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FIG. 2. Fst and FOXL2 colocalize

in fetal ovaries. In situ hybridization (Fst, purple) and

bryonic development (37). In KK1 cells,
Noggin abrogated the Fst regulation
by BMP2 in a dose-dependent manner
(Fig. 4A), as expected. In the presence
of Noggin, FOXL2 retained the abil-
- o ity to up-regulate Fst expression in
KK1 cells (Fig. 4B), indicating that the
up-regulation of Fst by FOXL2 likely
occurs through a combination of di-
rect effects on Fst expression and in-
direct effects mediated by up-regula-
tion of Bmp2.

immunohistochemistry (FOXL2, brown) on sagittal section of 13.5 dpc ovary. A, Low-power

image of whole ovary. B, High-power image of ovary showing coexpression of Fst mRNA and
FOXL2 protein in the same cells. C, Adjacent negative control tissue (mesonephros) expressing
neither Fst nor FOXL2. The rectangular areas in panel A indicate the location of panels B and

C. Scale bars, 200 um (A); 40 wm (B and C).

Using the same i1 vitro model system, Fox/2 expression
was unaffected by BMP2 (Fig. 3E), whereas Bmp2 was

up-regulated by FOXL2 (Fig. 3F). These data suggest that -

FOXL2 may exertits effects on Fst expression in the ovary
through a combination of direct activation of the Fst pro-
moter, cooperative interaction with one or more SMADs,
and enhanced transcription of the gene encoding BMP2.
To elucidate whether the regulation of Bmp2 by FOXL2
is essential for Fst up-regulation, we used BMP2 antago-
nist Noggin in KK1 cell culture. Noggin is a TGF-8 bind-
ing protein that antagonizes TGF-B8 molecule function by
interrupting its binding to receptors and plays an impor-
tant role in dorsoventral patterning, limb formation, and

BMP2 up-regulates Fst expression
ex vivo

Based on the iz vitro data, we ana-
lyzed cultures of organ explants to eluci-
date the regulation of Fstin vivo. Mouse
embryonic gonads were dissected at 11.5 dpc and cultured
in medium containing BMP2 in the presence or absence of
the inhibitor Noggin. Gene expression changes were eval-
uated by qRT-PCR. Incubation of XX genital ridges for
48 h with 500 ng/ml BMP2 resulted in strong up-regula-
tion of Fst expression (Fig. SA). Lower concentration of
BMP2 (100 ng/ml) and shorter incubation time (3, 6, and
24 h) did not significantly up-regulate Fst expression (data
not shown). In contrast, BMP2 did not up-regulate Fox/2
in cultured fetal ovaries (Fig. 5B). In agreement with our
findings using KK1 cells, Noggin abrogated the action of
BMP2 in stimulating Fst expression (Fig. SA). Furthermore,
Fst expression was up-regulated by ex-
ogenous BMP2 only in XX gonads, notin

A B C XY gonads (Fig. SA), presumably be-
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FIG. 3. FOXL2 and BMP2 cooperatively up-regulate st expression in KK1 cells. gRT-PCR
analysis of FoxI2, Fst, Bmp2 mRNA levels in KK1 granulosa-like cells transfected with
constructs expressing with Fox/2 (A, B, and F: 0, 2, and 4 ug), treated with BMP2 (C and E: 0,
10, 100 ng/ml), or treated with BMP2 (D: 100 ng/ml) and/or Fox/2 expression plasmid (D: 4
nQ). Data sets represent mRNA expression relative to 18S (mean * sem of three biologically
independent experiments performed in triplicate). Asterisks indicate level of statistical

significance (*, P < 0.05; **, P< 0.01; ***, P < 0.001).

16.5 dpc, confirming that FOXL2 is up-
stream of Fst expression during ovarian
development in vivo.

Because loss of Bmp?2 function in mice
is lethal during embryogenesis before
sexis determined (4), we were unable to
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BMP2/FOXL2 maintenance is required
for Fst expression in the developing
ovary.

Bmp2 requires FoxI2 at PO
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FIG. 4. FOXL2 is also able to up-regulate Fst independently of BMP2. A, BMP antagonist
Noggin suppresses the BMP2-induced up-regulation of Fst expression in KK1 cells; triangle
represents increasing concentrations of recombinant Noggin from 100 to 500 ng/ml. B, Fst
expression in KK1 cells transfected with constructs expressing Foxi2 (4 ug) and/or treated with
Noggin (100 ng/ml). Data sets represent mRNA expression relative to 18S (mean = sem of
three biologically independent experiments performed in triplicate). Asterisks indicate level of

statistical significance (*, P < 0.05).

analyze the effect of Bmp2 knockout on Fst expression.
However, because WNT4 has previously been implicated
in affecting Fst expression at 14.5 dpc (4, 12), we analyzed
Fst gene expression in XX gonads of Wnt4-null, and
FoxI2/Wnt4 double knockout embryos at different stages
of development. In Wni4-null mice, Fst expression was
remarkably reduced at 13.5 dpc, as reported previously
(Fig. 6A) (4). However, Fst expression had fully recovered
to wild-type levels by PO (Fig. 6A). Analysis at the inter-
vening time point of 15.5 dpc showed that most of the
recovery had been achieved by this time (Fig. 6B). These
data suggest that although WNT4 has an important role
for Fst expression in vivo, its role is limited to the early
phase of Fst expression during ovarian development.
Finally, FoxI2/Wnt4 double knockout showed a com-
plete loss of Fst expression comparable to that seen in
wild-type XY gonads, at both 13.5 dpc and PO (Fig. 6A),
'suggesting that a combination of WNT4 priming and

Our experiments involving KK1
cells indicated that FOXL2 is able to
influence Fst gene expression through a
combination of direct effects on Fst and
indirect effects mediated by up-regula-
“tion of Bmp2. To examine the possible
regulation of Bmp2 by FOXL2 in vivo,
we analyzed Bmp2 gene expression in
XX gonads of FoxI2-null mice at a
range of stages. Bmp2 expression was
significantly reduced in FoxI2-null mice
at PO (Fig. 6C), but notat 13.5 or 16.5
dpc (Fig. 6, C and D). This observation
confirms that FOXL2 is upstream of
Bmp2 expression during ovarian development; however,
its contribution is limited to later stages.

In contrast, in Wn#4-null mice, Bmp2 expression was
compromised at all three stages examined (13.5 dpc, 15.5
dpc, PO; Fig. 6D), consistent with published data (4).
FoxI2/Wnt4 double knockout showed significantly re-
duced Bmp2 expression at both 13.5 dpc and PO, as ex-
pected (Fig. 6C).

+ +

Discussion

In previous reports, FOXL2 and WNT4 have been sug-
gested to regulate Fst expression during ovarian develop-
ment (4, 19, 20, 35, 38, 39). Our data suggest that BMP2
is another factor that regulates Fst expression and that it
acts cooperatively with FOX1.2. This is the first report to
identify a molecular function for BMP2
during ovarian development.
Observations of genetically modified
mice have hinted at a causal relation-
ship between FOXL2 and Fst expres-
sion (17, 19, 35). Our present data ex-
tend these observations 1) by showing
that Fst is coexpressed with FOXL2 in
somatic cells during ovarian develop-
ment, 2) by demonstrating that trans-
fection of a granulosa-like cell line with
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FIG. 5. BMP2 up-regulates Fst expression in ex vivo organ culture. Fst (A) and FoxI2 (B)
expression in ex vivo gonadal organ culture was evaluated by using gRT-PCR. Gonads (11.5
dpc) were cultured on the medium containing BMP2 (500 ng/ml), or BMP2 (500 ng/ml) and
Noggin (2 ug/ml). Data represent mRNA expression relative to Rps29 (mean = sem of three
biologically independent experiments performed in triplicate). *, P < 0.05.

XX FOXL2 expression construct augments
Fst gene expression, and 3) by demon-
strating that Fst expression is compro-
mised in Fox[2-deficient mouse fetal
ovaries. Our data thus strongly support
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FIG. 6. Fst and Bmp2 expression in Fox/2™/~, Wnt4™'~, and FoxI2™/~/Wnt4~'~ knockout mice. A, qRT-PCR analysis of Fst expression at 13.5 dpc
and PO in FoxI2™/=, Wnt4™'~, and FoxI2~/=/Wnt4~'~ XX gonads. B, Time course of Fst expression in Fox/2~'~ and Wnt4~/~ XX gonads. C, qRT-
PCR analysis of Bmp2 expression at 13.5 dpc and PO in Fox[2™/~, Wnt4™'~, and FoxI2™/~/Wnt4™/~ XX gonads. D, Time course of Bmp2 expression
in FoxI2="~ and Wnt4~/~ XX gonads. All time points analyzed are shown. Data represent mRNA expression relative to XX wild-type (WT) gonads
(mean = sem of three biologically independent experiments performed in triplicate). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

the conclusion that FOXL2 regulates Fst expression dur-
ing fetal ovarian development.

