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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
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Introduction 55 

The hedgehog (HH) signaling pathway regulates both the development and function of endocrine 56 

organs and reproductive tissues, including mammary glands, gonads, and the pituitary gland. In 57 

mammary glands, activated canonical HH signaling impacts stromal/fibroblast cell function and 58 

branching of the mammary ducts (1). In the gonads, it regulates Leydig cell differentiation in the 59 

testis and theca cell recruitment and differentiation as well as vascularization in the ovary (2-6).  60 

HH signaling is also a key regulator of embryonic pituitary development (7). Human patients with 61 

disrupted HH signaling suffer from a wide range of pituitary pathologies including agenesis, 62 

combined pituitary hormone deficiency and adenocarcinoma (7-10). The anterior pituitary gland 63 

is a master endocrine organ that controls a myriad of important physiological functions via 64 

orchestrated hormone release by five specialized endocrine cell types: thyrotropes produce 65 

thyroid stimulating hormone (TSH) to regulate metabolism; corticotropes produce 66 

adrenocorticotropin (ACTH) to regulate stress response; somatotropes produce growth hormone 67 

(GH) to regulate body growth; lactotropes produce prolactin (PRL) to regulate lactation; and 68 

gonadotropes produce follicle-stimulating hormones (FSH) and luteinizing hormones (LH) to 69 

regulate reproductive functions. While signals from the hypothalamus are key drivers of pituitary 70 

development and function, the importance of an intra-pituitary regulatory network is also emerging 71 

(11-15). Given this functional and cellular complexity, it is not surprising that despite considerable 72 

effort in identifying the genetic and non-genetic factors causing pituitary hormone disorders, such 73 

as acquired hypogonadotropic hypogonadism, our understanding remains limited.  74 

 In mammals, signaling ligands Sonic, Indian, and Desert HH (SHH, IHH and DHH) are 75 

secreted morphogens that undergo multiple modifications to enable their short- or long-distance 76 

dispersion from the source cells (16). These ligands bind to the transmembrane receptors 77 

PATCHED1/2 (PTCH1/2), as well as 'co-receptors cell adhesion molecule-related/down-78 

regulated by oncogenes' (CDON) and 'growth-arrest-specific 1' (GAS1) to elicit downstream 79 



effects (17, 18). HH ligand binding to PTCH1 activates another transmembrane receptor, 80 

Smoothened (SMO). Signaling downstream of SMO is mediated by the 'GLI-Kruppel family 81 

member' (GLI) transcription factors 1, 2 and 3. Downstream transcriptional targets of the signaling 82 

activity include Gli1 and Ptch1 themselves, thus forming a self-regulatory feedback loop. While 83 

HH signaling plays a key role in the embryonic development of the gonads and pituitary, precisely 84 

what cell types are targeted by HH signaling at this early stage, as well as whether and how HH 85 

signaling may also regulate functions of the gonads and pituitary in adult life, remain to be defined 86 

(16, 19).   87 

 S100 calcium binding protein A4 (S100A4), also known as fibroblast specific protein-1 88 

(FSP1), is expressed in distinct stromal-interstitial cell types, such as fibroblasts, immune cells 89 

and tumor cells (20, 21). To investigate whether stromal-interstitial PTCH1 plays a role in 90 

regulating endocrine tissue development and function, S100a4-Cre mice were used to disrupt the 91 

Ptch1 gene by crossing them with Ptch1fl/fl mice (22). These mice displayed stunted mammary 92 

ducts which were partially rescued by transplantation to a wild-type host (22), implicating a defect 93 

in the hypothalamic-pituitary-gonadal (HPG) axis caused by the deletion of Ptch1 in stromal cell 94 

types. Indeed, fertility was reduced and estrous cycle was absent in these mutant mice, 95 

suggesting impaired ovarian function. Previous studies also showed that stunted mammary duct 96 

phenotypes of mice homozygous for a hypomorphic allele of Ptch1 (Ptch1mes) could be rescued 97 

by isograft of a wild-type pituitary, suggesting that Ptch1 is required for normal pituitary function 98 

(23). Therefore, we investigated whether PTCH1 in ovarian and pituitary stromal-interstitial cells 99 

is essential for the development and function of these two organs and, consequently, for female 100 

fertility. 101 

 Surprisingly, we found not only ovarian dysfunction but also testicular dysfunction in the 102 

