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role of pituitary hematopoietic cells in
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Hormones produced by the anterior pituitary gland regulate an array of important physiological
functions, but the causes of pituitary hormone disorders are not fully understood. Herein we report
that genetically engineered mice with deletion of the hedgehog signaling receptor PATCHED1 (Ptch1)
by S100a4 promoter-driven Cre recombinase (S100a4-Cre;Ptch1"/f mutants) exhibit adult-onset
hypogonadotropic hypogonadism and multiple pituitary hormone disorders. During the transition
from puberty to adulthood, S100a4-Cre;Ptch1™f mice of both sexes develop hypogonadism

coupled with reduced gonadotropin levels. Their pituitary glands also display severe structural

and functional abnormalities, as revealed by transmission electron microscopy and expression of
key genes regulating pituitary endocrine functions. S100a4-Cre activity in the anterior pituitary
gland is restricted to CD45* cells of hematopoietic origin, including folliculo-stellate cells and

other immune cell types, causing sex-specific changes in the expression of genes regulating the
local microenvironment of the anterior pituitary. These findings provide in vivo evidence for

the importance of pituitary hematopoietic cells in regulating fertility and endocrine function, in
particular during sexual maturation and likely through sexually dimorphic mechanisms. These
findings support a previously unrecognized role of hematopoietic cells in causing hypogonadotropic
hypogonadism and provide inroads into the molecular and cellular basis for pituitary hormone
disorders in humans.

Introduction

The hedgehog (HH) signaling pathway regulates both the development and function of endocrine organs
and reproductive tissues, including mammary glands, gonads, and the pituitary gland. In mammary
glands, activated canonical HH signaling impacts stromal/fibroblast cell function and branching of the
mammary ducts (1). In the gonads, it regulates Leydig cell differentiation in the testis and theca cell
recruitment and differentiation as well as vascularization in the ovary (2-6). HH signaling is also a key
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regulator of embryonic pituitary development (7). Human patients with disrupted HH signaling suffer
from a wide range of pituitary pathologies including agenesis, combined pituitary hormone deficiency,
and adenocarcinoma (7-10). The anterior pituitary gland is a master endocrine organ that controls a
myriad of important physiological functions via orchestrated hormone release by 5 specialized endocrine
cell types: thyrotropes produce thyroid-stimulating hormone (TSH) to regulate metabolism, corticotropes
produce adrenocorticotropin (ACTH) to regulate stress response, somatotropes produce growth hormone
(GH) to regulate body growth, lactotropes produce prolactin (PRL) to regulate lactation, and gonado-
tropes produce follicle-stimulating hormone (FSH) and luteinizing hormone (LH) to regulate reproductive
functions. While signals from the hypothalamus are key drivers of pituitary development and function,
the importance of an intrapituitary regulatory network is also emerging (11-15). Given this functional
and cellular complexity, it is not surprising that despite considerable effort in identifying the genetic and
nongenetic factors causing pituitary hormone disorders, such as acquired hypogonadotropic hypogonad-
ism, our understanding remains limited.

In mammals, signaling ligands Sonic, Indian, and Desert HH (SHH, IHH, and DHH) are secreted
morphogens that undergo multiple modifications to enable their short- or long-distance dispersion from
the source cells (16). These ligands bind to the transmembrane receptors PATCHED1 and -2 (PTCH1
and -2), as well as co-receptors cell adhesion molecule-related/down-regulated by oncogenes (CDON) and
growth arrest specific 1 (GAS1) to elicit downstream effects (17, 18). HH ligand binding to PTCHI1 acti-
vates another transmembrane receptor, Smoothened (SMO). Signaling downstream of SMO is mediated
by the GLI-Kruppel family member (GLI) transcription factors 1, 2, and 3. Downstream transcriptional
targets of the signaling activity include G/iI and Prtchl themselves, thus forming a self-regulatory feedback
loop. While HH signaling plays a key role in the embryonic development of the gonads and pituitary,
precisely what cell types are targeted by HH signaling at this early stage, as well as whether and how HH
signaling may also regulate functions of the gonads and pituitary in adult life, remain to be defined (16, 19).

S100 calcium binding protein A4 (S100A4), also known as fibroblast-specific protein-1 (FSP1), is
expressed in distinct stromal-interstitial cell types, such as fibroblasts, immune cells, and tumor cells (20,
21). To investigate whether stromal-interstitial PTCH]1 plays a role in regulating endocrine tissue develop-
ment and function, §7100a4-Cre mice were used to disrupt the Ptchl gene by crossing them with Prch " mice
(22). The resulting mice displayed stunted mammary ducts that were partially rescued by transplantation to
a wild-type host (22), implicating a defect in the hypothalamic-pituitary-gonadal (HPG) axis caused by the
deletion of Ptchl in stromal cell types. Indeed, fertility was reduced and estrous cycle was absent in these
mutant mice, suggesting impaired ovarian function. Previous studies also showed that stunted mammary
duct phenotypes of mice homozygous for a hypomorphic allele of Pzchl (Ptchi™) could be rescued by iso-
graft of a wild-type pituitary, suggesting that Prchl is required for normal pituitary function (23). Therefore,
we investigated whether PTCHI1 in ovarian and pituitary stromal-interstitial cells is essential for the devel-
opment and function of these 2 organs and, consequently, for female fertility.

Surprisingly, we found not only ovarian dysfunction but also testicular dysfunction in the
8100a4-Cre; Prch " mice. Moreover, we found that the majority of SI00A4-expressing cells in the gonads
are not fibroblasts, but CD45" (official gene name: protein tyrosine phosphatase receptor type C; abbrevi-
ated as Prprc) hematopoietic cells. S100a4-Cre;PtchI”# mutant mice also exhibit severe defects in pituitary
endocrine functions, including hypogonadotropic hypogonadism and multiple hormone disorders, which
are not observed until the transition from puberty to adulthood. Integrated cellular and molecular analyses
provide evidence that CD45* cells in the pituitary of the S100a4-Cre;Ptch " mice, including folliculo-stel-
late (FS) cells, exert abnormal functions that underlie disorders in pituitary endocrine cells. Together, our
data demonstrate that dysregulation of HH signaling activity in pituitary hematopoietic cells impacts the
sexual maturation of the pituitary gland and subsequent endocrine function during adult life.

Results

Genetic ablation of Ptchl with S100a4-Cre leads to hypogonadism in adult female and male mice. Following pre-
vious observations that female S100a4-Cre;Ptch1”” mice are infertile and exhibit mammary gland defects
similar to those of estrogen receptor—knockout mice (22), we investigated the cause of infertility and
ovarian function in these mice. At 8 weeks of age, the ovaries and uteri of S100a4-Cre;Ptch!"'? females
were severely hypotrophic (Figure 1A and Table 1). Histological analyses of hematoxylin and eosin—
stained (H&E—-stained) ovarian tissue sections showed corpora lutea (CL) and follicles at various stages of
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A S100a4Cre;  S100a4Cre; Figure 1. Homozygous ablation of Ptch1

Ptch1™ Ptch1™* Ptch1™ with 5100a4-Cre leads to hypogonadism
in female mice. (A) Representative images
of wild-type control, heterozygous, and
homozygous Ptch1-mutant mouse ovaries
(Ov) and uteri (Ut) morphology, as well as
(B) ovary histology with H&E staining. Cv,
cervix. Scale bars: 400 um (lower-mag-
nification images, upper panels and 80

um (higher-magnification images, lower
panels). CL, corpus luteum; AF, antral

B Ptch1f/ S100a4Cre;Ptch1™*  S100a4Cre;Ptch1™  follicle; arrows: degenerating oocyte. (C)