In addition, the different temporal profiles of Fst and
FoxI2 expression that we observed implicate additional
“factor(s) in the regulation of Fst in ovaries. The observa-
tion that Bmp2 and Fst have a very similar profile of ex-
pression during fetal ovary development suggests a major
role for BMP2, and our finding that BMP2 up-regulates
Fst expression in KK1 cells and in ex vivo organ culture of
mouse fetal ovaries supports this conclusion. Several re-
ports have shown a direct interaction between forkhead
proteins and SMADs (24-27). Recently, it has been re-
ported that FOXL2 and SMAD3 interact and synergisti-
cally up-regulate Fst expression in pituitary cells (21). Our
in vitro data indicate that BMP2 and FOXL2 coopera-
tively stimulate Fst expression by FoxI2 in fetal ovaries.
This cooperative mechanism was also supported by the ex
vivo organ culture analysis showing that BMP2 activated
Fst expression in XX gonads, and not in XY gonads. The
result suggests that a female-specific cofactor assisted
BMP2 function, consistent with a role for endogenous
FOXL2 as the cofactor. Overall, our data shed new light
on the regulation of Fst expression and suggest that FOX/
SMAD cooperativity may be a more general phenomenon
in developmental biology.

We have added further complexity to this picture by
using Fox[2-null mice and cultured cells to show that
Bmp2 expression is responsive to levels of FOXL2. There-
fore, the observed effects of FOXL2 on Fst expression in

the ovary may be mediated by a combination of direct
activation of Fst transcription, interaction with one or
more SMADs, and enhanced transcription of the gene en-
coding BMP2 (Fig. 7), although the contribution of the
FoxI2-BMP2 pathway is likely to be limited, given the
modestly reduced expression of Bmp2 in FoxI2-knockout
mice at PO but notat 13.5 or 16.5 dpc. Considering the Fst
and Bmp2 expression levels at each stage in FoxI2-null
mice, the contribution of each pathway changes in a stage-
dependent manner. Further studies will be required to

11.5dpc PO
& % PR
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indifferent gonad primordial follicle

FIG. 7. Model for the regulation of Fst expression during ovarian
development. At early stages such as 11.5 dpc, WNT4 likely acts as a
major regulator for Fst expression. WNT4 also acts upstream of Bmp2
and is required for the early phase of Fst expression (this study). Later
in ovarian development (15.5 dpc to P0), FOXL2 and BMP2 are
together required for fst expression. BMP2 and FOXL2 up-regulate Fst
expression cooperatively and individually, and FOXL2 also up-regulates
Bmp?2 expression (this study).
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identify the precise contribution of each pathway at each
stage. '

Our analyses also shed new light on the involvement of
WNT4 in this system. At 13.5 dpc, Fst expression was
markedly reduced in Wn#4-null mice but recovered there-
after. These observations suggest a new model in which
WNTH4 is likely to be important for the early stage (initi-
ation) of Fst expression rather than for continued expres-
sion at later stages (maintenance). This model, depicted in
Fig. 7, is strongly supported by the different expression
profiles of Wnt4 and Fst during ovarian development.

Considering the moderate impairment of the Fst ex-
pression in Wn#4 and FoxI2-null mice, the decrease in Fst
expression in double-knockout mice was more dramatic
than expected. This phenomenon could be explained by
the fact that XX gonads in double-knockout mice showed
similarities to testes, with tubules and abundant expres-
sion of SOX9 and anti-Miillerian hormone (35) that were
not observed in FoxI2 or Wn#4 single-knockout mice (16,
17,35). Male-specific regulators such as SOX9 are known
to suppress the ovarian developmental pathway (33), and
it is therefore likely that Sox9 up-regulation in the double
mutant has an indirect effect on the expression of Fst in the
double-knockout mice.

Our analysis of Fst expression in FoxI2- and Wnit4-
knockout mice may also indicate a stage-dependent role
for Fst in ovarian development. Previous studies have
shown celomic vessel formation and germ cells survival
areimpaired in Fst-knockout embryos (4). Wnt4-null mice
show a similar phenotype (12), and our present analysis
shows that ablation of WNT4 function corresponds
with loss of Fst expression at early stages (11.5 dpc) but
not later stages (15.5 dpc and later). Conversely, in
FoxI2-null gonads, which do not show ectopic celomic
vessel formation or germ cell defects (17), Fst expres-
sion was higher at 11.5 dpc than at 15.5 dpc. These
observations may indicate that the early expression of
Fst is essential for inhibiting celomic vessel formation
and ensuring survival of germ cells in XX gonads, al-
though stage-specific ablation of Fst will be required to
test this possibility.

In summary, our data suggest that FOXL2 and BMP2
regulate Fst expression cooperatively during fetal ovarian
development. The contribution of WNT4, FOXL2, and
BMP2 to the regulation of Fst is likely to be sequential and
stage dependent. To initiate Fst expression, WNT4 ap-
pears to be the major regulator, whereas FOX12 and
BMP2 assume a more prominent role in maintenance of
Fst expression. Our data contribute to a growing picture
of the regulatory networks underpinning development of
the mammalian ovary.

FOXL2 and BMP2 Up-regulate Fst Expression in Ovary
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A Study of the Etiology of Congenital Hypothyroidism
in the Niigata Prefecture of Japan in Patients Born
Between 1989 and 2005 and Evaluated at Ages 5-19

Keisuke Nagasaki,' Tadashi Asami? Yohei Ogawa,' Toru Kikuchi,' and Makoto Uchiyamd'

Background: The prevalence of congenital hypothyroidism (CH) increased during the period 1994-2002 in Japan.
The reasons for these recently described increases in the prevalence of CH remain unclear. Moreover, the
proportion of patients with different etiologies CH in the more recently diagnosed patients has not been es-
tablished. In this study, we determined the etiologies of CH that were detected by neonatal screening in Niigata
Prefecture, Japan.

Methods: A total of 100 pahents having a diagnosis of CH (41 men and 59 women, aged 5-19 years old) were
evaluated. To determine the etiology of CH, the patients underwent a '*I thyroidal radioiodine uptake test, a
scintigram, a saliva to plasma radioiodine ratio analysis, a perchlorate discharge test, thyroid ultrasonography,
measurements of thyroidal function and thyroglobulin, and a thyrotropin (TSH)-releasing hormone tolerance
test.

Results: Patients with overt CH (n = 34, elevated TSH levels with low free thyroxine levels) made up 34% of the
total group, 56% of the patients had subclinical CH (1 =56, elevated TSH levels with normal free thyroxine
levels), and 10% had normal thyroid function. These were patients who were considered to have transient
hypothyroidism or hyperthyrotropinemia. Thyroid dysgenesis was the diagnosis in 73% of patients with overt
CH, and the most of these had ectopic thyroid tissue. In contrast, thyroid dysgenesis was the diagnosis in only
36% of the patients with subclinical CH.

Conclusions: Only 50% of our patients with CH detected by neonatal screening had thyroid dysgenesis. With an
increase in the percentage of patients with subclinical hypothyroidism, the prevalence of thyroid dyshormo-
genesis has increased. Studies of the frequency and etiology of CH should consider overt and subclinical CH
separately.

Introduction

CONGENITAL HYPOTHYROIDISM (CH) is the one of the most
common congenital endocrine disorders, occurring in
about one in 30004000 live births (1). The majority of cases
(75%~85%), based on using a thyrotropin (TSH) cutoff values
of 20mIU/Lin a dry blood spot, have been reported to be due
to thyroid dysgenesis; the remaining were caused by various
types of thyroid dyshormogenesis (1,2). Recently, Corbetta
et al. (3), in a study of patients with CH who were born be-
tween 1999 and 2005 in Italy, noted a prevalence of CH of one
in 1446. In this study, a blood TSH concentration of greater
than 10 or 12mU/L was the criteria used to screen for CH. In
contrast to the earlier studies, in the Corbetta et al. study (3),

32% of infants with CH had thyroid dysgenesis and the re-
maining had thyroid dyshormogenesis.