S100a4-Cre;Ptch1fl/fl mice. Moreover, we found that the majority of S100A4-expressing cells in 103 

the gonads are not fibroblasts, but CD45+ (official gene name: protein tyrosine phosphatase 104 

receptor type C; abbreviated as Ptprc) hematopoietic cells. S100a4-Cre;Ptch1fl/fl mutant mice also 105 



exhibit severe defects in pituitary endocrine functions, including hypogonadotropic hypogonadism 106 

and multiple hormone disorders, which are not observed until the transition from puberty to 107 

adulthood. Integrated cellular and molecular analyses provide evidence that CD45+ cells in the 108 

pituitary of the S100a4-Cre;Ptch1fl/fl mice, including folliculo-stellate (FS) cells, exert abnormal 109 

functions that underlie disorders in pituitary endocrine cells. Together, our data demonstrate that 110 

dysregulation of HH signaling activity in pituitary hematopoietic cells impacts the sexual 111 

maturation of the pituitary gland and subsequent endocrine function during adult life.  112 

  113 



Results 114 

Genetic ablation of Ptch1 with S100a4-Cre leads to hypogonadism in adult female and male mice. 115 

Following previous observations that female S100a4-Cre;Ptch1fl/fl mice are infertile and exhibit 116 

mammary gland defects similar to those of estrogen receptor knockout mice (22), we investigated 117 

the cause of infertility and ovarian function in these mice. At 8 weeks of age, the ovaries and uteri 118 

of S100a4-Cre;Ptch1fl/fl females were severely hypotrophic (Figure. 1A and Table 1). Histological 119 

analyses of hematoxylin and eosin (H&E) stained ovarian tissue sections showed corpora lutea 120 

(CL) and follicles at various stages of development in wild-type controls (Ptch1fl/fl) and 121 

heterozygous mutants (S100a4-Cre;Ptch1fl/fl), whereas no CL were observed in S100a4-122 

Cre;Ptch1fl/fl homozygous mutants, and their follicles rarely grew beyond pre-antral stage (Figure 123 

1B). In addition, degenerating oocytes (Figure 1B, black arrows) appeared to be present more 124 

frequently in the ovaries of homozygous mutant mice compared to wild-type control and 125 

heterozygous mutant mice. Consistent with these histological observations, mRNA expression 126 

analyses by quantitative real-time PCR (qPCR) revealed reduced expression of critical genes 127 

involved in steroidogenesis, including cytochrome P450, family 17, subfamily a, polypeptide 1 128 

(Cyp17a1), cytochrome P450, family 11, subfamily a, polypeptide 1 (Cyp11a1), and luteinizing 129 

hormone/choriogonadotropin receptor (Lhcgr) (Figure 1C), indicating impaired ovarian function in 130 

homozygous mutant mice. Levels of mRNA for secreted frizzled-related protein 4 (Sfrp4) was 131 

reduced in the homozygous mutants relative to heterozygous mutants but not wild-type controls. 132 

In contrast, ovarian expression of anti-Müllerian hormone (Amh), a marker of pre-antral follicles, 133 

was increased in homozygous mutant mice, consistent with their histological enrichment of this 134 

follicle population. Levels of mRNA for follicle stimulating hormone receptor (Fshr) and androgen 135 

receptor (Ar) were normal in the homozygous mutants, suggesting normal granulosa cell 136 

differentiation.  137 



 Similar to females, S100a4-Cre;Ptch1fl/fl homozygous mutant males also exhibit 138 

hypogonadism (Figure 2 and Table 2). At 8 weeks of age, the size and weight of testis, epididymis 139 

and seminal vesicles in mutant mice were reduced compared to those of wild-type control mice 140 

(Figure 2A and Table 2). Because the body weight of mutant mice was also significantly reduced 141 

at this age compared to controls, the weights of male reproductive tissues were normalized to 142 

body weight. After normalization, testicular and epididymal weights of homozygous mutants were 143 

not significantly different from controls, whereas seminal vesicles remained hypomorphic. In 144 

addition, sperm count was drastically reduced and sperm motility was severely impaired (Table 145 

2). These defects suggest reduced testosterone production. Indeed, serum testosterone levels 146 

tend to be lower in the mutants compared to controls (Figure 2B), and genes crucial for 147 

testosterone production including Cyp11a1, Cyp17a1 and Lhcgr exhibited significantly reduced 148 

testicular mRNA levels (Figure 2C). In contrast, mRNA expression of Fshr and Amh was similar 149 

in mutant and control mice, suggesting normal development and function of Sertoli cells. To 150 

explore the basis of the abnormal spermatogenesis phenotype, periodic acid-Schiff (PAS) staining 151 

was applied to testis tissue sections (Figure 2D). While many seminiferous tubules appeared 152 

normal in the mutants, with germ cells present at all developmental stages, sporadic abnormal 153 

seminiferous tubule structures (impaired spatial hierarchy of spermatogenesis, areas of vacuoles, 154 

and multinucleated spermatids) were also observed. Together, these data document 155 

hypogonadism in both adult female and male homozygous S100a4-Cre;Ptch1fl/fl mutant mice.  156 

