrogenase complex, Mm01352366_m1

subunit A, flavoprotein
Cyp26b1 Cytochrome P450 26bl MmO00558507_m1
Sox9 Sry-related HMG box 9 Mm00448840_m1

Sf1 (Nr5al) Steroidogenic factor 1

Mm00496060_m1

60°C. After 2 h of blocking, anti-digoxigenin antibody (Roche
Diagnostics, Indianapolis, IN, USA) at 1:2000 in blocking solu-
tion was added, and sections were incubated overnight at 4°C.
After washing, sections were equilibrated in NTM buffer and
incubated in color solution.

Immunofluorescence of a 7-pm paraffin section was per-
formed as described previously (33) using 12.5 dpc mouse fetus
samples fixed in 4% paraformaldehyde. The primary antibody
used for this study was rabbit anti-SF1 (1:1000, kindly provided
from Dr. Ken-Ichirou Morohashi, Kyushu University, Fukuoka,
Japan). The secondary antibody (goat anti-rabbit Alexa Fluor
488 or goat anti-rabbit Alexa Fluor 594) was obtained from
Molecular Probes (Invitrogen) and used at 1:200 dilution.

RESULTS

Cyp26bl1, Sf1, and Sox9 have overlapping expression
profiles in fetal testes

First, to clarify the relationship between Cyp26b1 and
Sox9/Sf1, we performed a time-course expression anal-

ysis from 10.5 to 13.5 dpc using qRT-PCR analysis. Sox9,
SfI, and Cyp26b1 were expressed in a testis-specific
manner (Fig. 14). In particular, Cyp26b1 and Sox9 had
very similar temporal expression profiles: Cyp26bl
started to be expressed in male genital ridges at 11.5
dpc and reached a peak level at 12.5-13.5 dpc, as did
Sox9 (Fig. 1A). SfI was expressed more strongly in testes
than ovaries by 11.5 dpc, and expression continued to
increase until 13.5 dpc in testes (Fig. 14).

SOX9 and SF1 are transcription factors and, if both are
involved in Cyp26b1 regulation, spatial expression patterns
of Sox9/Sf1 and Cyp26b1 should overlap. Therefore, we
analyzed the expression of each gene in sequential sec-
tions using in situ hybridization. Sox9, SfI1, and Cyp26b1 are
known to be expressed in Sertoli cells (13, 34-36). Thus,
expression of all three genes was detected in irregular-
shaped cells within the testis cords, consistent with the
features of Sertoli cells and distinct from the large, round
germ cells also found within testis cords (Fig. 1B). In
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B SF1 || | Figure 1. Cyp26b1, SfI, and Sox9 display overlapping
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expression profiles in fetal testes. A) Temporal
expression profile of SfI, Sox9, and Cyp26bI during
mouse gonadal development by qRT-PCR analysis.
From 10.5 dpc, all three genes are up-regulated in
fetal testis compared with fetal ovaries. Data sets
represent mRNA expression relative to Rps29
(means*sE of 3 biologically independent experi-
ments performed in triplicate). Red and blue lines
indicate XX and XY gonads, respectively. B) Spatial
expression profiles of Sox9, SfI, and Cyp26b1 tran-
scripts in fetal testes by in situ hybridization. Serial

sagittal sections of 13.5 dpc testes show that Gyp26b1 expression overlaps with that of the Sertoli cell marker Sox9and with
the Sertoli/Leydig cell marker Sf1. Arrows indicate interstitial cells expressing both SfI and Cyp26b1. Scale bar = 50 pwm.
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addition, $fI is known to be expressed in Leydig cells
residing in the interstitial space; in our analyses, both Sf1
and Cyp26b1 were expressed in cells with a similar number
and distribution in the interstitium, consistent with coex-
pression in Leydig cells (Fig. 1B, arrows). These findings
support the hypothesis that SOX9 and SF1 are together
involved in Cyp26b1 regulation in Sertoli cells and that SF1
might regulate Cyp26b1 in Leydig cells, during testicular
development.

SOXY and SF1 up-regulate endogenous Cyp26b1
expression in TM3 cells

To investigate potential functional involvement of
SOX9 and SF1 in Cyp26b1 regulation, we performed in
vitro experiments using the mouse gonadal cell line
TMS3 (29, 37). These cells express several genes charac-
teristic of Sertoli cells, as assayed nonquantitatively by
RT-PCR (29, 37). However, SOX9 protein expression
was reported as undetectable by immunofluorescence
in these cells (29), and using qRT-PCR we found that
the expression levels of endogenous Sox9, SfI, and
Cyp26b1 were extremely low compared with those in
fetal testes (Supplemental Fig. S1). Therefore, any
effects on Cyp26b1 regulation in this cell culture system
must reflect the effects of transfected rather than
endogenous SOX9/SF1.

First, we investigated the time course of Cyp26b1
expression after transfection with Sox9 or SfI expres-
sion constructs. Cyp26b1 expression started to increase
12 h after Sox9 or SfI transfection and continued to
increase until at least 48 h post-transfection (Fig. 24).
On the basis of these data, we used 48 h after transfec-
tion as our standard time point for further analyses.

We next introduced varying amounts of Sox9 or SfI
expression vector into TM3 cells. Exogenous Sox9and Sf1
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expression induced Cyp26b1 expression in a dose-depen-
dent manner (Fig. 2B, C). In contrast, Sry did not up-
regulate Cyp26b1 expression, suggesting that Sry is not
directly involved in Cyp26b1 regulation (Fig. 2B). It has
been reported that SOX9 and SF1 target genes, such as
Sox9itself, Vinl, and Amh, are synergistically up-regulated
by SOX9 and SF1 (2, 4). To investigate a potential
cooperative action of SOX9 and SF1 in Cyp26b1 regula-
tion, we introduced both Sox9 and SfI expression vector
into TM3 cells. Individual introduction of 1 g of Sox9 or
511 expression vector increased Cyp26b1 expression by ~6
and ~10fold, respectively (Fig. 2D). Simultaneous intro-
duction of both Sox9 and SfI increased Cyp26b1 expres-
sion by ~18-old, indicating that SOX9 and SF1 regulate
Cyp26b1 expression additively in TM3 cells (Fig. 2D),
consistent with the similar temporal profile of Cyp26b1
transcriptional response to either SOX9 or SF1 (Fig. 24).

Up-regulation of Cyp26b1 by SOX9 or SF1 does not
require RA action

It has been reported that cytosolic class-1 aldehyde
dehydrogenase (Aldhlal) is expressed in a male-spe-
cific manner in fetal gonads and that Aldhlal is genet-
ically downstream of Sox9 (38). Previous studies involv-
ing mRNA injection into Xenopus embryos have
established that ALDHI1AI can catalyze RA synthesis
(39) and RA has been shown to positively regulate
Cyp26 genes, including Cyp26b1 (40, 41). In agreement
with published results, we found that exogenous RA
strongly up-regulated Cyp26b1 expression in TM3 cells
(Fig. 3A). This up-regulation was abolished by the
synthetic antagonist AGN193109, which suppresses RA
action by binding to RARs but not RXRs (42), confirm-
ing that Cyp26b1 up-regulation by RA is mediated by
RARs (Fig. 34).
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Figure 2. SOX9 and SF1 up-regulate Cyp26b1 expression in TM3 cells.
A) TM3 cells transfected with constructs expressing Sox9 (1 ug) or §f7 (1
pg) show induction of endogenous Cyp26bI expression in a time-
dependent manner. Cyp26b1 transcript levels were measured at 0, 6, 12,
24, and 48 h post-transfection. B-D) Cyp26b1 mRNA levels in TM3 cells
transfected with constructs expressing Sox9 (B; 0, 0.5, 1.0, and 2.0 pg),
HA-Sry (B, 1 and 2 pg), Sf1 (G 0, 0.5, 1.0, and 2.0 pg), or Sox9 and/or
Sf1 (D; 0, 0.5, and 1.0 pg). Cyp26b1 responded additively to SOX9 and
SFI, but not to SRY. All data sets represent QRT-PCR analysis of Cyp26b1
mRNA expression relative to Rnl8s (means*sE of 3 biologically inde-
pendent experiments performed in triplicate). *P < 0.05, **P < 0.01 wvs.