Neonatal screening for CH was initiated in Japan in 1979.
Since then, almost all newborns have been tested for CH in
Japan. In 1989, a highly sensitive method for detecting CH was
introduced, and by 1992, an enzyme-linked immunosorbent
assay had completely replaced older methods such as radio-
immunoassay and enzyme immunoassay. During the period
19942002, the incidence and prevalence for CH in Japan had
an upward trend despite the fact that the criteria for the diag-
nosis of CH, and screening methods including the TSH assay,
did not change (4). A report published in 2004 suggested pre-
natal iodine exposure as a possible reason for this trend (5) but
this, or other reasons for the trend, have not been established.
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It is also not known what etiologies accounted for CH in
patients born from about 1994 to recent years.

In the present study, we sought to determine the etiology of
CH in patients born between 1989 and 2005 in Japan, using the
Niigata prefecture of Japan as our sampling area.

Methods

Between April 1989 and March 2006, 437,867 newborns
were screened for CH in Niigata prefecture. Blood samples
were collected on filter paper within the first 4-7 postnatal
days. TSH was determined in single 0.3cm disks punched
from the filter paper blood. TSH was measured in the filter
paper sample using an enzyme-linked immunosorbent assay
(TSH: Enzaplate N-TSH; Bayer Co.). Detection limits were
0.5mU/L for TSH. All CH screening tests are centralized in
the Niigata Health Laboratory center.

In the Niigata prefecture, a blood TSH cutofflevel of 8mU/L
was established for the initial neonatal screen when the pro-
gram was started in 1982. When the initial blood TSH was
between 8 and 30 mU/L, a second specimen was reevaluated
at Niigata Health Laboratory center. If that specimen was also
greater than 8 mU/L, the policy was that a confirmatory test
be run within 30 days at the patient’s medical institution. If
the initial blood TSH was in excess of 30mU/L, the policy
was that a confirmatory test be run within 14 days at the
patient’s medical institution. The tests that were run at the
patient’s medical institution in addition to repeating the TSH
was a thyroxine (T4) or free T4 (FT4) and free triiodothyronine
(FT3). In addition, thyroid morphology was evaluated by
ultrasonography in almost all patients. Neonates with per-
sistent serum TSH values over than 10 mU/L and normal or
low FT4 were considered to have CH, and treatment was
generally started. Neonates with serum TSH values less than
10 mU/L were considered to have normal thyroid function.

Among the 437,867 newborns who were screened, 367 were
considered positive for CH and were referred to pediatric
endocrinologists. Of these, 333 (91%) were seem at our insti-
tution, 240 of whom were started on oral levothyroxine
therapy for CH. Of the remaining patients, 86 had normal
thyroid function and 7 had a chromosomal abnormality. Most
patients with CH were reevaluated at 2 years of age to see
whether they continued to need levothyroxine. If their serum
TSH was less than 5mU/L while off thyroid hormone re-
placement for 4 weeks, they were considered to have had
transient CH or hyperthyrotropinemia. Of the 240 patients
who had been started on levothyroxine during infancy, 12
were lost to followup, 57 were diagnosed as having transient
CH or transient hyperthyrotropinemia, and in 171 the diag-
nosis of CH was confirmed. These latter 171 patients were the
ones eligible for our study of the etiology of CH. Among these
171 patients with CH, 100 patients (58% of the eligible pa-
tients, 41 boys and 59 girls) actually participated in the study.
Most of the 71 patients who did not participate could not take
a capsule orally or remain in the supine position for the du-
ration of a radioiodine uptake (RAIU) test. The 100 patients
who participated were born between 1989 and 2005 and
ranged in age from 5 to 19 (5-9 years old; n = 53, 10-14 years
old; n =33, 15-19 years old; n=14) at the time of the study
of the current status of their diagnosis of CH, which was based
on earlier screening guidelines for CH (6). Studies were per-
formed between April 2004 and March 2008.

NAGASAKI ET AL.

Protocol for determination of etiology of CH

Levothyroxine treatment was stopped at the beginning of
the study and T3 was started in three daily doses, the total of
which was 25% by weight of the levothyroxine dose the pa-
tient had been on. This was given for 3 weeks. After this, there
was a 7-day period during which no thyroid hormone was
administered and then a '*I thyroidal RATU, saliva to plasma
radioiodine ratio, perchlorate discharge test (if the RAIU was
20% or more), scintigram, thyroid ultrasonography, and
measurements of serum TSH, FT4, FT3, T3, T4, and thyro-
globulin were performed. A thyrotropin-releasing hormone
(TRH) stimulation test (7ug/kg intravenous Protirelin®,
HIRTONIN; Takeda Pharmaceuticals Ltd.) was also per-
formed. Blood samples were drawn at 0, 30, 60, 90, and 120
minutes for TSH, and at 0 and 120 minutes for T3, and FT3.
The T3 and FT3 increments after the TRH test (AT3, AFT3)
were compared with normal values (AT3>25ng/dL,
AFT3>0.6 pg/mL) (7,8). FI3, FT4, and TSH were determined
by chemiluminescent enzyme immunoassays (E-test Tosoh II
kit; Tosoh Corporation). Normal ranges in our laboratory are
FT3=2.1 to 4.6 pg/mL, FT4=0.9 to 1.6 ng/dL, TSH=0.6 to
42mU/L, and peak TSH levels during the TRH test are
<30mU/L. Thyroid ultrasonography was performed with
LOGIQ 56 (GE health care) equipment with high-frequency
probes (10MHz). The maximum thickness and maximum
width of the bilateral lobes were measured by transverse
scans. The sum of thickness and the sum of width were used
to estimate thyroid gland size, as a function of height (9).
Thyroid hypoplasia and hyperplasia were defined as values
lower than —1.0 SD and higher than +1 SD from the normal
mean, respectively. '

Based on thyroid ultrasonography and scintigraphy, pa-
tients with CH were classified as having thyroid agenesis,
ectopy, hemiagenesis, hypoplasia, a normal-size thyroid, or |
hyperplasia according to thyroid morphology. Patients with
thyroid hyperplasia were classified as having dyshormogen-
esis and were sub-classified as follows. If their saliva to
plasma radioiodine ratio was 10 or less, they were considered
to have an iodine concentration defect. If the perchlorate
discharge test was more than 20%, they were considered to
have a complete iodide organification defect, and if it was
10%—-20%, they were considered to have a partial organifica-
tion defect. If the serum thyroglobulin concentration was low
(thyroglobulin <10ng/mlL), they were considered to have a
thyroglobulin synthesis defect. Patients with thyroid hyper-
plasia who did not have any of these conditions were con-
sidered to have a post iodide organification defect in thyroid
hormone synthesis. Among patients who had normal thyroid
glands, patients who had a less than normal T3 or FI3 re-
sponse to TRH were considered to have resistance to TSH
(RTSH) and were classified as having dyshormonogenesis.
All of the patients in this classification had a TSH response to
TRH. Those in the normal thyroid size group who did not
have RTSH were considered to be “idiopathic.” Thyroid
agenesis, ectopy, hemiagenesis, and hypoplasia were cate-
gorized as thyroid dysgenesis.

All 100 patients who enrolled in the study had, as previ-
ously noted, a previous history and tests that supported the
diagnosis of CH. Nonetheless, not all patients who were
evaluated by the study protocol had overt or even subclinical
hypothyroidism (see Results). On the basis of the study
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TABLE 1. RESuULTS OF THE ETioLOGY OF CONGENITAL HYPOTHYROIDISM
Subclinical hypothyroid OH group TH group
group n=>56 n=234 total n=10
Thyroid dysgenesis 20/56 (35.7%) 25/34 (73.5%) 45/90 (50%)
Agenesis 0 3
Ectopy 1 21
Hypoplasia 17 1
Hemiagenesis 2 0
Thyroid dyshormogenesis 36/56 (64.3%) 8/34 (23.5%) 45/90 (50%)
Todine concentration defect 0 0 ’
Iodine organification defect 1 1
Thyroglobulin synthesis defect 0 0
Defect in thyroid hormone 0 2
synthesis after iodine organic
Idiopathic 27 1
Resistance to thyrotropin 8 4
Others* 0 1

*Coexistence of Hashimoto disease.

protocol results, patients were divided into three groups
based on their serum TSH and thyroid hormone levels after
they had been off thyroid hormone for one week. Patients
who had elevated basal TSH levels or whose serum TSH
increased to 30 mU/L or higher during the during TRH test
but who had normal serum FT4 concentrations were as-
signed to the subclinical hypothyroid (SCH) group. Patients
who had elevated serum TSH concentrations and low serum
FT4 concentrations were assigned to the overt hypothyroid
(OH) group. Patients who had normal serum TSH and FT4
concentrations were assigned to the transient hypothyroid
(TH) group.