Hypogonadism in Ptch1 mutant mice develops during the transition from puberty to adult. To 157 

determine when hypogonadism arises in Ptch1 mutant mice, we assessed their reproductive 158 

tissues at 4 (females) and 5 (males) weeks of age. At this age, no differences in body or 159 

reproductive organ weights were observed in either males or females between controls and 160 

mutants (Table 1 and 2). Ovaries from Ptch1 mutants were histologically comparable to their wild-161 

type littermates, with the presence of CL and follicles at all developmental stages (Figure 3A). 162 



These observations are consistent with normal serum FSH and LH levels in the mutant mice at 163 

this age (Supplemental Figure 1A). Moreover, 5 week old, wild-type, heterozygous and 164 

homozygous Ptch1 mutant females ovulated similar numbers of oocytes upon super-ovulation 165 

(Figure 3B). When the same superovulation regimen was administered to mice at 8 weeks of age, 166 

histological assessment revealed that by 20 hour (h) post-human chorionic gonadotropin (hCG), 167 

multiple early CL had formed in wild-type females, but ovulation and luteinization failed to occur 168 

in the majority of pre-ovulatory follicles in the mutants, where oocytes and their surrounding 169 

cumulus cells were trapped in large antral follicles (Figure 3C). Consistent with these observations, 170 

significantly fewer oocytes were found in the oviduct of homozygous Ptch1 mutant females at 20 171 

h post-hCG (Figure 3D). Despite the lack of ovulation and failure of luteinization in these mutant 172 

mice, exogenous gonadotropin did rescue follicle development from pre-antral to pre-ovulatory 173 

stages. Taken together, these data indicate that the development of reproductive tissues and the 174 

onset of puberty in S100a4-Cre;Ptch1fl/fl mutant females and males are normal, and that 175 

hypogonadism develops during the transition between puberty and adulthood. 176 

S100a4-Cre is expressed in CD45+ hematopoietic cells in the gonads. We employed S100a4-177 

Cre;Ptch1fl/fl mutants that also expressed Cre-driven green fluorescent protein (GFP) (S100a4-178 

Cre;Ptch1fl/fl;mTmG) to determine what cell types in the gonads express S100a4-Cre. In these 179 

mice, R26mTmG drives expression of a membrane-associated red fluorescent protein that is 180 

switched to membrane-associated GFP upon Cre-mediated recombination, allowing in vivo 181 

lineage tracing of all cells in which recombination has occurred (GFP+ cells). Immunofluorescent 182 

(IF) staining in ovaries of reporter-positive controls at 8 weeks of age demonstrated GFP+ cells 183 

throughout the surrounding stromal tissue of growing follicles, dispersed in the CL, and in clusters 184 

at sites of degenerating follicles (Figure 4A, upper left). Granulosa cells or oocytes of growing 185 

follicles were negative for GFP. GFP+ cells in the S100a4-Cre;Ptch1fl/fl;mTmG mutant mice 186 

exhibited a similar pattern of distribution except that there were no CL (Figure 4A, upper right). 187 



Surprisingly, co-IF staining of GFP and S100A4 revealed very few co-stained cells (Figure 4A, 188 

lower panels). This staining also revealed very few S100A4-positive cells in the stromal-interstitial 189 

tissue of the ovary, which appeared to be true during earlier development (days 4, 12 and 22, 190 

Supplemental Figure 1B).  191 

Because S100A4 is more commonly known as fibroblast-specific protein 1 (FSP1), and 192 

widely used as a marker for fibroblast cells, we performed co-IF of GFP with fibroblast markers 193 

vimentin and ACTA2 to determine whether these cells are expressing Cre-dependent GFP. 194 

Because neither vimentin nor ACTA2 co-localized with GFP in the ovaries of control reporter-195 

positive mice (Figure 4B), the GFP+ cells do not appear to be fibroblasts; based on their 196 

morphology and distribution, they appeared instead to be infiltrating immune cells. This is 197 

supported by the observation that there were far fewer GFP+ cells in the ovaries of immature mice 198 