control (CTRL); unpaired Student’s ¢ test.
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Figure 3. RA is not required for Cyp26b1 up-regulation by
SOX9 or SF1. A) gqRT-PCR analysis of Cyp26b1 mRNA levels
in TMS3 cells treated with RA (0.01, 0.1, and 1.0 pM), RA (1.0
pM) together with the RAR antagonist AGN193109 (RAR
ant, 5uM), or AGN193109 alone (5 pM). RA stimulated
Cyp26bl1 expression, whereas AGN193109 counteracted this
effect. B) qRT-PCR analysis of SfI and Sox9 mRNA levels in
TMS3 cells treated with RA (0.01, 0.1, and 1.0 pM), RA (1.0
M) and AGN193109 (5 pM), or AGN193109 alone (5 uM).
Neither treatment affected SfI or Sox9 expression levels. C)
gRT-PCR analysis of Cyp26b1 mRNA levels in TM3 cells
transfected with Sox9 or SfI expression vector (1 pg each)
and/or treated with 5 pM AGN193109. RAR antagonist did
not interfere with Cyp26b1 up-regulation stimulated by SOX9
or SF1. Data sets represent mRNA expression relative to
Rnl8s (A, C) or control (no RA or AGN193109; B); means =

st of 3 biologically independent experiments performed in triplicate. Level of statistical significance: *P < 0.05, **P <
0.01, *=#k*P < 0.001 vs. control (CTRL); unpaired Student’s ¢ test.

These observations suggest the possibility that RA
synthesized by ALDH1A1 mediates the Cyp26b1 regula-
tion by SOX9 and SF1 observed in our experiments.
However, neither exogenous RA nor RAR antagonist
affected Sox9 or SfI expression levels (Fig. 3B), and
RAR antagonist had no effect on the ability of trans-
fected Sox9 and SfI expression vectors to up-regulate
Cyp26b1 expression (Fig. 3C). Therefore, the effects of
SOX9 and SF1 are not mediated by RA action involving
RARs and represent an independent mechanism of
regulating Cyp26b1 during testis development.

Cyp26b1 expression requires SOX9 and SF1 in vivo

We next sought to determine whether Cyp26b1 is regu-
lated by SOX9 or SF1 in vivo. We have shown previously
that Cyp26b1 expression is impaired in. CkI9Cre;
Sox 9"/ mice (38), in which the Sox9 gene is deleted
before the time of sex determination (43). However, in
those mice, the XY gonads develop as ovaries, in which
expression of all male-specific genes is presumably
suppressed. To investigate SOX9 action on Cyp26b1

expression in vive more specifically, we used AMH-Cre:

Sox ¥ fox mice. In these mice, Sox9 expression 1is
markedly reduced at 13.5 dpc, after the time of sex
determination, and absent by 14.5 dpc. In contrast to
Ck19-Cre:Sox97*/°% mice, the XY gonads of AMH-Cre:
Sox9/*//1°* mice are phenotypically testes, maintaining
mnormal expression levels of early testis-specific genes,
such as Fgf9 and Sox8 (19). We found that Cyp26b1
expression was significantly reduced in AMH-Cre:

REGULATION OF Cyp26b1 BY SOX9, SF1, AND FOXL2

Sox9"*//1* XY gonads at 13.5 dpc (Fig. 44), supporting
our hypothesis that SOX9 is required for positive
regulation of Cyp26b1 expression.

In SfI-knockout mice, regression of the gonads after
sex determination precludes analysis of the roles of this
gene in gonadal differentiation (44, 45). For this rea-
son, we also studied Cyp26b1 expression in mice deleted
for the gene encoding CBP/p300-interacting transacti-
vator with Glu/Asp-rich carboxyl-terminal domain 2
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Figure 4. Cyp26b1 expression is significantly reduced in mice
with reduced SOX9 or SF1 expression. A) qRT-PCR analysis
of Cyp26bl expression at 13.5 dpc of WT (+/+) XY (n=4),
AMH-Cre: Sox ¢/1ox/flox (flox/flox) XY (n=3), and WT XX go-
nads (n=5). B) qRT-PCR analysis of Cyp26b] expression at
12.25 dpc of WT XY (n=38), CitedZknockout (—/—) XY
(n=3), and WT XX (n=3) gonads. Data sets represent mRNA
expression relative to Rps29 (means+sg). **P < (.01, ##*#P <
0.001 vs. WT XY; unpaired Student’s { test.
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(Cited2; refs. 20-22). CITEDZ2 is a transcriptional coacti-
vator or repressor that cooperates with WT1 to stimu-
late Sf1 transcription (20); in Cited2-knockout mice, SfI
expression is temporarily reduced (20-22). The delay
in testis development in Cited2-null mice is caused by
the temporal loss of Cited2mediated enhancement of
SfI levels, rather than a direct effect by loss of Cited2
(20). Therefore, Cited2-knockout mice are a useful
proxy with which to study loss of SF1 function during
gonad differentiation. We chose 12.25 dpc as the time
point of examination because the reduced SfI expres-
sion recovers by 12.5 dpc in fetal gonads (22). Analysis
by qRT-PCR showed that in Cited2-knockout mice,
Cyp26b1 expression was significantly reduced at 12.25
dpc in fetal testes (Fig. 4B). The observations from
AMH-Cre:Sox9"*//** and Cited2-knockout mice strongly
suggest that SOX9 and SF1 up-regulate Cyp26b1 expres-
sion during testicular development in vivo.

FOXIL2 attenuates Cyp26b1 up-regulation by SOX9 or SF1

Unlike the situation in developing testes, germ cells in
the developing ovaries require exposure to RA to
ensure entry into meiosis and initiation of the oogenic
pathway (13, 14). Thus, Cyp26b1 is up-regulated during
testis development and down-regulated during ovarian
development (ref. 13 and the present study; Fig. 14). In
view of our findings that SOX9 and SF1 can up-regulate
Cyp26b1 expression, the lack of Cyp26b1 expression in
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the ovary might in theory be explained by a lack of
SOX9 and SF1 in that tissue. However, we found that
SF1 mRNA is expressed at moderate levels in the fetal
ovary (Fig. 1A). Moreover, SF1 protein was readily
detectable by immunofluorescence in the ovary at 12.5
dpc (Fig. 5A4). In view of these observations and because
of the critical requirement to suppress CYP26B1 activity
in the developing ovary, we reasoned that additional
mechanisms might operate in developing ovaries to
actively suppress Cyp26bI transcription, consistent with
the emerging concept that balanced opposing signals act
to ensure correct testis or ovarian development (46, 47).

FOXL2 is a forkhead transcription factor expressed
mainly in somatic cells of female gonads and in devel-
oping eyelids (48). FOXL2 is considered essential for
ovarian folliculogenesis and granulosa cell develop-
ment (26, 48, 49). Furthermore, recent studies have
suggested that FOXL2 antagonizes SOX9-dependent
pathways (50) and suppresses SF1 target gene activa-
tion (51). Therefore, we tested whether FOXL2 actively
suppresses Cyp26b1 induction. First, we compared the
temporal expression pattern of Fox/2 and Cyp26b1. In
XX gonads, Cyp26bl1 expression decreased from 12.5
dpc and, consistent with our hypothesis, coincided with
a dramatic up-regulation of Fox/2 expression (Fig. 5B).