The study was approved by the Institutional Review Board
Committee at Niigata University School of Medicine, and
informed consent was given by all participants in this study or
by their parents or guardians on their behalf.

Results

In all patients, peak serum TSH levels were found 30
minutes after TRH administration and declined thereafter.
The etiologies of CH in the study patients are shown in Table 1
and Figure 1. The OH group made up 34% of the patients with
CH, the SCH group made up comprised 56% of the patients
with CH, and the TH group comprised 10% of the patients
with CH. The distribution of FT4 and TSH values in the three
groups are shown in Figure 2. Thyroid dysgenesis accounted
for 73.4% of the OH group, and almost all had thyroid ectopy.
In contrast, thyroid dysgenesis accounted for 35.7% of the
SCH group, and half of the SCH group had normal thyroid
position and size without typical thyroid dyshormogenesis
and were classified as idiopathic.

Among patients with SCH, almost all patients except one
had a normally located thyroid gland. Clinical RTSH was
detected in 12 patients and .was found in both patients with
OH and those with SCH.

Discussion

This was the study of the etiologies of CH as detected by
neonatal screening in Japan. In 10 of the 100 study patients
who carried a diagnosis of CH, this diagnosis could not be

confirmed. Of the remaining 90 patients, 45 (50%) had thyroid
dysgenesis, and 45 (50%) had thyroid dyshormogenesis pa-
tients. This contrasts with earlier findings that the majority of
CH cases (about 75%-85%), had some form of thyroid dys-
genesis, including agenesis, ectopy, hemiagenesis, or hypo-
plasia (1,2) with the remaining patients having thyroid
dyshormogenesis. These epidemiological and clinical classi-
fications, however, were based on screening programs with
TSH cutoff values of 20-40mU/L or first performing T4
screening with backup TSH measurements in the dried blood
spot. In contrast, our initial screen was based on a TSH cutoff
value of 8mU/L, which likely detected more of the milder
forms of CH. These were mostly subclinical hypothyroidism.
We classified patients in whom the diagnosis of CH was
confirmed by the study as SCH or OH. About 73% of the OH
patients with OH had thyroid dysgenesis in agreement with
earlier reports (1,2); approximately 90% of those were ectopic.

Thyroid morphology | (n=90)

Agenesis Ectopy Hemilgenesis] ypoplasia lNurmulsiu] [Tpcrlpmn-]
n=3 n=22 n=2 n=18 n=42 n=3*

Dysgenesis n=45

{n=1)

i P ——

Todine organification
defect n=2

(n=1)

(n=1)

(n=1)

v Yy

Defect in thyroid hormone
synthesis after iodine organic|

n=2

Dyshormogenesis n=45 y

FIG. 1. Classification of the etiology of congenital hypo-
thyroidism. n shows the number of patients with congenital
hypothyroidism. Among normal sizes, cases of less than
normal value AT3 and AFT3 on thyrotropin-releasing hor-
mone tests are classified as clinical resistance to thyrotropin
(RTSH). Normal sizes without RTSH or typical dyshormo-
genesis were classified as “idiopathic.” *One patient had
coexistence of Hashimoto disease.
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FIG. 2. The distribution of free thyroxine (FT4) and TSH
values in the three groups after the withdrawal of replace-
ment in this study.

In contrast, only 36% of the SCH group had thyroid dysgen-
esis. In future studies, we recommend that OH and SCH
forms of CH be considered separately, but followup studies of
patients initially screened using relatively high blood spot
TSH concentrations may be relatively underrepresented by
patients with SCH.

RTSH was detected in 12 patients who were in both the
SCH and OH groups. RTSH is a heterogeneous condition
where there is a variable degree of insensitivity to biologically
active TSH. In this study, we defined clinical RTSH based on
the incremental increase in serum FT3 after TRH adminis-
tration. A similar approach was taken by Balavoine et al. (10).
Unfortunately, there is very little definitive reference data for
TRH stimulation tests, and TRH is no longer marketed in
many regions. RTSH is classically caused by loss-of-function
mutations of the TSH receptor gene (TSHR), but some patients
exhibit a RTSH-like phenotype in the apparent absence of
TSHR mutations. Some have mutations of PAX8, GNAS1, or
TITF1 (11). Patients with mutations of TSHR have a broad
clinical spectrum, depending on the degree of TSH unre-
sponsiveness, ranging from subclinical to overt hypothy-
roidism (12). Some patients have hypoplastic thyroid glands;
in others, thyroid size is normal. A more accurate etiologic
study would require an active genetic analysis in addition to a
conventional etiology of CH.

Almost half of our patients in the SCH group were classi-
fied as “idiopathic” on the basis of normal baseline FT4, ele-
vated TSH levels, a normal T3 response to TRH, and normal
thyroid images. Many pediatric endocrinologists do not
consider patients of this type to necessarily have permanent
hypothyroidism (13). This category includes various condi-
tions such as mild dyshormogenesis, a thyroid gland in the
lower limits of normal size, and mild resistance to TSH,. These
are classified as dyshormogenesis according to conventional
classification, as they all have a normal thyroid gland posi-
tion. Further studies to define more accurately the underlying
pathophysiology in these patients and whether they are
longstanding are needed.

In summary, in our study of Japanese children and
teenagers who carried a diagnosis of CH that was made in

NAGASAKI ET AL.

conjunction with a screening program with a relatively low
initial TSH cutoff value, the diagnosis of CH could not be
confirmed in 10% of the patients. In the remaining 90%, only
50% of these had thyroid dysgenesis and there was a relatively
high proportion of those who would be judged to have sub-
clinical hypothyroidism, at least using criteria developed in
adults. Further followup studies of CH should consider both
subclinical and overt hypothyroidism. In addition, the screen-
ing strategies of the various neonatal programs should be
scrutinized regarding the possibility that some employ TSH
cutoff values that are not sufficiently sensitive.
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GLUCOCORTICOIDS-CRH-ACTH-ADRENAL

A Genome-Wide Expression Profile of Adrenocortical
Cells in Knockout Mice Lacking Steroidogenic Acute
Regulatory Protein

Tomohiro Ishii, Toshikatsu Mitsui, Sadafumi Suzuki, Yumi Matsuzaki, and
Tomonobu Hasegawa

Departments of Pediatrics and Physiology, School of Medicine, Keio University, Tokyo 160-8582, Japan

Steroidogenic acute regulatory protein (StAR) facilitates cholesterol transfer into the inner mito-
chondrial membrane in the acute phase of steroidogenesis. Mice lacking StAR (Star™'") share
phenotypes with human individuals having congenital lipoid adrenal hyperplasia including com-
promised production of steroid hormones and florid accumulation of cholesterol esters in adrenal
glands and gonads. To define a specific pattern of molecular changes with StAR deficiency, we
performed transcriptome analysis of adrenal cells selectively isolated by fluorescent-activated cell
sorting at embryonic d 17.5 or 18.5 in seven wild-type (Star™*) or four Star™’~ mice having the
transgene targeting the enhanced green fluorescent protein to cell lineages that express StAR. A
gene expression profile was obtained by whole-mouse genome microarray and confirmed by
quantitative real-time PCR, identifying 1206 and 767 significantly up-regulated and down-regu-
lated genes, respectively, in Star™/~ mice compared with Star™* mice (fold difference = 2 and P
value < 0.05 with false discovery rate < 0.2). In Star ™'~ mice, expression levels of genes involved
in cholesterol efflux and the inflammatory response were significantly up-regulated, whereas
those related to steroid hormone biosynthesis or cholesterol biosynthesis and influx were not
significantly changed. Immunoreactive lba1 or F4/80 (macrophage marker) in adrenal glands of
Star™'~ mice was detected not only in an increased number of resident macrophages but also in
most adrenocortical cells. These findings expand our understanding of the pathophysiology of
adrenal glands with the disruption of StAR and propose a reciprocal interaction between adre-
nocortical cells and resident macrophages inside adrenal glands of Star™’~ mice. (Endocrinology
153: 0000-0000, 2012)

teroidogenic acute regulatory protein (StAR) is one of
Sthe mitochondrial proteins under complex transcrip-
tional control that is localized at crista facing the inner
mitochondrial membrane or at the intermembrane space
in steroidogenic cells, based on immunohistochemistry
and electron microscopy (1, 2). StAR functions on the
cytoplasmic aspect of the outer mitochondrial membrane,
facilitates translocation of cholesterol from the outer to
the inner mitochondrial membrane when newly synthe-
sized, and regulates the rate-limiting step of steroidogen-
esis (3-7). Both humans having STAR mutations [congen-
ital lipoid adrenal hyperplasia (lipoid CAH)] and
knockout mice lacking StAR (Star™’~ mice) show signif-
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icant defects in steroid hormone biosynthesis and diffuse
accumulation of lipid droplets in the steroidogenic cells of
the adrenal glands and gonads (8—11). It has been well
described that the onset of steroid hormone deficiency is
variable among the adrenal cortex, testis, and ovary, lead-
ing to a two-hit model for the pathogenesis of lipoid CAH
(8). This model proposes that the ultimately accumulated
cholesterol esters abrogate the residual capacity of the
StAR-independent steroidogenesis that are initially pre-
served in StAR-deficient steroidogenic cells. However,
the molecular mechanism behind the pathophysiology
of steroidogenic cells in StAR deficiency remains to be
clarified.