(day 22, Supplemental Figure 1B) compared to adults, suggesting these cells are recruited by 199 

gonadotropins in a cycling female, similar to intra-ovarian immune cells (24-26). To test whether 200 

GFP+ cells express immune cell markers, we performed immuno-staining for GFP and CD45, a 201 

marker for cells of hematopoietic origin, on adjacent sections of the ovary from S100a4-202 

Cre;mTmG reporter mice. GFP and CD45 positive cells exhibited a similar pattern of distribution, 203 

suggesting they are the same population of cells (Figure 4C). This observation was further 204 

confirmed by flow cytometry analyses of dispersed GFP+ cells from ovaries of S100a4-Cre;mTmG 205 

reporter control mice, in which about 90% of GFP+ cells also expressed CD45 (Figure 4D). It is 206 

likely that deletion of Ptch1 by S100a4-Cre occurred during early stage specification of CD45+ 207 

hematopoietic cells, as both S100A4 and PTCH1 are expressed in hematopoietic cells in human 208 

bone marrow (Supplemental Figure 1C), and S100a4-Cre is expressed as early as embryonic 209 

day 8.5 (27).  210 

 We also examined the morphology and distribution of GFP+ cells in the testis. 211 

Immunohistochemistry (IHC) staining demonstrated that GFP+ cells were within the stromal-212 

interstitial tissue of the testis (Figure 4E, lower left). In contrast to the ovary, S100A4+ cells were 213 



prevalent in the testis. They were located in interstitial space (Figure 4E, upper right), and most 214 

co-localized with GFP+ cells (Figure 4E, lower right). The stromal-interstitial localization of GFP+ 215 

and S100A4+ cells resembled that of PTCH1 itself, as revealed by Xgal staining in the testis of 216 

Ptch1-Xgal mice (Figure4E, upper left). Based on the localization of GFP+ cells, we further 217 

assessed whether S100a4-Cre is expressed in Leydig cells. This appeared not to be the case as 218 

indicated by the lack of co-localization of GFP and CYP17A1, a marker for steroidogenic Leydig 219 

cells (Figure 4F). Instead, the GFP+ cells intermingle with but were distinct from CYP17A1+ cells, 220 

suggesting they may be macrophages (28). Together, these data indicate that S100a4-Cre 221 

positive cells within the stromal-interstitial tissue of the gonads and are mostly CD45+ 222 

hematopoietic cells. 223 

Gonad-extrinsic factors contribute to hypogonadism in Ptch1 mutant mice. In the gonads of adult 224 

mice, although S100a4-Cre is mostly active in cells of hematopoietic lineages, this does not 225 

exclude the possibility that S100a4-Cre is expressed in other cell types during early gonadal 226 

development, leading to hypogonadism through gonad-intrinsic mechanisms. To test whether this 227 

might be the case, ovaries were transplanted from 4 week old S100a4-Cre;Ptch1fl/fl;mTmG mutant 228 

mice to their control littermates (Ptch1fl/fl;mTmG). Ovaries were also transplanted between control 229 

mice for comparison. At 8 weeks of age, ovarian function was rescued in ovaries transplanted 230 

from mutant to control mice (Figure 5A), in contrast to un-transplanted ovaries of mutant mice, in 231 

which follicles rarely grow to acquire an antral cavity (Figure 1B). Ovaries transplanted from 232 

mutant to control mice had antral follicles (F) and multiple CL, similar to those of transplanted 233 

ovaries from control mice (Figure 5B). Notably, despite the presence of CD45+ cells in ovaries 234 

transplanted from mutant mice, there were no GFP+ cells four weeks after the transplantation 235 

(Figure 5C), suggesting that S100a4-Cre-expressing cells in the ovary are mostly non-resident 236 

hematopoietic cells. We also attempted to test whether grafting wild-type bone marrow cells 237 

rescues fertility and pituitary endocrine functions in the S100a4-Cre;Ptch1fl/fl mutant mice. 238 



Unfortunately, we were not able to collect interpretable data because, even at a reduced dose, 239 

the irradiation used to first deplete host bone marrow hematopoietic cells also depleted most of 240 

the oocytes. Taken together, these results indicate that hypogonadism in female mutants is 241 

caused primarily by gonad-extrinsic factors.  242 

 The most important gonad-extrinsic factors regulating fertility are FSH and LH produced 243 

by the pituitary gland. Therefore, we measured serum FSH and LH in S100a4-Cre;Ptch1fl/fl 244 

mutants. At 8 weeks of age, serum concentrations of FSH and LH were both reduced in male 245 

mutants compared to wild-type control littermates (Figure 5D, upper panels). Because female 246 