To further investigate potential involvement of
FOXL2 in Cyp26b1 regulation, we transfected TM3 cells
with a FoxI2 expression plasmid together with Sox9, Sf1,
or a combination of both expression plasmids. Sox9and
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A) Immunofluorescence of sagittal sections of paraffin-embed-
ded fetuses of 12.5 dpc showing ovarian expression of SF1
(green). Dotted line encompasses the ovary. Scale bar = 200
pm. B) Time course of Cyp26b1 and FoxI2 gene expression
during mouse ovarian development, with maximum expression
levels adjusted to 100%. The two genes showed complementary
expression. C) qRT-PCR analysis of Cyp26b1 mRNA levels in
TM3 cells transfected with Sox9 (1 ug) or SfI (1 pg) with or
without cotransfection of Fox/2 expression vector (1 pg).
FOXL2 suppressed Cyp26b1 up-regulation by both SF1 and
SOX9. D) qRT-PCR analysis of Cyp26b1, Sox9, and SfI mRNA
levels in XX gonads of 13.5 dpc Foxi2null mice. Relative

expression levels to Sdha of each gene were compared with those of XX wild-type controls. Absence of FOXL2
caused strong up-regulation of Cyp26b1. Data sets represent mRNA expression relative to Rps29 (B), Rnl8s (C),
or Sdha (D); means * SE of 3 biologically independent experiments performed in triplicate. NS, nonsignificant.
*P < 0.05, ¥**P < 0.01, ***P < 0.001; unpaired Student’s ¢ test.
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Sf1 expression constructs do not contain binding sites
for FOXL2 in their regulatory regions, and, accord-
ingly, expression levels of these constructs were unaf-
fected by the coexpression of FOXL2 (data not shown).
However, FOXL2 strongly suppressed endogenous
Cyp26b1 expression induced by SOX9, SF1, or both
together (Fig. 5C).

Finally, we analyzed Cyp26bl expressmn in 13.5'dpc XX
gonads of FoxI2null mice. We found that Sox9 and Sf1
expression levels increased ~2-fold (Fig. 5D). In contrast,
Cyp26b] expression was increased ~20-fold relative to that
in controls (Fig. 5D). The Cyp26b1 expression levels in
Fox2knockout ovary were 5-fold lower than those in WT
testes (data not shown), as would be expected, because
the FoxI2knockout ovaries lack positive regulators such as

SOX9, and consistent with the report that germ cells

enter meiosis in these mutant ovaries (49). In these
experiments, absence of FOXL2 caused up-regulation of

Cyp26b1 to a greater extent than that likely to be caused by

/ upregulation of Sox9 and/or SfI. The magnitude of the
“increase of Cyp26bl expression in FoxI2xull mice is con-
sistent with relief of active suppression by FOXL2 during
ovarian development in vivo, consistent with in vitro data
observed in TM3 cells (Fig. 5C).

DISCUSSION

Despite its critical role for germ cell sexual differentia-
tion, the mechanisms of Cyp26bl regulation during
gonadal development are not known. In the present
study, we present cell-based gain-of-function data, to-
gether with in vive loss-of-function analyses in knockout
mice, implicating the gonadal transcription factors
SOX9, SF1, and FOXL2 in regulatlng Cyp26b1 during
gonadal development.

SOX9 was previously suggested to be acting upstream
of Cyp26b1 (38). We found that Cyp26b1 was up-regu-
lated in the" testicular somatic cell line TM3 after
transfection with the Sox9expression construct and that
Cyp26bl expression . was 51gn1ﬁcantly reduced in XY
gonads of AMH-Cre:Sox9"/** mice. In contrast to
SOX9, SRY did not affect Cyp26b1 expression levels in
TM3 cells, indicating that activation of Cyp26bl tran-

scription is not a general property of SOX transcription

factors. Taken together, our data support the conclu-
sion that SOX9 positively regulates Cyp26b1 expression
during testicular development.

" Previous studies have established that Cyp26bI is ex-
pressed in both Sertoli and interstitial cells (13). However,
- Sox9 expression is limited to Sertoli cells in fetal testes,
indicating that some other molecules expressed in inter-
stitial cells must be involved in Cyp26b1 up-regulation. SF1
was considered a good candidate because SfI is expressed
not only in Sertoli cells but also in interstitial Leydig cells
and is one of the earliest genes expressed in a male-
specific manner in fetal gonads (52). We showed that the
spatial expression patterns of SfI and Cyp26b1 overlapped
each other in cells inside and outside testis cords; in TM3
cells, SfI transfection robustly upregulated Cyp26b1 ex-

REGULATION OF Cyp26b1 BY SOX9, SF1, AND FOXL2

pression; and in Cited2knockout mice, a mouse model
with impaired expression of SfI, Cyp26b1 expression was

‘signiﬁcanﬂy reduced. These data implicate SF1 as a sec-

ond factor involved in the positive regulation of Cyp26b1
expression during testicular development. Furthermore,
our data suggest that the previously unidentified intersti-
tial cells expressing Cyp26b1 (13) are Leydig cells. Taken
together, our data show that in fetal Sertoli cells, both
SOX9 and SF1 contribute to Cyp26bI regulation, whereas
in fetal Leydig cells, Cyp26b1 is regulated by SF1 (Fig. 6).
Considering the rapid upregulation of Cyp26b1 by
SOX9 and SF1 in TM3 cells; the similar temporal expres-
sion profile of Cyp206b1, Sox9, and SfI in fetal testes; and
the fact that this regulation does not require RA, it seems

likely that SOX9 and SF1 directly up-regulate Cyp26bl1

during testicular development. CYP26BI is expressed in
various organs during fetal development, such as limb,
hindbrain; and the first and the second branchial arches
(17, 53), indicating that the regulation of the Gyp26b1
gene is complex, and many fransacting factors and cis-
regulatory sequences are likely to be involved. Substantial
homology is maintained between the sequence of mouse
Gyp26b1 intron-1 and the human CYP26BI 5' flanking

region (data not shown), suggesting that these sequences

may be important for Cyp26b1 gene regulatmn However,
neither ‘3 kb of 5" flanking sequence nor intron-1 or
intron-2 of mouse Cyp26b1 responded to mSOX9 and
mSF1 in our TM3 culture assay (data not shown); the

Testis

GERM CELL\
No

Melosis Meiosis

Figure 6. Model for the regulation of Cyp26b expression and
germ cell sexual fate. Distribution of RA in gonads is deter-
mined by the RA-degrading enzyme, CYP26BI1. Cyp26b1 is
expressed in a male-specific manner, and resulting RA levels
are high in ovary and low in testes. In testes, Cyp26bl is
up-regulated by SF1 in Leydig cells and by SF1 and SOX9 in
Sertoli cells. Although SF1 could be expected to up-regulate
Cyp26b1 expression in ovaries, this expression is suppressed by
the female-specific transcription factor FOXL2. Thus, male -
and female pathways compete in the regulation of Cyp26b1.



gonad-specific enhancer of Cyp26b1 is therefore pre-
sumed to be located some distance from the Cyp26b1
transcription unit itself. Further studies will be necessary
to identify the gonad-specific enhancers of Cyp26b1 and to
specifically address whether SF1 and/or SOX9 directly
bind to these elements.