Abbreviations: BAC, Bacterial artificial chromosome; E, embryonic day; eGFP, enhanced
green fluorescent protein; FAC, fluorescent-activated cell (sorting); IPA, Ingenuity Path-
ways Analysis; lipoid CAH, congenital lipoid adrenal hyperplasia; LXR, liver X receptor;
Mc2r, melanocortin type 2 receptor; gPCR, quantitative real-time PCR; SF-1, steroidogenic
factor-1; Shh, sonic hedgehog; StAR, steroidogenic acute regulatory protein; Tir2, toll-like
receptor-2; Wnt4, wingless-related mouse mammary tumor virus integration site 4.
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To delineate the molecular mechanism of cholesterol
transport by StAR into the inner mitochondrial mem-
brane, we have previously performed in vivo studies using
bacterial artificial chromosome (BAC) transgenesis (11).
We targeted expression of either wild-type StAR or mu-
tant StAR lacking its mitochondrial targeting signal in
Star™'™ mice, confirming the ability of StAR lacking the
mitochondrial targeting signal to perform some essential
functions but also demonstrating the important functional
defects in adrenal glands and gonads (11). This observa-
tion still needs confirmation because it differs from pre-
vious in vitro studies (6, 12). Further to this, we created
transgenic mice carrying a BAC transgene targeting en-
hanced green fluorescent protein (eGFP) to steroidogenic
cells of the adrenal cortex and gonads under the control of
all regulatory cis sequences of the Star gene (StAR/eGFP
mice). The StAR/eGFP mice provided a useful strategy for
selectively isolating steroidogenic cells that normally ex-
press StAR. V

To define a specific pattern of global changes in gene
expression with the disruption of StAR, we performed
transcriptome analysis of putative steroidogenic cells in
adrenal glands of Star™'~ mice and deciphered gene on-
togeny or biological pathways that could explain the
pathophysiology of StAR deficiency. The present study
identified significant changes of gene expression associ-
ated with cholesterol efflux and inflammatory response in
adrenocortical cells, proposing the first evidence for a re-

ciprocal interaction between adrenocortical cells and res-

ident macrophages inside adrenal glands with disruption
of StAR.

Materials and Methods

Experimental animals

All experiments involving mice were approved by the Labo-
ratory Animals Center at School of Medicine, Keio University
(Tokyo, Japan). We collected Star™’* or Star™'~ embryos car-
rying the transgene expressing eGFP under the control of the
endogenous Star regulatory sequences. As reported in our pre-
vious study (11), the transgene was created by insertion of eGFP
¢<DNA into the coding region of Star in a bacterial artificial chro-
mosome clone containing the Star gene with 47 kb of 5'- and 62
kb of 3'-flanking regions of the gene (StAR/eGFP BAC) and was
proved to target eGFP reporter expression to steroidogenic cells
in adrenal cortex, testis, and ovary of adult mice driven by Star
endogenous promoter. Mice were genotyped by PCR assays us-
ing the primer sets detailed below. Star genotype was determined
using a forward primer (ATGATGCACAGCCTTCCACGG), a
reverse primer no. 1 (CCATCACTGGCAGAAGCTCAGA),
and a reverse primer no. 2 (ATCTCGTCGTGACCCATGGC).
Chromosomal sex was determined by the presence or absence of
Sry gene using a forward primer (AAGCGCCCCATGAATG-
CATT) and a reverse primer (CGATGAGGCTGATATT-
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TATA). The presence of the StAR-eGFP BAC transgene was
examined using a forward primer (AGCTGAAGCCATAT-
TGGGGAACAAG) and a reverse primer (AGTGAATTGTA-
ATACGACTCACTATAGGGC). In compliance with ethical
recommendations, all embryos were collected from pregnant fe-
male mice fully anesthetized with an intraabdominal injection of
pentobarbital. ‘

Cell sorting

We selectively purified steroidogenic cells from adrenal
glands at embryonic day (E) 17.5 or 18.5 in Star™’* (n = 7) or
Star™'~ mice (n = 4) with the StAR/eGFP BAC transgene. Ad-
renal glands were dissected out from the embryos and single cell
suspensions were prepared by enzymatic dissociation in PBS con-
taining 0.125% trypsin, 0.5% EDTA, and 5% deoxyribonu-
clease I type IV (Sigma-Aldrich Corp., St. Louis, MO) for 30-60
min at 37 C with gentle shaking. Cells were spun down and
resuspended in ice-cold PBS containing 3% fetal calf serum and
passed through 40-pum cell strainers (Falcon BD Biosciences, Bec-
ton Dickinson, Franklin Lakes, NJ). eGFP-positive cells were
selectively isolated by fluorescent-activated cell (FAC) sorting
(Vantage SE; Becton Dickinson).

RNA preparation

Total RNA was isolated from FAC-sorted cell populations
with TRIzol reagent {Invitrogen Corp., Carlsbad, CA) and the
subsequent NucleoSpin RNA XS (Macherey-Nagel GmbH and
Co. KG, Duren, Germany). RNA was quantified using a Nano-
drop ND1000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE). RNA quality and integrity was assessed using
an Agilent 2100 bioanalyzer (Agilent Technologies, Inc., Palo
Alto, CA).

mRNA was linearly amplified from 1.0 ng total RNA from
each mouse by MessageAmp I1aRNA amplification kit (Applied
Biosystems/Ambion, Austin, TX). In brief, double-stranded
cDNA was synthesized with an oligo-dT primer bearing a T7
promoter using ArrayScript reverse transcriptase, and was used
as a template for in vitro transcription with T7 RNA polymerase
to generate multiple copies of amplified mRNA. Amplified
mRNA was purified using an RNAeasy column (QIAGEN, Va-
lencia, CA). 200 ng of mRNA was reverse transcribed to generate
double-stranded cDNA templates for cRNA probes for microar-
ray analysis by SuperScript Il RT (Invitrogen Corp.) with oligo-
deoxythymidine primers.

Microarray analysis ‘

The transcription profile was determined by microarray anal-
ysis with Cy3-labeled cRNA using one-color Quick Amp label-
ing kit (Agilent Technologies). Dye incorporation and cRNA
yield was checked with a Nanodrop ND1000 spectrophotome-
ter (Nanodrop Technologies). Cy3-labeled cRNA was hybrid-
ized to a whole-mouse genome microarray G4122F (Agilent
Technologies). This array platform is comprised of 41,534
probes of 60-mer oligonucleotides, representing more than
41,000 transcripts of mouse genome (http://www.agilent.com).
The hybridized chips were scanned with a gene array scanner
(Agilent Technologies) at the Core Instrumentation Facility,
School of Medicine, Keio University (Tokyo, Japan). The ob-
served data were analyzed using Gene Spring GX 11.5.1 (Agilent
Technologies). The raw expression values were normalized to
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the 75th percentile in all samples, and the data from very low
signal values (less than the 20th percentile) were removed. The
difference in gene expression was assessed by averaging the nor-
malized values and performing a pairwise analysis between
Star™* mice and Star™’~ mice. Differentially expressed genes
were defined as having a difference in a gene expression ratio of
2-fold or greater and a P value using a Student ¢ test of less than
0.05 with a false discovery rate (Q value) of Benjamin and Hoch-
berg (13) of less than 0.2, according to recommendations by the
MicroArray Quality control (14, 15).