Relative mRNA levels of ovarian function
genes in whole ovaries from wild-type
control, heterozygous, and homozygous
Ptch1 mutants (n = 7). Total RNA was
assayed by qPCR and the concentration of
each transcript was normalized to that of
housekeeping gene Rpl19. All data are from
mice at 8 weeks of age and represented

as mean + SD. *P < 0.05; one-way ANOVA
followed by SNK post hoc test.
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development in wild-type controls (Prch’?) and heterozygous mutants (S100a4-Cre;PtchI”*), whereas no
CL were observed in S100a4-Cre;Ptch ! homozygous mutants, and their follicles rarely grew beyond the
pre-antral stage (Figure 1B). In addition, degenerating oocytes (Figure 1B, black arrows) appeared to be
present more frequently in the ovaries of homozygous mutant mice compared with wild-type control and
heterozygous mutant mice. Consistent with these histological observations, mRNA expression analyses by
quantitative real-time PCR (qPCR) revealed reduced expression of critical genes involved in steroidogene-
sis, including cytochrome P450, family 17, subfamily a, polypeptide 1 (Cypl7al), cytochrome P450, family
11, subfamily a, polypeptide 1 (Cypllal), and luteinizing hormone/choriogonadotropin receptor (Lhcgr)
(Figure 1C), indicating impaired ovarian function in homozygous mutant mice. Levels of mRNA for
secreted frizzled-related protein 4 (Sfip4) was reduced in the homozygous mutants relative to heterozygous
mutants but not wild-type controls. In contrast, ovarian expression of anti-Millerian hormone (4mh), a
marker of pre-antral follicles, was increased in homozygous mutant mice, consistent with their histologi-
cal enrichment of this follicle population. Levels of mRNA for FSH receptor (Fshr) and androgen receptor
(Ar) were normal in the homozygous mutants, suggesting normal granulosa cell differentiation.

Like females, S100a4-Cre;Ptch™" homozygous mutant males also exhibit hypogonadism (Figure 2 and
Table 2). At 8 weeks of age, the size and weight of testis, epididymis, and seminal vesicles in mutant mice
were reduced compared with those of wild-type control mice (Figure 2A and Table 2). Because the body
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Table 1. Parameters of female WT and Ptch1-knockout mice

Female parameters

Body (g)

Ovary (mg)

% Ovary/body weight
Uterus (mg)

% Uterus/body weight

AP < 0.0001.%P < 0.001.°P < 0.01.

28 day (n=4) 56 day (n = 6)
WT KO WT KO
1449 + 0.65 14.22 £+ 0.70 2412 +1.16 15.47 +1.18*
111+ 0.06 113 £ 0.01 448 +0.54 118 + 0.10*
0.77 £ 0.06 0.79+ 01 1.86 + 0.26 0.77 + 0.07*
6.26 £ 0.53 6.73 £ 0.66 27.82 £ 6.52 5.34 + 0.508
4.32+0.29 4.64 +0.53 11.38 £ 3.57 3.43 +0.28¢

weight of mutant mice was also significantly reduced at this age compared with controls, the weights of
male reproductive tissues were normalized to body weight. After normalization, testicular and epididymal
weights of homozygous mutants were not significantly different from controls, whereas seminal vesicles
remained hypotrophic. In addition, sperm count was drastically reduced and sperm motility was severe-
ly impaired (Table 2). These defects suggest reduced testosterone production. Indeed, serum testosterone
levels tend to be lower in the mutants compared with controls (Figure 2B), and genes crucial for testoster-
one production including Cypllal, Cypl7al, and Lhcgr exhibited significantly reduced testicular mRNA
levels (Figure 2C). In contrast, mRNA expression of Fshr and Amh was similar in mutant and control
mice, suggesting normal development and function of Sertoli cells. To explore the basis of the abnormal
spermatogenesis phenotype, periodic acid—Schiff (PAS) staining was applied to testis tissue sections (Fig-
ure 2D). While many seminiferous tubules appeared normal in the mutants, with germ cells present at
all developmental stages, sporadic abnormal seminiferous tubule structures (impaired spatial hierarchy of
spermatogenesis, areas of vacuoles, and multinucleated spermatids) were also observed. Together, these
data document hypogonadism in both adult female and male homozygous S100a4-Cre,Ptch "f mutant mice.

Hypogonadism in Ptchl-mutant mice develops during the transition from puberty to adult. To determine when
hypogonadism arises in Prchl-mutant mice, we assessed their reproductive tissues at 4 (females) and 5
(males) weeks of age. At this age, no differences in body or reproductive organ weights were observed in
either males or females between controls and mutants (Tables 1 and 2). Ovaries from Ptchl mutants were
histologically comparable to their wild-type littermates, with the presence of CL and follicles at all devel-
opmental stages (Figure 3A). These observations are consistent with normal serum FSH and LH levels
in the mutant mice at this age (Supplemental Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.126325DS1). Moreover, 5-week-old wild-type, heterozygous,
and homozygous Prchl-mutant females ovulated similar numbers of oocytes upon superovulation (Figure
3B). When the same superovulation regimen was administered to mice at 8§ weeks of age, histological
assessment revealed that by 20 hours after human chorionic gonadotropin (hCG) treatment, multiple early
CL had formed in wild-type females, but ovulation and luteinization failed to occur in the majority of
preovulatory follicles in the mutants, where oocytes and their surrounding cumulus cells were trapped in
large antral follicles (Figure 3C). Consistent with these observations, significantly fewer oocytes were found
in the oviduct of homozygous Ptchl-mutant females at 20 hours after hCG treatment (Figure 3D). Despite
the lack of ovulation and failure of luteinization in these mutant mice, exogenous gonadotropin did rescue
follicle development from pre-antral to preovulatory stages. Taken together, these data indicate that the
development of reproductive tissues and the onset of puberty in S100a4-Cre;Ptch™" mutant females and
males are normal, and that hypogonadism develops during the transition between puberty and adulthood.

S100a4-Cre is expressed in CD45" hematopoietic cells in the gonads. We employed S100a4-Cre;mTimG reporter
mice that also expressed Cre-driven green fluorescent protein (GFP) to determine what cell types in the gonads
express S100a4-Cre. In these mice, R26""C drives expression of a membrane-associated red fluorescent protein
that is switched to membrane-associated GFP upon Cre-mediated recombination, allowing in vivo lineage trac-
ing of all cells in which recombination has occurred (GFP* cells). Immunofluorescent (IF) staining in ovaries of
reporter-positive controls at 8 weeks of age demonstrated GFP* cells throughout the surrounding stromal tissue
of growing follicles, dispersed in the CL, and in clusters at sites of degenerating follicles (Figure 4A). Granulosa
cells or oocytes of growing follicles were negative for GFP. GFP* cells in the S100a4-Cre,Ptch"";m TimG mutant
mice exhibited a similar pattern of distribution except that there were no CL (Figure 4A). Surprisingly, co-IF
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Figure 2. Homozygous ablation of Ptch1 with $100a4-Cre leads to hypogonadism in male mice. (A) Representative images of wild-type control

and homozygous Ptch1-mutant m

ale reproductive tissue morphology, including seminal vesicles (SV), epididymis (E), and testes (T). (B) Serum

concentration of testosterone in control and homozygous Ptch7-mutant male mice (n = 5). N.S., not significant. (C) Relative mRNA levels of
testis-function genes in whole testes from wild-type control and homozygous Ptch1 mutants (n = 5). Total RNA was assayed by gPCR and the
concentration of each transcript was normalized to that of housekeeping gene Rpl/19. Data are represented as mean + SD. *P < 0.05; Student’s t

test. (D) Representative images o
(lower-magnification images) and

f wild-type control and homozygous Ptch1-mutant seminiferous tubules with PAS staining. Scale bars: 100 pm
25 um (higher-magnification images). Asterisk: impaired hierarchical organization; arrow: multinucleated cells;

arrowheads: vacuoles. All data are from mice at 8 weeks of age.

staining of GFP and S100A4 revealed very few costained cells (Figure 4A). This staining also revealed very few
S100A4-positive cells in the stromal-interstitial tissue of the ovary, which also appeared to be true during earlier
development (days 4, 12, and 22; Supplemental Figure 1B).