We found that SfI mRNA and protem are expressed in
fetal ovaries at 12.5 dpc at higher levels than previously
recognized (52); this expression and its functional signif-
icance are supported by observations that the ovary re-
gresses after sex determination in Sfl-knockout mice (44).
Consistent with previous studies (52), we also found lower
Sf1 expression levels at 13.5 dpc. The presence of SF1 in
the ovaries suggested that mechanisms might exist in the
developing ovary to counter the possible up-regulation of
Cyp26b1 in that tissue.

Our data implicate a third regulatory factor FOXL2, as
part of such a mechanism. FOXL2 is a key transcription
factor in ovarian development and the phenotype of
mammalian models of Fox{2 deficiency varies from XX sex
reversal in goats (54) to ovarian failure in mice and
humans (26, 48, 49). Foxl2 is expressed in somatic cells
during ovarian development and is involved in the regu-
lation of other femalespecific genes, such as Aromatase,
Follistatin, and Bmp2 (30, 55, 56). It has been reported that
FOXL2 represses SFl-induced Cypl7 transcription by in-
teracting directly with: SF1 (51); that observation not only
substantiates the concept that FOXL2 can act as a negative
transcriptional regulator but also supports our finding that it
antagonizes SF1 regulation of CGy26bl. The absence of
FOXIL2 in vivo caused up-regulation of Cyp26b1 to a greater

extent than that likely to be caused by the observed up--

regulation of Sox9 and/or SfI. Therefore, our ﬁndmgs
suggest that downregulation of Cyp26bI during ovarian
development may occur through a combination of decreas-
ing SF1 levels and up-regulation of FoxI2 expression.
Suppression of Cyp26b1 expression by of FOXL2 may
provide a failsafe mechanism to ensure that ovarian germ
cells are not exposed to RA. Such a mechanism would
support and extend our recent findings: that fibroblast
growth factor 9 (FGF9) acts directly on germ cells to
inhibit meiosis (57). Those findings indicate that two
independent and mutually antagonistic pathways involv-
ing RA in the ovary and FGF9 in- the testis determine
mammalian germ cell sexual fate commitment (57). In
addition to that model, our present study suggests a
further level of antagonism between male and female
germ cell pathways, namely suppression of Cyp26b1 ex-
pressxon by FOXL2: A model for this regulatory network
is depicted in Fig. 6, providing a framework for further
studies of the interaction between somatic and germ cells
in fetal gonads and the control mechanisms that under-
pin development of germ cells. ~

The authors thank R. Chandraratna and K. Yin Tsang
(Vitae Pharmaceuticals, Fort Washington, PA, USA) for pro-
viding AGN193109, Ken-Ichirou Morohashi (Kyushu Univer-
sity, Fukuoka, Japan)for providing SF1 antibody, and Sally L.
Dunwoodie (Victor Chang Cardiac Research Institute, Syd-
ney, NSW, Australia) for providing Cited2-knockout mice. The
authors also thank C. Spiller and C. Harris for technical

8 Vol. 25 October 2011

The FASEB Journal - www fasebj.org

support. This work was supported by research grants from the
Australian Research Council (ARC), the National Health and
Medical Research Council of Australia, and the Intramural
Research Program of the U.S. National Institutes of Health,
National Institute on Aging. P.K. is a Federation Fellow of the
ARC:

REFERENCES

1. Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P., and Lovell-
Badge, R. (1991) Male development of chromosomally female
mice transgenic for Sry. Naiure 351, 117-121

2. Sekido, R, and Lovell-Badge, R. (2008) Sex determination
involves synergistic action of SRY and SF1 on a specific Sox9
enhancer. Nature 453, 930-934

3. De Santa Barbara, P., Moniot, B., Poulat, F., Boizet, B., and
Berta, P. (1998) Steroidogenic factor-1 regulates transcription
of the human anti-Millerian hormone receptor. J. Biol. Chem.
273, 2965429660

4. Wilson, M. J., Jeyasuria, P., Parker, K. L., and Koopman, P.
(2005) The transcription factors steroidogenic factor-1 and
SOX9 regulate expression of Vanin-1 during mouse testis devel-

- opment. J. Biol. Chem. 280, 5917-5923

5. Wilhelm, D., Hiramatsu, R., Mizusaki, H., Widjaja, L., Combes,
A. N., Kanai, Y., and Koopman, P. (2007) SOX9 regulates
prostaglandin D synthase gene transcription in vivo to ensure
testis development. J. Biol. Chem. 282, 10553-10560

6. Wilhelm, D., Palmer, S., and Koopman, P. (2007) Sex determination
and gonadal development in mammals. Physiol. Rev. 87, 1-28

7. Nef, S., and Vassalli, J. D. (2009) Complementary pathways in
mammalian female sex determination. J. Biol. 8, 74

8. Hilscher, B., Hilscher, W., Bulthoff-Ohnolz, B., Kramer, U,
Birke, A., Pelzer, H., and Gauss, G. (1974) Kinetics of gameto-
genesis‘ I. Comparative histological and autoradiographic stud-
ies of oocytes and transitional prospermatogonia during oogen-
esis and prespermatogenesis. Cell Tissue Res. 154, 443-470

9. McLaren, A. (1984) Meiosis and differentiation of mouse germ
cells. Symp. Soc. Exp. Biol. 38, 7-23

10. Palmer, S. J» and Burgoyne, P. S. (1991) In situ analysis of fetal,
prepuberal and adult XX-XY chimaeric mouse testes: Sertoli cells are
predominandy, but not exclusively, XY. Development 112, 265-268

11. McLaren, A: (1995) Germ cells and germ cell sex. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 350, 229233

12." McLaren, A. (2003) Primordial germ cells in the mouse. Dev.
Biol. 262, 1-15

13.  Bowles, ., Knight, D., Smith, C., Wilhelm, D., Rlchman] Mamiya, S.,
Yashiro, K., Chawengsaksophak, K., Wilson, M. J., Rossant, J., Hamada,
H., and Koopman, P. (2006) Retinoid signaling determines germ cell
fate in mice. Science 312, 596—-600

14. Koubova, J., Menke, D. B., Zhou, Q., Capel, B., Griswold, M. D.,
and Page, D. C. (2006) Retinoic acid regulates sex-specific
timing of meiotic initiation in mice. Proc. Natl. Acad. Sci. U. S. A.
103, 2474-2479 '

15. Chambon, P. (1996) A decade of molecular biology of retinoic
acid receptors. FASEB J. 10, 940-954

16. Duester, G. (2008) Retinoic acid synthesis and signaling during
early organogenesis. Cell 134, 921-931

17. MacLean, G., Abu-Abed, S., Dolle, P., Tahayato A., Chambon,
P., and Petkovich, M. (2001) Clomng of a novel retinoic-acid
metabolizing cytochrome P450, Cyp26B1, and comparative ex-
pression analysis with Cyp26Al during early murine develop-
ment. Mech. Dev. 107, 195-201

18. MacLean, G., Li, H., Metzger, D., Chambon, P., and Petkovich,
M. (2007) Apoptotic extinction- of germ cells in testes of

. Cyp26b1 knockout mice. Endocrinology 148, 4560—4567

19. Barrionuevo, F., Georg, I, Scherthan, H., Lecureuil, C., Guilloy, F.,
Wegner, M., and Scherer, G. (2009) Testis cord differentiation after
the sex determination stage is independent of Sox9 but fails in the
combined absence of Sox9 and Sox8. Dev. Biol. 327, 301-312

20. Val, P., Martinez-Barbera, J. P., and Swain, A. (2007) Adrenal
development is initiated by Cited2 and Wtl through modulation
of Sf-1 dosage. Development 134, 2349-2358

21. Buaas, F. W,, Val, P., and Swain, A. (2009) The transcription
co-factor CITED2 functions during sex determination and early
gonad development. Hum. Mol. Genet. 18, 2989-3001

KASHIMADA ET AL.