Furthermore, gene ontogeny and biological pathway analyses
for the differentially expressed genes were performed through
Ingenuity Pathways Analysis (IPA) version 9 (Ingenuity Systems,
Inc., Redwood City, CA) and NextBio (https://www.nextbio-
.com, Cupertino, CA). The IPA revealed the canonical pathways
most significantly relevant to the data set of the microarray anal-
ysis by right- or two-tailed Fisher’s exact probability test. Next-
Bio identified a list of biogroups or cell types most significantly
correlated with the differentially expressed genes based on the
information of available 967 RNA expression studies with 318
mouse cell types (as of October 22, 2011) (16). A correlation
score represents magnitude of correlation between gene expres-
sion profiles, computed with the running Fisher algorithm, a
nonparametric rank-based statistical approach. A P value was
determined by Fisher’s exact probability test with multiple com-
parison test.

Quantitative real-time PCR (qPCR)

The expression levels for genes of interest were validated by
qPCR with additional samples of FAC-sorted cells from adrenal
glands of Star*’* (n = 3) or Star™’~ males (n = 4) at E17.5 or
18.5. Total RNA was isolated and mRNA was amplified by the
same methods as the microarray analysis. Two hundred forty
nanograms of mRINA were reverse transcribed using SuperScript
I RT (Invitrogen) with oligo-deoxythymidine primers. gPCR
reactions were performed in 10-ul volumes containing cDNA
synthesized from 0.5 ng mRNA by the intercalater method using
SYBR Premix Ex Taq Il (Takara Bio Inc., Otsu, Japan) and ABI
Prism 7500 Fast (PE Applied Biosystems, Foster City, CA).
Primer pairs were purchased from Takara Bio Inc., except for
primers for Cyp11al (17). The reaction conditions were 3 min at
95 C and 40 cycles of 15 sec at 95 C and 1 min at 60 C. The
relative quantity of gene expression was calculated using the
delta delta cycle threshold method. The average dCt of Star™™
mice was determined as a calibrator. Gapdh was chosen as an
endogenous control for normalization of each gene studied,
based on a step-wise comparison method with other housekeep-
ing genes including Ras18, Ywhaz, Tbp, and Hprtl (18). Am-
plification of specific transcripts was confirmed by melting curve
profiles at the end of each PCR. qPCR data were analyzed using
7500 Software version 2.0 (PE Applied Biosystems). Statistical
difference in gene expression levels between Star™/* and Star™~
mice was examined using a Student ¢ test, with P < 0.05 con-
sidered significant. A comparison of the fold changes of gene
expression level between the microarray and the gPCR was an-
alyzed using the Bland-Altman method (19) (MedCalc Software,
Mariakerke, Belgium), with P < 0.05 considered significant.

endo.endojournals.org 3

Immunohistochemistry

Immunohistochemical analysis was performed on frozen tis-
sues for eGFP or on fixed whole embryos for macrophage mark-
ers or steroidogenic factor-1 (SF-1; Nr5al). For eGFP analysis,
adrenal glands or gonads were harvested from each embryo at
E17.5 and 18.5, embedded in Tissue Tek (Sakura, Tokyo, Ja-
pan), and stored at —80 C. The cryosections of the adrenal glands
and the gonads were fixed by 4% paraformaldehyde in PBS for
10 min at room temperature. For analysis of the macrophage
markers and SF-1, whole embryos were directly fixed by Tissue
Fixative (Genostaff Co., Ltd., Tokyo, Japan) for 2 d at room
temperature. Embryo sections containing adrenal glands were
treated with proteinase K. For both preparations, endogenous
peroxidase was blocked with 0.3% hydrogen peroxide in meth-
anol for 30 min, followed by incubation with protein block
(Dako, Glostrup, Denmark) and avidin/biotin blocking kit (Vec-
tor laboratories, Burlingame, CA). The sections were incubated
with either rabbit antigreen fluorescent protein polyclonal anti-
bodies (Molecular Probes, Eugene, OR), monoclonal antibody
against macrophages (F4/80 antigen) (Acris Antibodies GmbH,
Herford, Germany), rabbit anti-Ibal polyclonal antibodies
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), or mono-
clonal antibody against SF-1 (TransGenic, Inc., Kobe, Japan) at
4 Covernight. After washing with Tris-buffered saline, they were
incubated with biotin-conjugated immunoglobulin for 30 min at
room temperature, followed by the addition of peroxidase-con-
jugated streptavidin (Nichirei Biosciences Inc., Tokyo, Japan)
for 5 min. Peroxidase activity was visualized by diaminobenzi-
dine. The sections were counterstained with Mayer’s hematox-
ylin (Muto Pure Chemical Co., Ltd., Tokyo, Japan), dehydrated,
and then mounted with Malinol (Muto).

Results

eGFP expression in adrenal glands of StAR/eGFP
transgenic mice at E17.5 and 18.5

To isolate steroidogenic cells from adrenal glands, we
used transgenic mice carrying the StAR/eGFP BAC trans-
gene, which drives eGFP expression under control of the
endogenous Star promoter. It has been reported that StAR
is specifically expressed in steroidogenic cells such as ad-
renocortical cells, Leydig cells, theca cells, neurons, and
glial cells (7). To confirm which cell lineages express e GFP
within adrenal glands or testes, we examined intrinsic flu-
orescence of eGFP (data not shown) and immunoreactiv-
ity against eGFP antibodies with embryos carrying the
StAR/eGFP BAC transgene at E17.5 and 18.5. As shown
in Fig. 1, eGFP expression was identified in the adrenal
cortex and in the interstitial region of the testis in Star™/*
or Star™’~ mice having the transgene, consistent with the
location of adrenocortical and Leydig cells. No eGFP ex-
pression was determined in the fetal ovaries. At this de-
velopmental stage, eGFP expression was comparable in
the adrenal cortex of male and female embryos. Overall,
the StAR/eGFP BAC transgene targets eGFP to endoge-
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FIG. 1. Expression of Star/eGFP BAC transgene in adrenal glands of
Star™* or Star~’~ mice at E17.5-18.5 by immunohistochemistry. A
and C, Star*’*. B and D, Star ~/~. C and D show higher magnification
of A and B, respectively. Scale bars, 100 pm.

nous steroidogenic cells in adrenal glands and testes at
E17.5 and 18.5, as we previously reported in adult mice.

Microarray analysis

To define specific changes associated with StAR defi-
ciency, we performed transcriptome analysis with sorted
eGFP-positive cells in adrenal glands of Star™'* or Star™'~
embryos and identified a total of 1973 differentially
expressed genes between them (Supplemental Table 1
and 2 published on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org). All
original microarray data described in this study were
submitted on a public database, National Center for
Biotechnology Information’s Gene Expression Omni-
bus (http://www.ncbi.nlm.nih.gov/geo) and is accessi-
ble through Gene Expression Omnibus series accession
number GSE31328. Of 1973 differentially expressed
genes, 1206 and 767 genes were significantly up-regu-
lated and down-regulated, respectively, in adrenal ste-
roidogenic cells derived from Star™’~ mice compared
with those from Star™* mice (Supplemental Tables 1
and 2). No significant difference was found in expres-
sion of genes related to steroid hormone biosynthesis or
cholesterol biosynthesis and influx, except for StAR. In
contrast, genes related to cholesterol efflux such as
those for liver X receptors (LXR) and ATP-binding cas-
settes were significant up-regulated. Adrenal glands at
this stage also contain two different cell lineages, an
adult zone in the outer cortices and a fetal zone in the
inner cortices (20, 21). We found a significant decrease
in expression of genes involved in the development of
adrenocortical progenitor cells.

Endocrinology, June 2012, 153(6):0000-0000

We performed further gene ontology and biological
pathway analysis of the 1973 differentially expressed
genes by using the IPA and the Nextbio and revealed the
canonical pathways and biological functions to which dif-
ferentially expressed genes were most significantly rele-
vant. The IPA analysis unexpectedly revealed a significant
association between the differentially expressed genes and
the canonical pathways of inflammatory or immune re-
sponse including dendritic cell maturation (P = 2.1 X
10719, the antigen presentation pathway (1.4 X 1077),
allograft rejection signaling (1.6 X 10~®), the communi-
cation between innate and adaptive immune cells (1.0 X
1077), and IL-4 signaling (2.0 X 107°). Consistent with
these data, the NextBio identified the immune response
(correlation score 132.50, P = 2.9 X 10°%) as the most
significant biogroup and the macrophage of the peripheral
tissue of C57BL/6 (263.9, 2.5 X 10~ '19), the microglial
cell of C57BL/6 (255.8, 7.8 X 10 12), and the dendritic
cell follicular of lymph node of BALB/cAnNCrlCrlj
(239.0, 1.6.8 X 107 '%%) as the most significant cell types
positively correlated with the differentially expressed
genes. In fact, the genes related to the inflammatory or
immune response were significantly up-regulated in the
Star ™'~ mice.