Because S100A4 is more commonly known as fibroblast-specific protein 1 (FSP1), and widely used
as a marker for fibroblast cells, we performed co-IF of GFP with fibroblast markers vimentin and smooth
muscle actin alpha 2 (ACTA2) to determine whether these cells are expressing Cre-dependent GFP.
Because neither vimentin nor ACTA2 colocalized with GFP in the ovaries of control reporter-positive

Table 2. Parameters of male WT and Ptch1-knockout mice

Male parameters

Body (g)

Testis (mg)

% Testis/body weight
Epididymis (mg)

% Epididymis/body weight
Seminal Vesicles (mg)

% Seminal Vesicles/body weight
Sperm Count (x10°)

Sperm Motility (%)

AP < 0.0001.8P < 0.001.°P < 0.01.

30 day 48 day
WT (n =4) KO (n = 4) WT (n =8) KO (n=9)
19.23 +1.46 18.10 £1.01 23.56 + 2.61 16.64 + 0.96*
61.50 + 6.59 61.94 + 8.45 95.57 +12.84 75.48 + 6.46°
0.32+0.02 0.34 +0.04 042 +0.01 0.45 +0.05
2243 +5.36 19.06 + 4.45 35.01+4.37 25.34 + 8.36°
012 +0.02 011+0.03 0.15+0.03 0.14 + 0.05
n/a n/a 162.74 + 40.10 60.55 + 21.26*
n/a n/a 0.68+0.14 0.36 + 0.12¢
n/a n/a 23.61+3.70 6.97 £3.17%
n/a n/a 32.38+9.49 5.86 + 6.36"
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Figure 3. Hypogonadism in Ptch1-mutant mice develops during the puberty-to-adult transition. (A) Represen-
tative images of wild-type control and homozygous Ptch1-mutant female ovarian histology with H&E staining at
5 weeks of age. CL, corpus luteum; AF, antral follicle. Scale bar: 400 pm. (B) Numbers of cumulus-oocyte com-
plexes (COCs) ovulated into the oviduct and counted at 20 hours after hCG during a superovulation stimulation

in wild-type control, heterozygous, and homozygous Ptch1-mutant females at 22 days of age (n = 9, wild-type; n

= 4, heterozygous mutant; and n = 5, homozygous mutant). (C) Representative images of wild-type control and
homozygous Ptch1-mutant female ovarian histology with H&E staining at 8 weeks of age with superovulation
stimulation (20 hours after hCG). Scale bar: 400 um, 200 pm (insets) (D) Numbers of COCs ovulated into the
oviduct and counted at 20 hours after hCG during a superovulation stimulation in wild-type control, heterozygous,
and homozygous Ptch1-mutant females at 8 weeks of age (n = 6, wild-type; n = 5, heterozygous mutant; and n = 5,
homozygous mutant). **P < 0.01; ***P < 0.001; one-way ANOVA followed by SNK post hoc test.

mice (Figure 4B), the GFP* cells do not appear to be fibroblasts; based on their morphology and distribu-
tion, they appeared instead to be infiltrating immune cells. This is supported by the observation that there
were far fewer GFP* cells in the ovaries of immature mice (day 22, Supplemental Figure 1B) compared
with adults, suggesting these cells are recruited to the ovary in a cycling female, similar to intraovarian
immune cells (24-26). To test whether GFP* cells express immune cell markers, we performed immunos-
taining for GFP and CD45, a marker for cells of hematopoietic origin, on adjacent sections of the ova-
ries from §100a4-Cre;mTmG reporter mice. GFP- and CD45-positive cells exhibited a similar pattern of
distribution, suggesting they are the same population of cells (Figure 4C). This observation was further
confirmed by flow cytometry analyses of dispersed GFP* cells from ovaries of S100a4-Cre;mTmG report-
er control mice, in which about 90% of GFP* cells also expressed CD45 (Figure 4D). It is likely that
deletion of Ptchl by S100a4-Cre occurred during early-stage specification of CD45* hematopoietic cells,
as both S100A4 and PTCHI are expressed in hematopoietic cells in human bone marrow (Supplemental
Figure 1C), and S100a4-Cre is expressed as early as embryonic day 8.5 (27).

We also examined the morphology and distribution of GFP* cells in the testis. Immunohistochemical
staining demonstrated that GFP* cells were within the stromal-interstitial tissue of the testis (Figure 4E). In
contrast to the ovary, S1I00A4* cells were prevalent in the testis. They were located in interstitial space (Fig-
ure 4E), and most colocalized with GFP* cells (Figure 4E). The stromal-interstitial localization of GFP* and
S100A4" cells resembled that of PTCHI itself, as revealed by Xgal staining in the testis of Prchl-Xgal mice
(Figure 4E). Based on the localization of GFP* cells, we further assessed whether S700a4-Cre is expressed in
Leydig cells. This appeared not to be the case, as indicated by the lack of colocalization of GFP and CYP17A1,
a marker for steroidogenic Leydig cells (Figure 4F). Instead, the GFP* cells intermingled with, but were distinct
from, CYP17A1* cells, suggesting they may be macrophages (28). Together, these data indicate that S/00a4-
Cre—positive cells within the stromal-interstitial tissue of the gonads are mostly CD45* hematopoietic cells.
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Figure 4. 5100a4-Cre is expressed in CD45* cells in the gonads. (A) Representative images of IF staining of GFP and S100A4 in the ovaries of
reporter controls and homozygous Ptch1 mutants (both express GFP driven by 5100a4-Cre). CL, corpus luteum; F, follicle; AF, atretic follicle. Scale
bars: 200 um (upper panels) and 100 pm (lower panels). (B) Representative images of IF staining of GFP with vimentin or ACTA2 in the ovaries

of reporter controls and homozygous Ptch1 mutants. Scale bars: 40 pum (upper panels) and 75 um (lower panels). (C) Representative images of IF
staining of GFP and IHC staining of CD45 on adjacent serial sections of ovaries from reporter controls and homozygous Ptch1 mutants. Scale bar:
100 pm. (D) The percentage of CD45-positive cells among GFP-positive cells in the ovaries of S7100a4-Cre;mTmG reporter control mice analyzed by
flow cytometry. The image represents results from 3 independent samples, each of which contained dispersed ovarian cells pooled from 4 females.
(E) Representative images of Xgal signal in testes of Ptch1-Xgal mice, as well as S100A4 and GFP staining in the testis of S700a4-Cre;mTmG report-
er control mice. Arrows point to cells positive for GFP alone (green), S100A4 alone (red), or for both GFP and S100A4 (white). Scale bars: 50 um and
20 um (bottom right). (F) Representative images of IF staining of GFP and CYP17A1 in testes of S700a4-Cre;mTmG reporter control mice. The right
panel is a zoomed-in view of the same tissue and staining as the left panel. Scale bars: 50 um (left image) and 20 pm (right image).