Ptch1 mutants do not cycle (22), we measured serum FSH and LH in mutants and random cycling 247 

control littermate females, which displayed large variability (Figure 5D, lower panel). While serum 248 

FSH tended to be lower in the female mutants, the difference from controls was not significant. In 249 

contrast, serum concentrations of LH were significantly lower in the mutant females relative to 250 

controls.  251 

 To investigate whether reduced gonadotropin production in S100a4-Cre;Ptch1fl/fl mutant 252 

mice was caused by disrupted feedback signals from the gonads, mutant female mice were 253 

ovariectomized at 4 weeks of age and mRNA levels for (luteinizing hormone beta) Lhb and follicle 254 

stimulating hormone beta (Fshb) in the pituitary were measured by qPCR at 8 weeks of age. 255 

Consistent with serum concentrations of FSH and LH, Lhb mRNA was reduced and Fshb was 256 

normal in the intact mutant females (Figure 5E). Following ovariectomy, levels of Lhb and Fshb 257 

mRNA increased in the control mice; in the mutants, no increase occurred for Fshb mRNA, 258 

whereas Lhb mRNA increased but remained significantly lower compared to controls. The relative 259 

mRNA levels of Fshb and Lhb were consistent with significantly reduced serum FSH and LH 260 

levels after ovariectomy in Ptch1 mutants compared to controls (Supplemental Figure 1D). These 261 

results indicate that pituitary gonadotropin production is impaired in both male and female 262 

S100a4-Cre;Ptch1fl/fl mutant mice, likely contributing to their hypogonadism.  263 

 264 



Adult Ptch1 mutant mice exhibit severe and sexually dimorphic abnormalities in pituitary 265 

endocrine functions. To understand the cause of impaired gonadotropin production in S100a4-266 

Cre;Ptch1fl/fl mutant mice, we measured mRNA levels of key genes regulating pituitary endocrine 267 

functions and found alterations in multiple pathways in these mutants at 8 weeks of age (Figure 268 

6A). Specifically, mRNA levels of the gene encoding the alpha subunit of glycoprotein hormones 269 

(Cga) were drastically reduced in both sexes. The alpha subunit of glycoprotein hormones is 270 

required for the biosynthesis of LH, FSH and TSH. In S100a4-Cre;Ptch1fl/fl mutant mice, thyroid 271 

stimulating hormone subunit beta (Tshb) mRNA levels were elevated in both sexes, consistent 272 

with previous studies where Tshb mRNA levels were elevated in Cga knockout mice (29).  Also 273 

consistent with data from the ovariectomy experiment described above, the levels of mRNA for 274 

Fshb was normal in the mutant females, whereas Lhb in the mutant females, as well as Lhb and 275 

Fshb in the mutant males, all had reduced mRNA levels. These abnormalities are unlikely related 276 

to defective differentiation or proliferation of gonadotropes as evidenced by normal levels of 277 

mRNA for gonadotropin releasing hormone receptor (Gnrhr) (Supplemental Figure 2B). Similarly, 278 

given the normal levels of mRNA for POU domain, class 1, transcription factor 1 (Pou1f1) 279 

(Supplemental Figure 2B), differentiation of thyrotropes, somatotropes, and lactotropes are likely 280 

unaffected by Ptch1 ablation. While growth hormone (Gh) mRNA levels were elevated in both 281 

sexes, mRNA levels of prolactin (Prl) and pro-opiomelanocortin-alpha (Pomc, encodes precursor 282 

of ACTH) were elevated in female but not male mutants. Despite the increased transcript levels 283 

of Pomc in female mutants, serum corticosterone levels were normal in both males and female 284 

mutants (Supplemental Figure 2C). In contrast to 8 weeks of age, transcript levels for all the above 285 

mentioned genes were normal at 4 weeks of age in female mutants and 5 weeks of age in male 286 

mutants (the age of puberty onset in each sex, respectively) (Figure 6B), except for a decrease 287 

in mRNA levels of Cga in male mutants at 5 weeks of age. The mostly normal transcript levels in 288 

the mutant mice at 4~5 weeks of age are consistent with their normal pituitary morphological 289 

appearances at 4.5 weeks of age (Supplemental Figure 2A).  With the severely abnormal pituitary 290 



endocrine function, it is not surprising that S100a4-Cre;Ptch1fl/fl mutant mice frequently die at 291 

around 12 weeks of age. Together, these data indicate that abnormal pituitary endocrine function 292 

in S100a4-Cre;Ptch1fl/fl mutant mice occurs during the transition between the onset of puberty and 293 

adulthood. 294 

 Given the above described range of abnormal gene expression in the pituitaries of 295 