_84_.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33,

34.

35,

36.

37.

38.

39.

40.

41.

Combes, A. N., Spiller, C. M., Harley, V. R, Sinclair, A. H.,
Dunwoodie, S. L., Wilhelm, D., and Koopman, P. (2010)
Gonadal defects in Cited2-mutant mice indicate a role for SF1 in
both testis and ovary differentiation. Int. J. Dev. Biol. 54, 683689
Hadjantonakis, A. K., Gertsenstein, M., Ikawa, M., Okabe, M.,
and Nagy, A. (1998) Non-invasive sexing of preimplantation
stage mammalian embryos. Nat. Genet. 19, 220-222

Barbera, J. P., Rodriguez, T. A., Greene, N. D., Weninger, W. J.,
Simeone, A., Copp, A. J., Beddington, R. S., and Dunwoodie, S.
(2002) Folic acid prevents exencephaly in Cited2 deficient
mice. Hum. Mol. Genet. 11, 283-293

Chuma, S., and Nakatsuji, N. (2001) Autonomous transition
into meiosis of mouse fetal germ cells in vitro and its inhibition
by gpl130-mediated signaling. Dev. Biol. 229, 468-479

Uda, M., Ottolenghi, C., Crisponi, L., Garcia, J. E., Deiana, M., Kimber,
W., Forabosco, A., Cao, A., Schlessinger, D., and Pilia, G. (2004) FoxI2
disruption causes mouse ovarian failure by pervasive blockage of
follicle development. Hum. Mol. Genet. 13, 1171-1181

Kent, J., Wheatley, S. C., Andrews, J. E., Sinclair, A. H., and
Koopman, P. (1996) A male-specific role for SOX9 in vertebrate
sex determination. Development 122, 2813-2822

Schepers, G., Wilson, M., Wilhelm, D., and Koopman, P. (2003)
SOXS8 is expressed during testis differentiation in mice and
synergizes with SF1 to activate the Amh promoter in vitro. J. Biol.
Chem. 278, 28101-28108 .

Beverdam, A., Wilhelm, D., and Koopman, P. (2003) Molecular
characterization of three gonad cell lines. Cytogenet. Genome Res.
101, 242-249

Kashimada, K., Pelosi, E., Chen, H., Schlessinger, D., Wilhelm,
D., and Koopman, P. (2011) FOXL2 and BMP2 act coopera-
tively to regulate follistatin gene expression during ovarian
development. Endocrinology 152, 272-280

Svingen, T., Spiller, C. M., Kashimada, K., Harley, V. R,, and
Koopman, P. (2009) Identification of suitable normalizing
genes for quantitative real-time RT-PCR analysis of gene expres-
sion in fetal mouse gonads. Sex. Dev. 3, 194-204

Ottolenghi, C., Pelosi, E., Tran, J., Colombino, M., Douglass, E.,
Nedorezov, T., Cao, A., Forabosco, A., and Schlessinger, D.
(2007) Loss of Wnt4 and Foxl2 leads to female-to-male sex
reversal extending to germ cells. Hum. Mol. Genet. 16, 2795-2804
Wilhelm, D., Martinson, F., Bradford, S., Wilson, M. J., Combes,
A. N., Beverdam, A., Bowles, J., Mizusaki, H., and Koopman, P.
(2005) Sertoli cell differentiation is induced both cell-autono-
mously and through prostaglandin signaling during mamma-
lian sex determination. Dev. Biol. 287, 111-124

Morais da Silva, S., Hacker, A., Harley, V., Goodfellow, P., Swain,
A., and Lovell-Badge, R. (1996) Sox9 expression during gonadal
development implies a conserved role for the gene in testis
differentiation in mammals and birds. Nat. Genet. 14, 62—-68
Morohashi, K. 1., and Omura, T. (1996) Ad4BP/SF-1, a tran-
scription factor essential for the transcription of steroidogenic
cytochrome P450 genes and for the establishment of the
reproductive function. FASEB J. 10, 1569-1577

Sadovsky, Y., and Crawford, P. A. (1998) Developmental and
physiologic roles of the nuclear receptor steroidogenic factor-1
in the reproductive system. J. Soc. Gyn. Invest. 5, 6-12
Mather, J. P. (1980) Establishment and characterization of two distinct
mouse testicular epithelial cell lines. Biol Reprod. 23, 243-252
Bowles, J., Feng, C. W., Knight, D., Smith, C. A., Roeszler, K. N,,
Bagheri-Fam, S., Harley, V. R., Sinclair, A. H., and Koopman, P.
(2009) Male-specific expression of Aldhlal in mouse and
chicken fetal testes: implications for retinoid balance in gonad
development. Dev. Dyn. 238, 2073-2080

Haselbeck, R. J., Hoffmann, 1., and Duester, G. (1999) Distinct
functions for Aldhl and Raldh2 in the control of ligand
production for embryonic retinoid signaling pathways. Dev.
Genet. 25, 353-364

Ray, W. J., Bain, G., Yao, M., and Gottlieb, D. I. (1997) CYP26,
a novel mammalian cytochrome P450, is induced by retinoic
acid and defines a new family. J. Biol. Chem. 272, 18702-18708
Reijntjes, S., Blentic, A., Gale, E., and Maden, M. (2005) The
control of morphogen signalling: regulation of the synthesis
and catabolism of retinoic acid in the developing embryo. Dev.
Biol. 285, 224237

REGULATION OF Cyp26b1 BY SOX9, SF1, AND FOXL2

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Agarwal, C., Chandraratna, R. A, Johnson, A. T., Rorke, E. A.,
and Eckert, R. L. (1996) AGN193109 is a highly effective
antagonist of retinoid action in human ectocervical epithelial
cells. J. Biol. Chem. 271, 12209-12212

Barrionuevo, F., Bagheri-Fam, S., Klattig, J., Kist, R., Taketo,
M. M., Englert, C., and Scherer, G. (2006) Homozygous inacti-
vation of Sox9 causes complete XY sex reversal in mice. Biol.
Reprod. 74, 195-201

Luo, X., Ikeda, Y., and Parker, K. L. (1994) A cell-specific
nuclear receptor is essential for adrenal and gonadal develop-
ment and sexual differentiation. Cell 77, 481490

Sadovsky, Y., Crawford, P. A., Woodson, K. G., Polish, J. A,,
Clements, M. A., Tourtellotte, L. M., Simburger, K., and Mil-
brandt, J. (1995) Mice deficient in the orphan receptor steroid-
ogenic factor 1 lack adrenal glands and gonads but express P450
side-chain-cleavage enzyme in the placenta and have normal
embryonic serum levels of corticosteroids. Proc. Natl. Acad. Sci.
U. S. A. 92, 10939-10943

Kim, Y., and Capel, B. (2006) Balancing the bipotential gonad
between alternative organ fates: a new perspective on an old
problem. Dev. Dyn. 235, 2292-2300

Ottolenghi, C., Uda, M., Crisponi, L., Omari, S., Cao, A,
Forabosco, A., and Schlessinger, D. (2007) Determination and
stability of sex. Bioessays 29, 15-25