Gonad-extrinsic factors contribute to hypogonadism in Ptchl-mutant mice. In the gonads of adult mice,
although §700a4-Cre is mostly active in cells of hematopoietic lineages, this does not exclude the pos-
sibility that §100a4-Cre is expressed in other cell types during early gonadal development, leading to
hypogonadism through gonad-intrinsic mechanisms. To test whether this might be the case, ovaries
were transplanted from 4-week-old S100a4-Cre;PtchI"";m TmG mutant mice to their control littermates
(Ptch"";mTmG). Ovaries were also transplanted between control mice for comparison. At 8 weeks
of age, ovarian function was rescued in ovaries transplanted from mutant to control mice (Figure
5A), in contrast to untransplanted ovaries of mutant mice, in which follicles rarely grow to acquire
an antral cavity (Figure 1B). Ovaries transplanted from mutant to control mice had antral follicles
and multiple CL, similar to those of transplanted ovaries from control mice (Figure 5B). Notably,
despite the presence of CD45* cells in ovaries transplanted from mutant mice, there were no GFP*
cells 4 weeks after the transplantation (Figure 5C), supporting that S7100a4-Cre—expressing cells in the
ovary are mostly nonresident hematopoietic cells. We also attempted to test whether grafting wild-
type bone marrow cells rescues fertility and pituitary endocrine functions in the S100a4-Cre;Ptchl™”
mutant mice. Unfortunately, we were not able to collect interpretable data because, even at a reduced
dose, the irradiation used to deplete host bone marrow hematopoietic cells also depleted most of the
oocytes. Taken together, these results indicate that hypogonadism in female mutants is caused pri-
marily by gonad-extrinsic factors.

The most important gonad-extrinsic factors regulating fertility are FSH and LH produced by the
pituitary gland. Therefore, we measured serum FSH and LH in S100a4-Cre; Ptch " mutants. At 8 weeks
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Figure 5. Gonad-extrinsic factors contribute to hypogonadism in Ptch1-mutant mice. (A) Representative images of ovaries of 5100a4-Cre;Ptch17/1;
mTmG mutant mice in situ (left) or transplanted to the bursa of control littermates (Ptch1™f) for 4 weeks (right). CL, corpus luteum; F, follicle. Scale
bar: 200 um. (B) Representative images of ovaries of Ptch1" control mice (left) and S700a4-Cre;Ptch1”f;mTmG mutant mice (right) transplanted to
control littermates (Ptch1"f) for 4 weeks. Scale bar: 100 um. (C) Representative images of IHC staining of CD45 and IF staining of GFP on adjacent
serial sections of ovaries from S100a4-Cre;Ptch1"f;mTmG mutant mice transplanted to Ptch?"f control mice. Scale bar: 100 um. (D) Serum concentra-
tion of FSH and LH in control and homozygous Ptch1 mutant male and female mice at 8 weeks of age. *P < 0.05; ***P < 0.001; Student’s t test. (E)
Relative mRNA levels of pituitary Lhb and Fshb in wild-type controls and homozygous Ptch1 mutants with and without ovariectomy (OVX, n = 3 for
samples from OVX mice; n = 5 for samples from intact mice). Total RNA was assayed by gPCR and the concentration of each transcript was normal-
ized to that of housekeeping gene Rpl19. Data are represented as mean + SD. Bars without common letters are significantly different (P < 0.05);
two-way ANOVA. All data are from mice at 8 weeks of age.

of age, serum concentrations of FSH and LH were both reduced in male mutants compared with wild-
type control littermates (Figure 5D). Because female Pfchl mutants do not cycle (22), we measured
serum FSH and LH in mutants and random-cycling control littermate females, which displayed large
variability (Figure 5D). While serum FSH tended to be lower in the female mutants, the difference from
controls was not significant. In contrast, serum concentrations of LH were significantly lower in the
mutant females relative to controls.

To investigate whether reduced gonadotropin production in S100a4-Cre;Ptch!”" mutant mice was
caused by disrupted feedback signals from the gonads, mutant female mice were ovariectomized at 4
weeks of age and mRNA levels of Lab (LHP) and Fshb (FSHP) in the pituitary were measured by qPCR
at 8 weeks of age. Consistent with serum concentrations of FSH and LH, L4b mRNA was reduced and
Fshb was normal in the intact mutant females (Figure 5E). Following ovariectomy, levels of Lib and Fshb
mRNA increased in the control mice; in the mutants, no increase occurred for Fshb mRNA, whereas Lhb
mRNA increased but remained significantly lower compared with controls. The relative mRNA levels
of Fshb and Lhb were consistent with significantly reduced serum FSH and LH levels after ovariectomy
in Ptchl mutants compared with controls (Supplemental Figure 1D). These results indicate that pituitary
gonadotropin production is impaired in both male and female S100a4-Cre;Ptch”” mutant mice, likely
contributing to their hypogonadism.

Adult Ptchl-mutant mice exhibit severe and sexually dimorphic abnormalities in pituitary endocrine functions. To
understand the cause of impaired gonadotropin production in S700a4-Cre;Ptch "’ mutant mice, we mea-
sured mRNA levels of key genes regulating pituitary endocrine functions and found alterations in multiple
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Figure 6. Adult Ptch1-mutant mice exhibit severe pituitary abnormalities with sexually dimorphic manifestation. Relative mRNA levels of pituitary
endocrine function genes in whole pituitaries of wild-type controls and homozygous Ptch1 mutants at 8 weeks (A), 4 weeks (B, bars of brighter gray and
brown colors), and 5 weeks (B, bars of darker grey and brown colors) of age (B). Total RNA was assayed by qPCR and the concentration of each transcript was
normalized to that of housekeeping gene Rpl19. Data are presented as fold change of mRNA levels in mutants versus wild-type controls (n > 5). *P < 0.05; **P
< 0.01; ***P < 0.007; Student’s t test. (C) Representative images of pituitary morphology at 8 weeks of age. Scale is in units of millimeters. (D) Representative
images of transmission electron microscopy on pituitary tissues from control and Ptch7 mutant mice at 8 weeks of age. Endocrine cell types are identified
according to their ultrastructural features and labeled with the name of the hormones they produce. The images of gonadotropes are from male mice, and the
images of thyrotropes and somatotropes are from female mice. Scale bars: 5 um and 2 pm (top middle image). (E) Relative mRNA levels of genes in the HH
signaling pathway in whole pituitary tissues of wild-type controls and homozygous Ptch1 mutants at 8 weeks of age (n > 5). Total RNA was assayed by gPCR
and the concentration of each transcript was normalized to that of housekeeping gene Rpl19. Data are represented as mean + SD. *P < 0.05; Student’s t test.