Quantitative PCR

To verify the results of the microarray analysis, we de-
termined gene expression levels of different samples by
qPCR. We focused on genes of interest related to differ-
entiation of adrenal glands, steroidogenesis, or cholesterol
trafficking. The Bland-Altman plot analysis showed no
statistically significant difference in fold changes of ex-
pression level of those genes between the microarray and
the qPCR (P = 0.245) and no significant correlation be-
tween the difference and the average of fold changes for
these factors (r = 0.27, P = 0.05), suggesting agreement of
the fold changes between them. Consistent with the data
from microarray analysis, the qPCR demonstrated signif-
icant up-regulation in genes related to cholesterol efflux,
significant down-regulation in those involved in develop-
ment of adrenocortical progenitor cells, and no significant
change in those associated with steroid hormone biosyn-
thesis or cholesterol biosynthesis and influx (Table 1).

Iba1 (Afi1) and F4/80 (Emr1) expressions in adrenal
glands

We examined an expression pattern of macrophage-
specific genes in the adrenal glands by immunohistochem-
istry at E17.5-18.5 with polyclonal antibodies against
Ibal or monoclonal antibody against F4/80 antigen. Ibal
and F4/80 are both specific markers for macrophages (22,
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TABLE 1.

type mice by quantltatlve real-time PCR

Fold change in expression level of genes in knockout mice Iackmg StAR compared with those in wild-

o Fold change
Gene symbol Description (mean = sg)
Steroid hormone biosynthesis
Nr5al Nuclear receptor subfamily 5, group A, member 1 0.68 = 0.52
Mc2r Melanocortin 2 receptor 0.29 = 0.18
Mrap Melanocortin 2 receptor accessory protein 0.26 = 0.51
Star Steroidogenic acute regulatory protein 0.02 = 0.01°
CypTlial Cytochrome P450, family 11, subfamtly a, polypeptide 1 0.63 = 0.48
Fdx1 Ferredoxin 1 0.63 + 0.69
Fdxr Ferredoxin reductase 0.69 + 0.56
Hsd3b1 Hydroxy-8-5-steroid dehydrogenase 3 B- and steroid 8-isomerase 1 0.51 £0.53
Agtria Angiotensin Il receptor, type 1a 0.76 £ 0.58
Cholesterol biosynthesis and influx
Ldlr _ Low-density lipoprotein receptor 1.58 = 1.19
Scarb1 Scavenger receptor class B, member 1- 1.39 £ 2.91
Hmgcr 3-Hydroxy-3-methylglutaryl-Coenzyme A reductase 0.77 £ 0.31
Lipe Lipase, hormone sensitive 0.93 = 0.45
Npc2 Niemann pick. type C2 3.46 £ 4.7
Stard3 START domain containing 3 - 4.69 = 3.15%
Bzrpl1 - Benzodiazapine receptor, perlphera! -like 1 0.82 £0.94
Srebf1 Sterol regulatory element binding factor 1. 1.9 £ 0.93
Acat2 Acetyl-coenzyme A acetyltransferase 2 1.19 = 1.08
Cholesterol metabolism and efflux . ‘ ,
Nr1h2 - Nuclear receptor subfamily 1, group H, member 2 3.04 = 1.21¢
Nr1h3 Nuclear receptor subfamily 1, group H, member 3 7.76 £ 1.387
Abcal ATP-binding cassette, subfamily A (ABC1), member 1 2.92 = 1.59°
Abcg1 ATP-binding cassette, subfamily G (WHITE), member 1 5.69 = 3.1%°
Abcbla ATP-binding cassette, subfamily B (MDR/TAP), member 1A 0.37 £ 0.93
Dhcr24 24-Dehydrocholesterol reductase 0.54 £ 0.62
ch25h Cholesterol 25-hydroxylase 0.57 = 1.69
Adrenocortical development ‘
wti1 ' Wilms tumor homolog 1.83 = 1.26
Nrob1 Nuclear receptor subfamily 0, group B, member 1 0.09 = 0.10°
Shh Sonic hedgehog 0.02 + 0.02°
Whnt4 Wingless-related mouse mammary tumor virus integration site 4 0.08 = 0.067
Inflammatory response - .
Cds6 CD86 antigen 6.44 = 3.397
. Cd36 CD36 antigen 3.29 = 2.037
Cds/ CD5 antigen-like 130 95 + 273.32°
Spp1 Secreted phosphoprotein 1 259.15 + 133.85°
Ccl5 Chemokine (C-C motif) ligand 5 - 113.14 + 144.27°
Cxcl9 Chemokine (C-X-C motif) ligand 9 0.28 = 1.23
Clec7a C-type lectin domain family 7, member a 100.69 = 65.17
H2-Aa Histocompatibility 2, class Il antigen A, « 36.41 = 147.76
H2-Ab1 Histocompatibility 2, class Il antigen A, 81 24.29 +70.12
H2-Ea Histocompatibility 2, class Il antigen E« 37.09 + 475.29
Tir1 Toll-like receptor 1 412 £3.97
Tir2 Toll-like receptor 2 -2.82 = 2.31
Tir4 Toll-like receptor 4 2.08 = 1.24
Tir6 Toll-like receptor 6 8.2 +833
Tir7 Toll-like receptor 7 459 + 3.41

@ Statistically significant change (P < 0.05).

23). As shown in Fig. 2, Ibal or F4/80 immunoreactivity
was identified in only a few SF-1-negative resident mac-
rophages within the adrenal cortex of Star*’* mice. By
contrast, in the adrenal cortex of Star ™'~ mice, immuno-
reactivity was detected not only in an increased number of
SF-1-negative resident macrophages but also for most ad-
renocortical cells.

Discussion

In this study, we performed transcriptome analysis of
eGFP-positive cells selectively purified from adrenal
glands in Star ™/~ mice carrying the StAR/eGFP BAC trans-
gene. StAR regulates the acute phase of steroidogenesis
and is expressed throughout the adrenal cortex at E12.5
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FIG. 2. Expression of macrophage markers in adrenal glands of Star™’* or Star~/~ mice at E17.5-18.5 by immunchistochemistry. A-D, Star*/*.
E-H, Star~'~. The lower panels show higher magnification of the area around the asterisk in the upper panels. Scale bars, 100 um.

and later. Indeed, eGFP expression at E17.5 and E18.5
was consistent with endogenous StAR expression in ad-
renocortical cells as well as fetal Leydig cells. Thus, our
experimental data showing 1973 differentially expressed
genes convincingly identify the molecular characteristics
specific for adrenocortical cells of Star™’~ mice.

To clarify the two-hit model for lipoid CAH, we first
focused on an expression profile of genes related to cho-
lesterol biosynthesis and influx and steroid hormone bio-
synthesis. No significant difference was found in the ex-
pression of those pathways between the genotypes. ACTH

levels of the newborn Star™’~ mice were significantly

higher than those of the newborn Star*/*

mice (Sasaki G.,
unpublished data). Thus, the up-regulation of signal trans-
duction for melanocortin type 2 receptor (Mc2r) was sup-

/~ mice. This notion is consistent with

pressed in Star~
adrenocortical quiescence that was described as a period
of decreased responsiveness to ACTH in the midgestation
of fetal sheep (24). In fact, the growth rate of fetal rat
adrenal glands actually decreased as term approached
(25). By contrast, genes related to cholesterol mobilization
and efflux were significantly up-regulated in Sta» '~ mice.
Therefore, although adrenocortical quiescence may be the

case, it is inferred that the Star /™ mice-derived adreno-

cortical cells coordinate the pathways for cholesterol dis-
tribution to prevent malfunction due to the accumulation
of free cholesterol.