Crisponi, L., Deiana, M., Loi, A., Chiappe, F., Uda, M., Amad, P.,
Bisceglia, L., Zelante, L., Nagaraja, R., Porcu, S., Ristaldi, M. S., -
Marzella, R., Rocchi, M., Nicolino, M., Lienhardt-Roussie, A.,
Nivelon, A., Verloes, A., Schlessinger, D., Gasparini, P., Bon-
neau, D., Cao, A., and Pilia, G. (2001) The putative forkhead
transcription factor FOXL2 is mutated in blepharophimosis/
ptosis/epicanthus inversus syndrome. Nai. Genet. 27, 159-166
Schmidt, D., Ovitt, C. E., Anlag, K., Fehsenfeld, S., Gredsted, L.,
Treier, A. C., and Treier, M. (2004) The murine winged-helix
transcription factor Foxl2 is required for granulosa cell differ-
entiation and ovary maintenance. Development 131, 933-942
Wilhelm, D., Washburn, L. L., Truong, V., Fellous, M., Eicher,
E. M., and Koopman, P. (2009) Antagonism of the testis- and
ovary-determining pathways during ovotestis development in
mice. Mech. Dev. 126, 324336

Park, M., Shin, E., Won, M., Kim, J. H., Go, H., Kim, H. L., Ko,
J.J., Lee, K., and Bae, J. (2010) FOXL2 interacts with steroido-
genic factor-1 (SF-1). and represses SF-l-induced CYP17 tran-
scription in granulosa cells. Mol. Endocrinol. 24, 1024-1036
Ikeda, Y., Shen, W. H., Ingraham, H. A., and Parker, K. L.
(1994) Developmental expression of mouse steroidogenic fac-
tor-1, an essential regulator of the steroid hydroxylases. Mol
Endocrinol. 8, 654662

Yashiro, K., Zhao, X., Uehara, M., Yamashita, K., Nishijima, M.,
Nishino, J., Saijoh, Y., Sakai, Y., and Hamada, H. (2004)
Regulation of retinoic acid distribution is required for proxim-
odistal patterning and outgrowth of the developing mouse limb.
Dev. Cell. 6, 411-422

Pailhoux, E., Vigier, B., Chaffaux, S., Servel, N., Taourit, S,,
Furet, J. P., Fellous, M., Grosclaude, F., Cribiu, E. P., Cotinot, C.,
and Vaiman, D. (2001) A 11.7-kb deletion triggers intersexuality
and polledness in goats. Nat. Genet. 29, 453458

Wang, D. S., Kobayashi, T., Zhou, L. Y., Paul-Prasanth, B., fjiri,
S., Sakai, F., Okubo, K., Morohashi, K., and Nagahama, Y.
(2007) Foxl2 up-regulates aromatase gene transcription in a
female-specific manner by binding to the promoter as well as
interacting with ad4 binding protein/steroidogenic factor 1.
Mol. Endocrinol. 21, 712725

Garcia-Ortiz, J. E., Pelosi, E., Omari, S., Nedorezov, T., Piao, Y.,
Karmazin, J., Uda, M., Cao, A., Cole, S. W., Forabosco, A.,
Schlessinger, D., and Ottolenghi, C. (2009) Foxl2 functions in
sex determination and histogenesis throughout mouse ovary
development. BMC Dev. Biol. 9, 36

Bowles, J., Feng, C. W., Spiller, C., Davidson, T. L., Jackson, A.,
and Koopman, P. (2010) FGF9 suppresses meiosis and promotes
male germ cell fate in mice. Dev. Cell 19, 440-449

Received for publication March 8, 2011.
Accepted for publication July 1, 2011.



Endocrinology. First published ahead of print November 17, 2010 as doi:10.1210/en.2010-0636

REPRODUCTION-DEVELOPMENT

FOXL2 and BMP2 Act Cooperatively to Regulate
Follistatin Gene Expression during Ovarian
Development

Kenichi Kashimada, Emanuele Pelosi, Huijun Chen, David Schlessinger,
Dagmar Wilhelm, and Peter Koopman

Division of Molecular Genetics and Development (K.K., H.C., D.W., P.K.), Institute for Molecular
Bioscience, The University of Queensland, Brisbane, Queensland 4072, Australia; and National Institutes
of Health Biomedical Research Center National Institute on Aging (E.P., D.S.) , Intramural Research
Program, Laboratory of Genetics, Baltimore, Maryland 21224

Follistatin is a secreted glycoprotein required for female sex determination and early ovarian
development, but the precise mechanisms regulating follistatin (Fst) gene expression are not
known. Here, we investigate the roles of bone morphogenetic protein 2 (BMP2) and forkhead-
domain transcription factor L2 (FOXL2) in the regulation of Fst expression in the developing mouse
ovary. Bmp2 and Fst showed similar temporal profiles of mRNA expression, whereas FOXL2 protein
and Fst mRNA were coexpressed in the same ovarian cells. In a cell cutture model, both FOXL2 and
BMP2 up-regulated Fst expression. In ex vivo mouse fetal gonad culture, exogenous BMP2 in-
creased Fst expression, but this effect was counteracted by the BMP antagonist Noggin. Moreover,
in FoxI2-null mice, Fst expression was reduced throughout fetal ovarian development, and Bmp2
expression was also reduced. Our data support a model in which FOXL2 and BMP2 cooperate to
ensure correct expression of Fst in the developing ovary. Further, Wnt4-knockout mice showed
reduced expression of Fst limited to early ovarian development, suggesting a role for WNT4 in the

initiation, but not the maintenance, of Fst expression. (Endocrinology 152: 0000-0000, 2011)

Ithough testes and ovaries have quite distinct struc-
Atures and functions, they arise from the same embry-
onic organ primordia, the genital ridges. In mammals, tes-
tis fate is determined by the action of the Y-linked gene Sry,
which initiates the differentiation of Sertoli cells (1). Ec-
topic expression of Sry in XX embryos causes testicular
development and, therefore, XX sex reversal (2). Ovarian
fate has been considered as a default pathway caused by
the absence of the Sry gene. To date, many testis-specific
genes have been discovered, and the mechanisms of tes-
ticular development have been studied intensively. In con-
trast, only a handful of ovarian-specific genes have been
identified, and the relationship between theses genes is not
yet clear. )

Follistatin (Fst) is one gene the expression of which is
restricted to the developing ovary but not the developing
testis (3, 4). FST protein is a single-chain glycoprotein that
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binds to TGFB-superfamily molecules such as activin and
neutralizes their activity (5). Fst is expressed in many or-
gans such as neuronal tissues, kidney, liver, bone, heart,
muscle, and skin (5, 6), and Fst-null mice die within a few
hours after birth due to skeletal deformities, muscle ab-
normalities, and growth failure, confirming a broad range
of biological roles (7).

FST was originally identified as an inhibitor of FSH
secretion (8, 9) and was thought to have an important role
in folliculogenesis and ovarian function (10, 11). How-
ever, Fsz-null mice also displayed partial XX sex reversal
during embryogenesis, suggesting an earlier role for Fst
in ovarian development (4). For example, Fst deficiency
causes development of a celomic blood vessel, normally a
feature of testis development, in an XX gonad (4). Further,
primordial germ cells in Fs#-null mice enter meiosis nor-
mally, but undergo massive apoptosis at 16.5 days post

Abbreviations: BMP2, Bone morphogenetic protein 2; dpc, days post coitus; FOXL2, fork-
head-domain transcription factor L2; PO, newborn; gRT-PCR, quantitative real-time RT-
PCR; SMAD, Sma- and Mad-related protein.
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coitus (dpc) (4). It is not clear whether FST acts directly on
germ cells to facilitate their development and/or survival,
or whether these effects are mediated by action of FST on
somatic development of the ovary.