pathways in these mutants at 8 weeks of age (Figure 6A). Specifically, mRNA levels of the gene encoding

the a subunit of glycoprotein hormones (Cga) were drastically reduced in both sexes. The o subunit of gly-
coprotein hormones is required for the biosynthesis of LH, FSH, and TSH. In S§/00a4-Cre,; Ptch """ mutant
mice, TSHP (7shb) mRNA levels were elevated in both sexes, consistent with previous studies where Tskb
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mRNA levels were elevated in Cga-knockout mice (29). Also consistent with data from the ovariectomy
experiment described above, the levels of mRNA for Fshb was normal in the mutant females, whereas LAib
in the mutant females, as well as Lib and Fshb in the mutant males, all had reduced mRNA levels. These
abnormalities are unlikely related to defective differentiation or proliferation of gonadotropes, as evidenced
by normal levels of mRNA for gonadotropin-releasing hormone receptor (Gnrhr; Supplemental Figure 2B).
Similarly, given the normal levels of mRNA for POU domain, class 1, transcription factor 1 (PoulfI; Sup-
plemental Figure 2B), differentiation of thyrotropes, somatotropes, and lactotropes are likely unaffected by
Prchl ablation. While GH (Gh) mRNA levels were elevated in both sexes, mRNA levels of prolactin (Pr/)
and pro-opiomelanocortin-o, (Pomc, encodes precursor of ACTH) were elevated in female but not male
mutants. Despite the increased transcript levels of Pomc in female mutants, serum corticosterone levels
were normal in both males and female mutants (Supplemental Figure 2C). In contrast to 8 weeks of age,
transcript levels for all the above-mentioned genes were normal at 4 weeks of age in female mutants and 5
weeks of age in male mutants (the age of puberty onset in each sex, respectively; Figure 6B), except for a
decrease in mRNA levels of Cga in male mutants at 5 weeks of age. The mostly normal transcript levels in
the mutant mice at 4-5 weeks of age are consistent with their normal pituitary morphological appearances
at 4.5 weeks of age (Supplemental Figure 2A). With the severely abnormal pituitary endocrine function, it
is not surprising that S/00a4-Cre; Prch " mutant mice frequently die at around 12 weeks of age. Together,
these data indicate that abnormal pituitary endocrine function in S/00a4-Cre; Ptch”# mutant mice occurs
during the transition between the onset of puberty and adulthood.

Given the above-described range of abnormal gene expression in the pituitaries of S100a4-Cre; Ptch ™"
mutant mice at 8 weeks of age, it was not surprising that the pituitary gland in these mutants also
exhibited morphological abnormalities. Pituitary glands from both sexes are consistently smaller in the
mutants, with frequent reddish appearance, suggesting that they may be hemorrhagic (Figure 6C). We
employed transmission electron microscopy (TEM) to further understand how different endocrine cell
types in the pituitary were affected in these mutant mice (Figure 6D). While gonadotropes appeared
normal in the mutants of both sexes, thyrotropes in both male and female mutants displayed extensive
expansion of dilated endoplasmic reticulum (ER), which was also observed in Cga-knockout mice and
suggests ER stress (29). Secretory granules in thyrotropes distributed evenly across the cytoplasm in
the control mice, but clustered near the cytoplasmic membrane in the mutant mice, suggesting abnor-
mal production of TSH. Somatotropes exhibited abnormal morphology in female mutants, in which
they had a shrunken appearance, with irregular cytoplasmic membrane and smaller size. These results
demonstrate that S100a4-Cre,; Ptch """ mutant mice have severe and sex-specific abnormalities in pitu-
itary endocrine functions that are not restricted to gonadotropes.

To determine whether S7100a4-Cre activity disrupts HH signaling activity in the adult pituitary gland, we
analyzed expression of transcripts for key pathway components at 8 weeks of age in both male and female
mice (Figure 6E). Levels of mRNA for Prtchl, Ptch2, and Gli2 were increased in the female mutants, and lev-
els of Dhh, Prchl, Glil, and HH-interacting protein (Hhip) were increased in the male mutants as compared
with controls. These results indicate that HH signaling is active in the adult pituitary and increased due to
8100a4-Cre activity. In particular, the increase in the levels of Prchl mRNA must originate from cells that do
not express S100a4-Cre, suggesting paracrine crosstalk between Cre-expressing cells and other cell types in
the anterior pituitary. To test this hypothesis, we aimed to localize Ptch] mRNA in the adult anterior pitu-
itary using RNA in situ hybridization (Supplemental Figure 4A). Although the signal for Prchl mRNA was
too low to ascertain its specific cellular localization, it tended to be stronger in the mutants of both sexes
compared with controls, consistent with qPCR results.

Adiposity and adipose tissue—derived factors, such as leptin, are known to play a role in regulating
pituitary endocrine function (30). We observed that S100a4-Cre;Ptch "’ mutant mice have severely reduced
adiposity by 8 weeks of age (Supplemental Figure 2E), and suspected that this might be a major cause
of the abnormal pituitary function. To test this, we analyzed pituitaries from mice with ablation of the
gene Berardinelli-Seip congenital lipodystrophy 2 (Bsc/2, also known as seipin; refs. 31, 32). Bsc/2-knock-
out mice have similar reductions in adiposity as S100a4-Cre;PtchI”” mutant mice, but normal levels of
mRNA for key pituitary functional genes (Supplemental Figure 2F), indicating that the reduced adiposity
in §100a4-Cre;Ptch ! mutant mice is not sufficient to explain their abnormal pituitary function. We also
measured the transcript levels of hypothalamic genes that are critical for pituitary function (Supplemental
Figure 3). Notably, transcript levels of KiSS-1 metastasis-suppressor (Kiss/) and Ghrh were significantly
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Figure 7. Expression of S100a4-Cre is restricted to CD45" cells, including FS cells, in the anterior pituitary and leads to malfunction of these cells.
(A) Representative images of IF staining for GFP in the anterior pituitary of S100a4-Cre;mTmG reporter control mice. RBC, red blood cell. Scale bars: 200

um and 20 um. (B) Representative

images of transmission electron microscopy (TEM) of immunogold labeling of GFP on pituitary tissue sections from

5100a4-Cre;mTmG reporter mice at 8 weeks of age. Arrows point to immunogold signals. FS, folliculo-stellate cell; EC, endothelial cell. Scale bars: 200
nm (top panels) and 500 nm (bottom panels). (C) The percentage of CD45-positive cells among GFP-positive cells in the pituitaries of S700a4-Cre;mTmG
reporter control mice analyzed by flow cytometry. The image represents results from 4 independent samples. (D) Representative images of TEM of FS cells

in control and Ptch1-mutant mice.

FS cells are identified according to their ultrastructural features. Scale bar: 10 um. (E) Relative mRNA levels of genes

involved in the pituitary microenvironment in whole pituitary tissues of wild-type controls and homozygous Ptch1 mutants at 8 weeks of age (n > 5). Total
RNA was assayed by gPCR and the concentration of each transcript was normalized to that of the housekeeping gene Rpl/19. Data are represented as mean
+SD. *P < 0.05; Student’s t test. All data are from mice at 8 weeks of age.

reduced in the hypothalamus of both male and female S700a4-Cre;Ptch " mutant mice. There was no
difference in transcript levels of Gnrhl, thyrotropin-releasing hormone (77%), corticotropin-releasing hor-
mone (Crh), or somatostatin (Sst). These data suggest that hypothalamic factors contribute to, but cannot
fully account for, the pituitary phenotype in S/00a4-Cre;Ptch"’# mutant mice. We also measured transcript
levels of Ptchl in hypothalamus of control and mutant mice but did not detect any difference (Supplemen-
tal Figure 3), indicating that altered hypothalamic gene expression in the mutants is caused not by Prtchl
ablation in the hypothalamus, but rather by feedback from peripheral tissues.