Cummins (26) demonstrated that LXRaand -8 (Nr1h3
and Nr1h2, respectively) possessed a pivotal role in pre-
venting the accumulation of free cholesterol in adrenal
glands because knockout mice lacking LXRa and -B
(LxraB~’~ mice) exhibited cholesterol ester accumula-
tion. Consistent with this notion, the present study re-
vealed the significant up-regulation of LXRa and -Bin the
adrenocortical cells of Star™'~
cholesterol esters in the cytosol. The LXR up-regulation
could result from the accumulation of oxysterol inter-
mediates that work as ligands for LXR within the ad-
renocortical cells of Star ™'~ mice and lead to an induc-
tion of cholesterol efflux by increased expression of
ATP-binding cassettes (Abcal and Abcgl). Further-
more, the increased LXR signaling could inhibit the
expression of multiple steroidogenic genes as reported
in the H295R human adrenocortical cell line (27).
LxraB™’" mice showed an increased adrenal steroido-
genesis, even with a slight increase in StAR expression,
indicating the possible link between repression of LXR
signaling and increase in StAR-independent steroido-
genesis. These findings give additional credence to the

mice that were full of
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role of LXR in the basal maintenance of adrenal cho-
lesterol homeostasis and also imply the relevance of
LXR up-regulation to the loss of residual capacity
of StAR-independent steroidogenesis as the second hit
of the two-hit model for lipoid CAH.

This study highlights another pathophys‘iological"

process likely modulated by StAR deficiency. We found
that genes involved in the inflammatory or immune re-
sponse showed significant positive correlation with the
differentially expressed genes in Star™'~ mice-derived
adrenocortical cells. In addition, we identified signifi-
cantly higher mRNA levels of the epithelial growth fac-
tor-like module containing, mucin-like, hormone recep-

tor-like sequence 1 (Emr1) and integrin-aX (Itgax),

markers for total and M1, respectively. We also con-

firmed Ibal or F4/80 (Emr1) immdnoreactiVity in the -

adrenal cortex of Star~/~ mice, suggesting that adrenal

steroidogenic cells express certain inflammatory re-
sponse markers such as macrophages. It may be possible
that the cytokine signaling of macrophages modifies the

expression or function of molecules involved in steroid-

ogenesis. Woods and Judd (28) previously described
that IL-4 signaling inhibited the expression of steroid-
ogenic enzymes induced by ACTH in bovine zona re-
ticularis cells. IL-4 is one of the T-helper 2-type cyto-
kines and is able to activate macrophages in an
‘alternative fashion (29). In fact, IL-4 signaling was one
of the canonical pathways in which the genes were sig-
nificantly up-regulated in Star '~ mice. Therefore, the
increased inflammatory or immune response, including
IL-4 signaling, could be the second hit of the two-hit
model for lipoid CAH, attenuating signal transduction
of Mc2r under high levels of circulating ACTH.

The present findings also suggest a possible link be-
tween the inflammatory or immune system and adrenal
glands. The adrenocortical cells produce a variety of cy-
tokines during acute stress (30). The rat adrenal glands
have been shown to contain resident macrophages (31,
'32). The intraadrenal macrophages were reported to have
a major role in affecting adrenal gland function in an au-
tocrine or ‘paracrine fashion (30). As shown in this study,
Star™'~ mice-derived adrenal glands contained a lot of
macrophages. It could be possible that Star ™'~ mice-de-
rived adrenocortical cells and resident macrophages inter-
actively affect each other. In fact, Star™’~ mice-derived
adrenocortical cells exhibited significantly higher mRNA
levels of chemokine ligand 5 (CclS) and CD36 antigen
(Cd36). Chemokine ligand 5, one of the adipocytokines,
recruits macrophages into adipose tissues (33). CD36, a
receptor of apoptosis inhibitor of macrophage, induces
lipolysis and chemokine production in adipocytes (34).
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These data suggest the adrenal glands in Star™'~ mice

share some of the characteristics of both adipocytes and
macrophages in obesity-based chronic, low-grade inflam-
mation of white adipose tissues (35-38), suggesting the
possible reciprocal interaction between adrenocortical
cells and macrophages in the pathological condition of
cholesterol ester accumulation in the cytosol of adreno-
cortical cells. :

The cytokine signals in adrenocortical cells may have a
physiological role not only in the stress response but also
in the maintenance of homeostasis, monitoring of mal-
function, or adaptation to malfunction known as parain-
flammation (39). In fact, knockout mice lacking toll-like
receptor-2 (Tlr2) demonstrated impaired corticosterone
secretion at the basal or stress-induced stage and marked
cellular disorganization in adrenal gland ultrastructure
(40). Tlr2 signaling could be pivOtal for sufficient amount
of steroidogenesis in adrenal glands. Furthermore,. the
3.5-kb StAR mRNA that is predominant in rodent ste-
roidogenic cells contains five classical AU-rich elements in
the 3’-untranslated region (41), which has been reported
to stabilize mRNA in a number of cytokines involved in
chronic inflammation (42). Star could share transcrip-

- tional regulation through the AU-rich elements with those

cytokines. The actual role of parainflammation in adre-
nocortical cells still remains to be determined. Additional
data are required to clarify the functional relevance of
those cytokine signals to the physiological condition of
adrenocortical cells. , ‘

It has recently been reported by the laboratory of Mo-
rohashiand colleagues (20, 21) that, by discovering a fetal
adrenal-specific enhancer in the N75al gene, the mouse
adrenal cortex develops two distinct cell types, fetal and
adult/definitive zones, during embryonic and early post-
natal periods similar to human adrenal glands. The tran-
sition from fetal to adult adrenocortical cells was regu-
lated by dosage-sensitive sex reversal-adrenal hypoplasia
critical region on the X chromosome 1 (NrOb1) and other
growth factors expressed in the developing definitive zone,
including the wingless-related mouse mammary tumor vi-
rus integration site 4 (Wnt4) and the sonic hedgehog (Shh)
(21, 43—46). At E17.5 and E18.5, the definitive zone de-
velops throughout the adrenal cortex, and the fetal zone
remains at the inner part between the definitive zone and
medulla. Most cells in the fetal and definitive zones express -
steroidogenic enzymes and possess the ability to produce
steroid hormones at this stage. Thus, our expression pro-
files at E17.5-18.5 contained characteristics of both fetal
and definitive zones. Interestingly, the components related
to the transition of fetal to adult adrenocortical cells such
as N¥Ob1, Wnt4, and Shh were significantly down-regu-
lated in Star™/~ mice-derived adrenocortical cells. In fact,
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the adrenal glands of Star ™'~ mice are hypoplastic in size
and disorganized in cortical zonation. These data indicate
that decreased expression of these components disturb
proliferation and differentiation of the adrenal cortex in
Star™'~ mice.

We recognize the present study possesses potential lim-
itations. First, the expression profile could be modified by
excessive physical stress at the moment the animals were
killed. We prudently used anesthesia for the pregnant fe-
male mice and quickly harvested the adrenal glands from
the fetus to minimize physical stress. Second, the expres-
sion profile could be affected by the in vitro treatment of
tissues with chemical digestion. We frequently watched
tissues during digestion and ceased the reaction before
they were damaged. Third, the expression profile could be
biased by sex difference because our data were obtained
from both female and male embryos. We did not identify
any differentially expressed genes between male and fe-
male Star*’* embryos (Ishii T., unpublished observation).
Finally, we would not rule out the possible recruitment of
macrophages into an eGFP-positive cell population be-
cause autofluorescence or StAR expression was identified
in the macrophages (47, 48). We set the adrenal glands of
the Star ™'~ mice carrying no StAR/eGFP transgene as neg-

ative controls in FAC sorting. We did not find immuno-

reactive eGFP among Ibal-positive macrophages in the
spleens of mice carrying the StAR/eGFP transgene at
E17.5 and E18.5. It is less likely that macrophages in the
adrenal cortex were sorted into e GFP-positive cells unless
macrophages engulfed eGFP of adrenocortical cells. Given
these caveats, the data presented conceivably reflect the
pathological features in adrenocortical cells in vivo at
E17.5-18.5.

In summary, we have demonstrated that StAR defi-
ciency alters the gene expression profile of adrenocortical
cells. This includes the significant up-regulation of genes
associated with cholesterol efflux, especially LXR, pre-
venting malfunction due to excessive accumulation of in-
tracellular cholesterol, and the significant down-regula-
tion of those regulating the development of adrenocortical
zonation, leading to hypoplastic and disorganized struc-
ture of adrenal glands. This study also revealed a poten-
tially pivotal role of the inflammatory or immune response
in the pathological conditions of adrenocortical cells. This
robust approach has expanded our understanding and
helped to clarify the pathophysiology of steroidogenic
cells with the disruption of StAR.
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