An important question in early ovarian development is
how Fst expression is regulated. Two candidate molecules
have been suggested to up-regulate Fst expression, WNT4
and forkhead-domain transcription factor L2 (FOXL2).
Wnt4 is considered one of the master genes for ovarian
development. XX W#z4 ™'~ mice are partially sex reversed
as judged by criteria such as formation of the celomic
blood vessel. Wnt4~'~ mice also show greatly reduced Fst
expression at 14.5 dpc (4, 12). Homozygous mutation of

WNT4 in humans causes SERKAL syndrome, with fetal

lethality and testes or ovotestes in XX fetuses (13). Wnz4
is expressed in the mesonephric mesenchyme and celomic
epithelium overlying the future gonads of both sexes at
9.5 dpc. At 11.5 dpc, Wnt4 expression is down-regu-
lated in XY gonads, but persists in XX gonads (12).

The other current candidate for the up-regulation of Fst
expression is FOXL2. FOXL2 is a forkhead transcription
factor expressed mainly in somatic cells of female gonads

and in developing eyelids (14). The phenotype of mam-
 malian models of FoxI2 deficiency varies from XX sex
reversal in goats (15) to ovarian failure in mice and hu-
mans (14, 16, 17). FoxI2 is considered essential for ovar-
ian folliculogenesis and granulosa cell development inde-
pendently of Wnz4 (18). Overexpression of FoxI2 in mice
results in an increase in Fst expression in 13.5 dpc XX
gonads (19). Conversely, in Fox[2-null mice, Fst expres-
sion is reduced in postnatal ovaries (20). Taken together,
these data suggested that Wn#4 and FoxI2 act upstream of
Fst during ovarian development.

Recently, it has been reported that FOXL2 and Sma-
and Mad-related protein (SMAD)3 interact and synergis-
tically up-regulate Fst expression in pituitary cells (21).
SMAD proteins function as intracellular signaling mole-
cules transferring the signal induced by bone morphoge-
netic proteins (BMPs) at the cell membrane to the nucleus.
BMPs are members of the TGF- superfamily, and among
them, Bmp?2 is expressed in an ovary-specific manner dur-
ing early gonad development. Wnz4 is thought to act up-
stream of Bmp2 in ovarian development (4, 22). Loss of
BMP2 function in mice is lethal during embryogenesis
before sex is determined (4). However, gonad-specific
SMAD1/5 heterozygous double knockout XX mice are
infertile (23), suggesting that BMP2 plays an important
role in ovarian development. There have been reports of
direct interaction between forkhead proteins and SMADs
(24-27). On the basis of these observations, we hypoth-
esized that BMP2 might play a role in regulating Fst ex-
pression during ovarian development.

FOXL2 and BMP2 Up-regulate Fst Expression in Ovary

Endocrinology, January 2011, 152(1):0000-0000

We report here that the expression of Bmp2, FoxI2, and
Fst overlapped during ovarian development iz vivo, and
that BMP2 and FOXIL2 cooperatively up-regulated Fst
expression i vitro. BMP2 also up-regulated Fst expres-
sion in ex vivo organ culture experiments, and its up-reg-
ulation was cancelled by the BMP antagonist Noggin. In
FoxI2-null embryos, Fst and Bmp2 expression was signif-
icantly reduced, and in Wnt4-null mice, Fst expression
was also reduced at early stages. These observations in-
dicate that WN'T4 may have a role in up-regulating Fs¢
expression early in ovarian development, and that FOXL2
and BMP2 are required to maintain Fst expression. This is
the first report to identify a molecular function for BMP2
during ovarian development.

Materials and Methods

Animals and cell lines

Mouse embryos were collected from timed matings of the
Swiss Quackenbush and CD1 outbred strain, with noon of the
day on which the mating plug was observed designated as 0.5
dpc. Embryos were sexed at 11.5 dpc using an X-linked green
fluorescent protein marker (28) and at 12.5-16.5 dpc by go-
nadal morphology. Protocols and use of animals were ap-
proved by the Animal Welfare Unit of the University of
Queensland.

Transfection into KK1 cells

Murine ovarian granulosa cell tumor-derived KK1 cells (29)
were cultured in DMEM (Invitrogen, Carlsbad, CA)/F12 me-
dium (Life Technologies, Inc., Gaithersburg, MD) with 10%
fetal bovine serum at 37 C in 5% CO,. KK1 cells were plated at
1.5 x 10° per well in six-well plates 24 h before transfection.
Cells were transfected with 2 ug or 4 ug of plasmid using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s in-
struction. Total amount of transfected plasmid was standardized
using the empty expression vector, pcDNA3.1(+) (Invitrogen,
V795-20) as control. Recombinant human BMP2(355-BM) and
recombinant mouse Noggin (1967-NG/CF) were purchased
from R&D systems (Minneapolis, MN) and reconstituted in
PBS. FoxI2 cDNA was amplified by RT-PCR from mouse em-
bryonic gonad mRNA using 5'-and 3'-untranslated region prim-
ers and ligated into p-GEMT easy vector (Promega Corp., Mad-
ison, WI). To generate FoxI2 expression vector, coding sequence
of FoxI2 was excised using EcoR], blunted, and subcloned into
blunted Kp#l and EcoRI sites of pcDNA3.1 expression vector
(Promega).

Quantitative real-time RT-PCR (qRT-PCR)

For transfected cells, total RNA was collected 48 h after cell
transfection. For tissue analysis, embryonic gonads without me-
sonephroi were dissected in ice-cold PBS at the appropriate
stages. Total RNA from cells and tissue was isolated using the
RNeasy Mini Kit (QIAGEN, Chatsworth, CA) including de-
oxyribonuclease treatment. Total RNA (500 ng; KK1 or 300 ng;
gonads) was used for the synthesis of cDNA using SuperScript III
(Invitrogen) and random primers (Invitrogen), according to
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TABLE 1. Primers used for gRT-PCR analysis

Gene Gene description Primers (forward) Primers (reverse)
SYBR gPCR
Rn18s 18S rRNA GATCCATTGGAGGGCAAGTCT CCAAGATCCAACTACGAGCTTTTT
Rps29 Ribosomal protein S29 TGAAGGCAAGATGGGTCAC GCACATGTTCAGCCCGTATT
Fst Follistatin GCAGCCGGAACTAGAAGTACA ACACAGTAGGCATTATTGGTCTG
FoxI2 Forkhead box L2 GCTACCCCGAGCCCGAAGAC GTGTTGTCCCGCCTCCCTTG
Whnt4 Wingless-type MMTV integration =~ CTGGACTCCCTCCCTGTCTTT CATGCCCTTGTCACTGCAA
site family member 4
BMP2 BMP 2 CGGACTGCGGTCTCCTAA GGGGAAGCAGCAACACTAGA
BMPR1a BMP receptor type 1a CAGTTTTATCTAGCCACATCTCTGA  GGGAGGCTTCCTTACAGAACA
BMPR2 BMP receptor type 2 GAGCCCTCCCTTGACCTG GTATCGACCCCGTCCAATC
Tagman gPCR
Sdha Succinate dehydrogenase MmO01352366_m1
complex, subunit A,
flavoprotein
Fst Follistatin Mm00514982_m1
Bmp2 BMP 2 Mm01340178_m1

MMTV, Mouse mammary tumor virus.

manufacturer’s instructions. cDNA samples were diluted 1:4,
and 1 pl used in each 25 ul gQRT-PCR, containing SYBR green
PCR master-mix (Applied Biosystems, Foster City, CA). Tran-
script levels were analyzed on an ABI Prism-7500 Sequence De-
tector System over 40 cycles of 95 Cfor 15 secand 60 C for 1 min
in a two-step thermal cycle, preceded by an initial 10-min step at
95 C. qRT-PCR primers are listed in Table 1. The average and
SEM of three biological replicates measured in triplicate was
calculated. Rps29 (Ribosomal protein S29) served as the
housekeeping gene to standardize qRT-PCR data based on
minimum variability at each stage during gonadal develop-
ment (30). We used unpaired Student’s ¢ test to demonstrate
statistical significant difference between the given sample and
the control.