Deletion of Ptchl by S100a4-Cre in CD45* hematopoietic cells of the anterior pituitary, in particular FS cells, alters
pituitary local microenvironment. To understand the underlying cause of the severe pituitary abnormalities in
8100a4-Cre;Prch " mutant mice, we first determined the pituitary cell type in which S700a4-Cre is expressed by
IF staining of Cre-dependent expression of GFP (Figure 7A). In the anterior pituitary, GFP* cells were dispersed
throughout the tissue (Figure 7A). The cytoplasmic-membrane-localized GFP revealed multiple cellular protru-
sions (Figure 7A). The distribution and morphology of GFP* cells resembled those described previously for FS
cells, which are pituitary-specific nonendocrine cells that can influence endocrine cell function through secreted
molecules and direct contact—dependent intercellular interactions (33-35). S100 proteins, in particular S100p,
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are expressed by FS cells in the anterior pituitary in rats but not mice (35). We postulated that perhaps instead
of S100B, FS cells in the adult mouse pituitary express S1I00A4. This appears not to be the case, as IF staining
revealed very few cells expressing S100A4 protein (Supplemental Figure 4C, left), suggesting that like the ovary,
§100a4-expressing cells in the adult pituitary are not resident but infiltrate from the circulation. To determine
whether GFP* cells are indeed FS cells, we performed immunogold labeling of GFP on ultrastructural sections
of pituitary tissue followed by TEM. In both male and female S/00a4-Cre;m TG reporter—positive control mice
that express GFP, numerous anti-GFP immunogold particles were identified in FS cells based on their ultra-
structural features (Figure 7B); in contrast, only minimal immunogold signals were observed in other cells such
as endothelial cells (Figure 7B). Pich " mice that do not express GFP were used as additional controls and only
minimal immunogold signals were present in FS cells of these mice (Figure 7B). We further demonstrated that
a small subpopulation of S700a4-Cre—expressing cells also take up p-Ala-Lys-Ne-AMCA (Supplemental Figure
4B), which is taken up specifically by the FS cells of the anterior pituitary in rat and fish (36, 37). Similar to our
observations in the ovary (Figure 4), approximately 90% of GFP* cells also expressed CD45 (Figure 7C). The
hematopoietic cell identity of GFP* cells was further supported by co-IF staining of S100a4-Cre;tdTomato with
that of F4/80 (marker for monocytes such as macrophages; Supplemental Figure 4C, right, and ref. 38). Taken
together, these results indicate that S/00a4-Cre activity in the anterior pituitary gland was restricted to CD45*
cells derived from the hematopoietic lineage, such as FS cells and possibly also macrophages.

Altered FS cell function contributes to pituitary abnormalities of Ptchl-mutant mice through sexually dimorphic
mechanisms. We therefore assessed whether S100a4-Cre activity in FS cells of S100a4-Cre;Ptch ™" mutant
mice might explain their severely impaired pituitary endocrine function. At the ultrastructural level, TEM
revealed that while many FS cells in the mutants had normal appearance, there were also many FS cells
with shrunken cytoplasm, shortened cellular protrusions, and nuclear fragmentation that are typical of
apoptotic cells (Figure 7D). Cellular protrusions in FS cells are important for their network formation and
interactions with endocrine cells in the pituitary (36, 37, 39, 40); hence, abnormalities in these protrusions
likely contribute to the endocrine phenotype in the S100a4-Cre; PtchI”’# mutant mice.

To assess the contribution of FS cells to the pituitary abnormalities in these mutants, we mea-
sured mRNA levels for genes that are associated with pituitary local microenvironment and expressed
prominently in FS cells (Figure 7E and ref. 39), including follistatin (F5¢), interleukin 6 (I/6), vascular
endothelial growth factor A (Vegfa), nitric oxide synthase 1 (NosI), fibronectin 1 (Fn!), and macrophage
migration inhibitory factor (Mif). Among these, only Vegfa showed no difference between mutants and
controls. Fst was increased in the mutants of both sexes; the other genes exhibited sexually dimorphic
alterations in mutants compared with controls, with increased transcripts of /6 and Nos!I in females and
Fnl in males. Transcript levels of Mif were decreased in female but not male mutants. Except for Ihh,
none of these genes nor key genes within the HH signaling pathway showed abnormal levels of mRNA
in the Bsc/2-knockout mice (Supplemental Figure 4, D and E), indicating that their abnormal expression
in the S100a4-Cre; Ptch " mutant mice was not simply due to reduced adiposity. These results indicate
that the functional disruption of pituitary CD45" cells, including FS cells, contributes to the endocrine
abnormalities in S100a4-Cre;Ptch 1’/ mutant mice.

Discussion
Results in this report highlight what we believe is a new function of CD45" hematopoietic cell lineages
in regulating fertility and pituitary endocrine functions. Using the S100a4-Cre;Ptch "’ transgenic mouse
model and lineage tracing with the m TmG reporter in the ovary, testis, and pituitary, we have demonstrat-
ed that cells with §/00a4-Cre—dependent GFP expression are present in each tissue and are mostly CD45
positive. GFP*CD45* cells are associated primarily with theca/stroma cells and atretic follicles in ovaries
and Leydig cells in the testis. Moreover, in the pituitary we show that the GFP* cells are likely a heteroge-
neous population with FS cells as a subset. Our studies provide in vivo evidence that disruption of PTCH1
signaling in CD45* hematopoietic cells, including FS cells, has functional impact on multiple pituitary
endocrine cells. Most notable is the decreased expression of Cga and gonadotropin production. Thus,
8100a4-Cre, Ptch 1" mutant mice provide a model by which to understand how HH signaling in hematopoi-
etic cells impacts adult-onset hypogonadotropic hypogonadism and pituitary endocrine disorders.

The S100a4-Cre mouse line is a useful tool to study in vivo functions of hematopoietic cells in endocrine organs. Results
reported here demonstrate that in reproductive organs including the ovary, testis, and pituitary, the majority of cells
expressing S100a4-Cre are CD45* cells of hematopoietic lineages (Figures 4 and 7 and Supplemental Figure 1).
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Furthermore, we observe tissue-specific cell-type localization of S100A4 and S100a4-Cre (as indicated by the
GFP reporter expression), in the testis versus the ovary. In the testis, immunolabeling of S100A4 and GFP
appear to be in the same populations in the interstitial cells surrounding the seminiferous tubules that are not
CYP17A1* Leydig cells (Figure 4E). In the ovary, GFP* cells are widespread in stromal tissue and apoptotic
follicles but immunostaining reveals very few S100A4-expressing cells in the stroma-interstitial tissues, and even
fewer cells express both GFP and S100A4 (Figure 4A). These observations suggest that while GFP* cells in the
testis are resident, the GFP* cells present in the ovary are derived from the circulation. This conclusion is fur-
ther supported by the ovarian transplant experiment (Figure 5C) in which GFP* cells were absent in ovaries of
8100a4-Cre; Pech1"!,m TimG mutant mice that were transplanted to wild-type (GFP") hosts. Infiltrating immune
cells in the ovary are involved in apoptosis, ovulation, and luteinization (24, 41). Because the S100a4-Cre; Ptch ™"
mice are infertile, fail to ovulate, and exhibit a reduced response to superovulation at 8 weeks of age (Figure 3,
C and D), it is likely that the Prchl-deficient immune cells present in the ovary have reduced ability to control
key events mediating ovulation and luteinization. Alternatively, failure of ovulation in these mice with exoge-
nous gonadotropin administration may also be a consequence of long-term low LH levels.

In the anterior pituitary, S100a4-Cre appears to be active predominantly in hematopoietic cells, includ-
ing FS cells. Similar to our observations in the ovary, we detected very few cells with expression of S100A4
protein in the anterior pituitary, suggesting the GFP* cells are hematopoietic cells infiltrating from the
circulation. Future studies are needed to test whether this is indeed the case. Specifically, a detailed analy-
sis of S100A4 and S100a4-Cre;mTmG expression from embryonic development to neonatal, juvenile, and
adulthood should help clarify the origin and dynamics of pituitary hematopoietic/immune cells. Although
8§100a4-Cre activity is restricted to CD45* cells in the anterior pituitary, we cannot entirely rule out that the
pituitary phenotype in S100a4-Cre;Ptch "' mutants is related to, or caused by, S100a4-Cre activity in non-
pituitary tissues. For example, in addition to S100a4-Cre activity in the gonads, SI00A4 protein has been
reported to be expressed in astrocytes of the brain (42). GFP expression driven by the S100p promoter in
rat is also detected in bones and adipose tissues (43). However, we have demonstrated that pituitary gonad-
otropin deficiency in S100a4-Cre; Ptch”” mutants is not dependent on gonadal factors (Figure 5E); in addi-
tion, a transgenic mouse line that is depleted of adipose tissues (Bsc/2~ mice) does not exhibit a pituitary
phenotype similar to that in the S100a4-Cre; Ptch " mutants, supporting the idea that reduced adiposity in
the latter is not the primary cause of their pituitary abnormalities. Instead, our current data suggest that
pituitary endocrine disorders can arise via local interactions. Specifically, in the S100a4-Cre;PtchI"" mutant
mice we observed FS cells with morphological alterations typical of apoptotic cells (Figure 7D). We also
detected abnormal mRNA levels of transcripts that are enriched in FS cells and encode important factors
within the pituitary local microenvironment, such as Fst, Fnl, and 16 (Figure 7E). Although it is possible
that these alterations in FS cells are a consequence, instead of a cause, of pituitary dysfunction due to
pituitary-extrinsic factors, these data suggest that FS cells contribute to the pituitary phenotype observed
in S§100a4-Cre;Ptch " mutant mice. Notably, FS cells are a heterogeneous population and future studies
are needed to clarify their classification as, and functional relationship with, hematopoietic/immune cells.

While our current findings focus on the gonads and the pituitary, there are also effects of Prchl abla-
tion by $100a4-Cre on other organs, such as those previously reported in the mammary gland (22). These
phenotypes together lead to a key outstanding question: to what extent do the phenotypes observed in indi-
vidual organs derive from local/resident versus circulating hematopoietic cells? What are the compounding
effects of pituitary hormone disorders on these phenotypes? The answer to these questions requires sub-
stantial advances with regard to the relationship between local/resident and circulating hematopoietic cells
in terms of their differentiation and function in individual tissue types.

Cells of hematopoietic lineages as potential targets of HH signaling in the tissue microenvironment. HH signaling
regulates numerous developmental processes mainly as a mediator of crosstalk between parenchymal and
mesenchymal tissue compartments (16). Although HH signaling network members are expressed in T and
B cells and modulate the specification and development of these cells (44—46), functions of HH signaling in
non-B or —T cells remain to be characterized. In the testis, for example, while HH ligands are expressed in
Sertoli cells, the signaling receptor Ptchl is expressed in the stromal-interstitial tissues surrounding the sem-
iniferous tubules and regulates Leydig cell differentiation and function (6). Our data suggest that at least
in the adult testis, the HH signaling receptor PTCH]1 is likely expressed in CD45" cells of hematopoietic
lineages. Thus, it is tempting to speculate that these cells may also be targets of HH ligands from Sertoli
cells (or other cells), and perhaps, by providing local production of cytokines, can impact steroidogenesis

insight.jci.org  https://doi.org/10.1172/jci.insight.126325 13


https://doi.org/10.1172/jci.insight.126325

. RESEARCH ARTICLE

of adjacent Leydig cells. In human anterior pituitary, PTCH1 is expressed at detectable levels and its local-
ization correlates with that of FS cells (47). In addition, the adult human pituitary is responsive to manip-
ulations of canonical HH signaling activity (48). In the S100a4-Cre; PtchI"! mutant mice, transcript levels of
Ptchl are increased in the pituitaries of both sexes (Figure 6E). This counterintuitive finding supports the
idea that HH signaling can be activated in the adult mouse pituitary, and suggests that the increased tran-
script level of Ptchl derives from non—S700a4 cell lineages in the pituitary, reflecting paracrine interactions
and alterations. Human genome-wide association study (GWAS) data show that mutations in HH signal-
ing components, including GLI2 and PTCH], are involved in pituitary hormone disorders and adenomas
(8, 49, 50). Therefore, future studies aimed to elucidate whether HH signaling regulates the differentiation
and/or function of hematopoietic cells in adult ovary and pituitary may provide novel insights into the
physiology and dysfunction of these 2 organs.

Insights into the function, expression, and regulation of Cga. Regarding pituitary endocrine function, the
most profound and consistent phenotype in the S700a4-Cre;Prch1”? mutant mice is the reduced expression
of Cga mRNA in both sexes (Figure 6A). Reduced Cga transcript levels are also the earliest change we
detected in the pituitaries of these mice, occurring at 5 weeks in the mutant males, when no other physio-
logical abnormality was detected. Low Cga expression and the associated reduction in FSH and LH levels
exert a major impact on the gonadal phenotypes we observe in the S100a4-Cre;Ptch!"" mutants. These
mutant mice share similarities with the Cga-knockout mice (Cga~") that exhibit hypogonadism during post-
neonatal development when the gonads become gonadotropin dependent (51). Despite the severe hypogo-
nadotropic phenotype, the size and number of pituitary gonadotropes appeared normal and comparable in
both male and female mutants (51). In addition, thyrotropes in both mutants exhibited dilated ER, likely
reflecting the lack of negative feedback due to diminished Cga expression and thyroid hormone production.
By early adulthood a significant reduction in body weight was observed in both sexes, likely associated with
thyroid hormone dysregulation, with the onset of reduction occurring earlier in Cga~’~ mice (3 weeks of
age) compared with S100a4-Cre; Ptch """ mutant mice (after 5 weeks of age). It is possible that because the
sizes of pituitaries from S100a4-Cre,; PtchI"" mutant mice were significantly smaller compared with controls
at 8 weeks of age, the alterations in pituitary gene expression may either reflect reduced numbers of a
specific endocrine cell population, or alternatively, reduced transcript levels in individual endocrine cells.

Despite many similar phenotypic features between Cga~~ and SI100a4-Cre;Ptch™" mutant mice, dif-
ferences are also present; transcript levels of G/ and Prl are reduced in Cga”~ mutants but increased in
8100a4-Cre; Ptch """ mutants (Figure 6A), and the number of lactotropes is significantly reduced in Cga~~
mutants while the Pr/ transcript level is significantly increased in female S100a4-Cre;Ptch ™" mutant mice.
These differences suggest additional mechanisms, independent from Cga, through which Prchl deletion
may lead to pituitary abnormalities or, alternatively, a developmental stage-specific effect of Cga deficiency.
It is unclear how some endocrine cells appear to have enhanced while others have diminished hormone-en-
coding gene expression in the S100a4-Cre;Ptch1”” mutant mice. However, this is plausible given a previously
proposed role of pituitary immune cells, in particular FS cells, in forming an intrapituitary network and
coordinating activities of different endocrine cell types (36). Furthermore, even though we did not find any
report on human patients with concurrence of low TSH and high GH, such divergent changes in distinct
pituitary endocrine axes are also observed in other transgenic mouse models, such as in mice with Foxp3
and Zbtb20 ablation, respectively (52, 53). Taken together, our findings raise the possibility that pituitary
hematopoietic/immune cells play a role in regulating Cga expression via their interactions with endocrine
cells, presumably involving HH signaling.