In situ hybridization and immunohistochemistry

In situ hybridization and immunohistochemistry were per-
formed sequentially, and each procedure was performed as
described previously (31-33). Briefly, sections of paraformalde-
hyde-fixed, paraffin-embedded embryos were dewaxed, rehy-
drated, incubated in proteinase K, refixed with 4% paraformal-
dehyde, acetylated, and prehybridized. Hybridization was
performed overnight at 60 C. After 2 h blocking, antidigoxigenin
antibody at 1:2000 dilution in blocking solution was added, and
sections were incubated overnight at4 C. After washing, sections
were equilibrated in NTM 100 mm Tris (pH9.5), 100 mm NaCl,
50 mMm MgCI2 buffer and incubated in color solution. After In
situ hybridization, immunohistochemistry was performed by
washing in PBS, stimulating antigen retrieval by boiling for 8
_ min, and incubation with 0.3% H,O,. Thereafter, sections were
washed in PBTx, blocked with 10% sheep serum, and incubated
with primary antibody overnight at 4 C. Biotinylated secondary
antibody was hybridized for 1 h. For color reaction, sections
were incubated with streptavidin-horseradish peroxidase for 30
min at room temperature. Polyclonal anti-FOXL2 antibody was
generated as described by Cocquet et al. (34) and used at 1:2000
dilution.

Ex vivo organ culture
Mouse gonads were collected from 11.5 dpc X-linked green
fluorescent protein embryos. Four to six gonads were used in

each group. First, gonads were incubated in culture medium
(DMEM + 10% fetal calf serum) with recombinant BMP2 (500
ng/ml) and/or recombinant Noggin (2 ug/ml) for 1 h at 37 C.
Thereafter, the gonads were incubated on filter membrane (Mil-
lipore filters, HAWPO1300) floating on culture medium con-
taining BMP2 (500 ng/ml) or recombinant Noggin (2 pg/ml) at
37 Cin 5% CO, for 48 h. Total RNA was collected using the
RNeasy Mini Kit (QIAGEN) with deoxyribonuclease treatment
as described above.

Knockout mouse analysis

The generation of Wnit4-, FoxI2-, and double-knockout mice
was previously reported (12, 16, 35). These mice were main-
tained on a mixed C57B6/J/129/SV] genetic background. For
each genotype, gonads were separately processed and analyzed
independently. In addition to the samples of 13.5 dpc and
newborn (P0), we collected samples from Fox/2-null mice at
16.5 dpc, and Wnz4-null mice at 15.5 dpc. Total RNA was
obtained from dissected gonads by enzymatic extraction
(Melt; Ambion, Austin, TX) followed by linear RNA ampli-
fication using Pico Ovation (NuGEN). qRT-PCR (TagMan)
was performed using an ABI 7900HT system (Applied Bio-
systems). The average and SEM of three biological replicates
measured in triplicate were calculated. Sdbha was used as the
housekeeping gene to standardize the data as reported previ-
ously (35).

Results

Fst and Bmp2 have similar temporal expression
profiles in fetal ovaries

To elucidate the relationships between Fst and other
known ovarian genes, we performed a detailed time course
expression analysis from 11.5 dpc to PO using qRT-PCR
analysis. As reported previously, Fst, Wnt4, FoxI2, and
Bmp2 were expressed in an ovarian-specific manner (Fig.
1A). In contrast, the genes encoding the receptors for
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FIG. 1. Time course of marker gene expression during mouse gonadal
development. A, Expression of female marker genes and BMP receptor
genes expression in fetal gonads. Data sets represent mRNA expression
relative to Rps29 (mean = sem of three biologically independent
experiments performed in triplicate). The red and blue lines indicate
female and male, respectively. B, Expression of female marker genes
during ovarian development. Data from panel A were combined into
one graph with maximum expression levels adjusted to 100%.

BMPs, Bmprla and Bmpr2, did not show sexually dimor-
phic expression (Fig. 1A).

To better compare the time course of these ovarian
marker genes, we normalized the maximum expression
levels of each gene to 100% (Fig. 1B). Fst expression was
detectable at 11.5 dpc at low levels, and increased there-
after until 13.5 dpc before decreasing again. The level of
Wnt4 expression was already at a maximum at 11.5 dpc
and decreased over the period investigated, consistent
with the possibility that Wn#4 might play a more promi-
nent role in initiating, rather than maintaining, Fst expres-
sion. In contrast, Fox/2 expression was first detectable at
12.5 dpc and continued to increase until PO, consistent
with a later role in regulating Fst expression. The profile

FOXL2 and BMP2 Up-regulate Fst Expression in Ovary
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of Bmp2 expression was very similar to that of Fsz at all
time points examined, consistent with the hypothesis that
BMP2 has an important role in regulating Fst expression.

Fst and FOXL2 are expressed in the same cells in
fetal ovaries

Wnt4 and Bmp2 encode secreted factors, whereas
FoxI2 encodes a transcription factor, and so the hypoth-
esis that Fox/2 might be involved in Fst regulation requires
that both genes/proteins are expressed in the same cells.
Therefore, we next investigated the spatial distribution of
FoxI2 and Fst expression by histological analysis. Due to
the lack of a FST antibody that has sufficient sensitivity to
detect expression in fetal gonads, we combined in situ
hybridization (ISH) for Fst mRNA with immunohisto-
chemistry for FOXL2 protein. In 13.5 dpc XX gonads,
most FOXL2-positive cells also expressed Fst (Fig. 2), sup-
porting the suggested involvement of FOX1.2 in regulating
Fst expression in the developing mouse ovary.

FOXL2 and BMP2 cooperatively up-regulate
endogenous Fst expression in vitro

To further investigate the potential involvement, and
relative contributions, of BMP2 and FOXI1.2 in the regu-
lation of Fst expression, we carried out a series of exper-
iments using the cell line KK1 (29, 36), derived from ovar-
ian tumor cells of transgenic mice expressing simian virus
40 T-antigen. KK1 cells express Cyp19 and produce cAMP
in response to human chorionic gonadotropin, FSH, and
LH, suggesting that they are analogous to ovarian gran-
ulosa cells. KK1 cells were able to be transfected at high
efficiency in our hands (Fig. 3A). We found that transfec-
tion and expression of Fox/2 in KK1 cells up-regulated
endogenous Fst expression in a dose-dependent manner
(Fig. 3B). Expression of another female-specific gene,
Rspol, did not change as a result of FoxI2 transfection
(data not shown), indicating that Fst up-regulation is
not the result of global increases in transcription. Sim-
ilarly, treatment of the cells with exogenous BMP2 pro-
tein resulted in increased Fst expression (Fig. 3C). To-
gether, these data support a model in which FOXL2 and
BMP2 might be involved in Fst regulation in the fetal
ovary.

To investigate potential cooperative action of FOXL2
and BMP2 in stimulating Fst expression, we combined
BMP2 treatment with Fox/2 transfection. Individually,
FoxI2 transfection and BMP2 treatment up-regulated Fst
expression approximately 3- and 2-fold, respectively.
Combined treatment of Fox/2 and BMP2 resulted in a
10-fold up-regulation of Fst expression (Fig. 3D), demon-
strating a cooperative and mildly synergistic effect of
FOXL2 and BMP2 on Fst expression.
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