CD45" hematopoietic cells contribute to pituitary sexual maturation and local microenvironment. During the
transition from puberty to adulthood, the pituitary gland undergoes drastic structural and functional reor-
ganization. For example, numbers of gonadotropes and somatotropes increase and the vascular network
of the gland elaborates substantially (15). Sexually dimorphic features are also prominent; a transient
increase in the clustering of somatotropes during puberty is observed only in males but not females (54,
55). Although signals from the hypothalamus are key drivers of these changes during pituitary sexual matu-
ration, the extent to which pituitary-intrinsic regulatory mechanisms contribute to these processes remains
to be defined (15, 56). Our current data provide evidence for a previously underappreciated role of a CD45*
cell population including FS cells, in regulating pituitary sexual maturation. We find that pituitaries of both
male and female S/00a4-Cre; Prch " mutants display normal expression of key endocrine genes at the onset
of puberty, but severe functional defects by early adulthood (Figure 6, A and B). Compared with congenital
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hypogonadotropic hypogonadism, which is extremely rare and mostly caused by mutations in the gonad-
otropin-releasing hormone (GnRH) signaling pathway (57), acquired adult-onset hypogonadotropic hypo-
gonadism is both much more common and less well understood (58). Our current findings suggest a role
for pituitary hematopoietic/immune cells in the etiology of acquired hypogonadotropic hypogonadism.

We also identified sexually dimorphic expression alterations of several FS cell-enriched local growth
factors, cytokines, and extracellular matrix components in S100a4-Cre; Ptch """ mutants. While the mecha-
nisms by which these factors may contribute to the pituitary phenotype remains to be determined, previous
studies show that their production does not occur until the time around puberty, supporting their role in this
critical transition period (59). While the mechanism of how hematopoietic cells, including FS cells, regu-
late pituitary endocrine cell functions remains incompletely understood, at least 2 potential mechanisms
may be at work: (a) pituitary hematopoietic cells exert distinct effects on different pituitary endocrine cell
types, and/or (b) they exert effects (such as on extracellular matrix structure and tissue organization) that
can impact different pituitary endocrine cells in distinct ways. Another possibility is that ablation of Prchl
in §100a4 cell lineages alters the recruitment and/or activation of other immune cells, such as regulatory
T cells. This hypothesis is based on the resemblance of multiple phenotypes between S100a4-Cre;Prch1™?
mice and the “scurfy mice,” in which the regulatory T cell transcription factor Foxp3 is deleted (53, 60-62).
Similar to the S100a4-Cre;PtchI™" mutant mice, Foxp3-mutant mice are also infertile, and exhibit aberrant
transcript levels of several key pituitary endocrine genes. Future studies are needed to test these hypotheses
and define the mechanism by which immune cells regulate pituitary endocrine functions.

In summary, the S100a4-Cre;Ptch™" mouse model provides strong evidence that PTCH1-dependent
HH signaling activity in CD45* cells plays a role in adult-onset hypogonadotropic hypogonadism. Our
findings also corroborate the conclusion from previous studies that systemic defects caused by Prchl dele-
tion in these mice are responsible for the stunted mammary duct development (22, 23). Disruption of HH
signaling in pituitary hematopoietic cells may be a previously underappreciated cause of hypogonadotropic
hypogonadism and other pituitary hormone disorders.

Methods
Real-time qPCR analysis of gene expression (63), histology and immunostaining, ovariectomy and ovarian
transplant, and flow cytometry are detailed in the supplemental methods.

Animal models and treatments. Mice with the Prchl° allele (Ptch " here) were provided by Brandon
Wainwright (64). Animals carrying the S7/00a4 promoter—driven Cre recombinase were a gift from
Eric Neilson (Vanderbilt University, Nashville, Tennessee, USA). In this model, Cre recombinase is
expressed in fibroblasts and some myeloid cells (27). We also used mice carrying mTmG (Jackson
Laboratory, Gt(ROSA)26Sorm4ACTBdTomaio,~EGFI] 116/J) and tdTomato (Jackson Laboratory, Gt(RO-
SA)26Sortm4CAGdTomatze) Cre reporter. Breeding was accomplished by crossing S100a4-Cre;Ptrch "
males with Ptchl”*or Ptchl™ females of different genotypes for Prchl. Martin J. Cohn (University of
Florida, Gainesville, Florida, USA) provided the testis of Ptchl-LacZ mice (65).

For superovulation studies, animals at postnatal day 22 or 8 weeks of age were injected with 5 TU
equine chorionic gonadotropin (eCG) followed by 5 IU hCG 48 hours later, with harvest 16 hours after
hCG treatment (Sigma-Aldrich, CG5-1VL). To measure the concentration of hormones in the circulation,
male mice were caged individually in the absence of a female for 1 week prior to serum collection. Serum
hormone levels were assayed by the University of Virginia Ligand Core (n = 6 samples per genotype).

Ovariectomy and ovarian transplant. To determine whether gonadal factors are contributing to pituitary
phenotypes in the S100a4-Cre;Ptch”” mutant mice, we surgically removed both of their ovaries at 4 weeks
of age. Ovaries were also removed from their wild-type littermates at the same age for comparison. Pitu-
itary functions were examined at 8 weeks of age after ovariectomy. To determine whether the hypotrophic
ovaries in S100a4-Cre;PtchI™" mutant mice were caused by ovary-intrinsic versus -extrinsic factors, ovaries
of these mutant mice were transplanted into the bursa of wild-type littermates at 4 weeks of age. At the
same age, ovaries were also transplanted from wild-type mice to their wild-type littermates as controls.
Ovarian tissues were collected and analyzed at 8 weeks of age, 4 weeks after the transplantation, to assess
their function and health. Four mutant and 4 control mice were used for each experiment.

Sperm count and sperm motility assessment. The cauda epididymis was placed in 1 mL Embryo-max HTF
media (MiliporeSigma, MR-070-D) prewarmed to 37°C for 15 minutes. For counting, sperm were diluted
in sterile water and counted using 5 fields of a hemocytometer. For motility, sperm were placed on a slide
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under a coverslip and 200 sperm were counted and characterized as motile or nonmotile. Counts were per-
formed in triplicate for each sample.

Tissue processing, immunogold labeling, and TEM. Anterior pituitary glands were cut into halves using a
scalpel blade. Both halves were fixed by immersion for 3 hours at room temperature, with one half in 3%
paraformaldehyde/0.05% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for immunogold labeling, the
other half in 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 3 hours at
room temperature for optimal cell ultrastructure imaging. Protocols for immunogold labeling and optimal
cell structure imaging are detailed in the supplemental methods.

Primer sequences. See Supplemental Table 1.

Antibodies and immunostaining conditions. See Supplemental Table 2.

Statistics. For all quantitative comparisons, data are presented as mean * SD. For comparisons
between 2 groups, statistical significance was determined using the 2-tailed Student’s ¢ test. For com-
parisons between multiple groups, homogeneity of variance between groups was determined by the
Brown-Forsythe test. For multiple groups that meet the homogeneity of variances assumption, 1-way
ANOVA was used to determine overall statistical significance, followed by the Student-Newman-Keuls
(SNK) post hoc test to determine significance between groups. A P value of less than 0.005 was con-
sidered statistically significant. Asterisks indicate statistical significance according to this legend: *P <
0.05: **P < 0.01; ***P < 0.001; ****P < 0.0001.

Study approval. Animals were maintained according to the NIH Guide for the Care and Use of Laboratory
Animals (National Academies Press, 2011) and with the approval from the Institutional Animal Care and
Use Committee (IACUC) at Baylor College of Medicine.
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