S100a4-Cre;Ptch1fl/fl mutant mice at 8 weeks of age, it was not surprising that the pituitary gland 296 

in these mutants also exhibited morphological abnormalities. Pituitary glands from both sexes are 297 

consistently smaller in the mutants, with frequent reddish appearance, suggesting that they may 298 

be hemorrhagic (Figure 6C). We employed transmission electron microscopy (TEM) to further 299 

understand how different endocrine cell types in the pituitary were affected in these mutant mice 300 

(Figure 6D). While gonadotropes appeared normal in the mutants of both sexes, thyrotropes in 301 

both male and female mutants displayed extensive expansion of dilated endoplasmic reticulum 302 

(ER), which was also observed in Cga knockout mice and suggests ER stress (29). Secretory 303 

granules in thyrotropes distributed evenly across the cytoplasm in the control mice, but clustered 304 

near the cytoplasmic membrane in the mutant mice, suggesting abnormal production of TSH. 305 

Somatotropes exhibited abnormal morphology in female mutants, in which they had a shrunken 306 

appearance, with irregular cytoplasmic membrane and smaller size. These results demonstrate 307 

that S100a4-Cre;Ptch1fl/fl mutant mice have severe and sex-specific abnormalities in pituitary 308 

endocrine functions that are not restricted to gonadotropes.  309 

 To determine whether S100a4-Cre activity disrupts HH signaling activity in the adult 310 

pituitary gland, we analyzed expression of transcripts for key pathway components at 8 weeks of 311 

age in both male and female mice (Figure 6E). Levels of mRNA for Ptch1, Ptch2 and Gli2 were 312 

increased in the female mutants, and levels of Dhh, Ptch1, Gli1 and hedgehog-interacting protein 313 

(Hhip) were increased in the male mutants as compared to controls. These results indicate that 314 

HH signaling is active in the adult pituitary and increased due to S100a4-Cre activity. In particular, 315 

the increase in the levels of Ptch1 mRNA must originate from cells that do not express S100a4-316 



Cre, suggesting paracrine crosstalk between Cre-expressing cells and other cell types in the 317 

anterior pituitary. To test this hypothesis, we aimed to localize Ptch1 mRNA in the adult anterior 318 

pituitary using RNA in situ hybridization (Supplemental Figure 4A). Although the signal for Ptch1 319 

mRNA was too low to conclude its specific cellular localization, it tended to be stronger in the 320 

mutants of both sexes compared to controls, consistent with qPCR results.  321 

 Adiposity and adipose tissue-derived factors, such as leptin, are known to play a role in 322 

regulating pituitary endocrine function (30). We observed that S100a4-Cre;Ptch1fl/fl mutant mice 323 

have severely reduced adiposity by 8 weeks of age (Supplemental Figure 2E), and suspected 324 

that this might be a major cause of the abnormal pituitary function. To test this, we analyzed 325 

pituitaries from mice with ablation of the gene Berardinelli-Seip congenital lipodystrophy 2 (Bscl2, 326 

also known as seipin) (31, 32). Bscl2 knockout mice have similar reductions in adiposity as 327 

S100a4-Cre;Ptch1fl/fl mutant mice, but normal levels of mRNA for key pituitary functional genes 328 

(Supplemental Figure 2F), indicating that the reduced adiposity in S100a4-Cre;Ptch1fl/fl mutant 329 

mice is not sufficient to explain their abnormal pituitary function. We also measured the transcript 330 

levels of hypothalamic genes that are critical for pituitary function (Supplemental Figure 3). 331 

Notably, transcript levels of KiSS-1 metastasis-suppressor (Kiss1) and growth hormone releasing 332 

hormone (Ghrh) were significantly reduced in the hypothalamus of both male and female S100a4-333 

Cre;Ptch1fl/fl mutant mice. There was no difference in transcript levels of gonadotropin releasing 334 

hormone 1 (Gnrh1), thyrotropin releasing hormone (Trh), corticotropin releasing hormone (Crh), 335 

or somatostatin (Sst). These data suggest that hypothalamic factors contribute to but cannot fully 336 

account for the pituitary phenotype in S100a4-Cre;Ptch1fl/fl mutant mice. We also measured 337 

transcript levels of Ptch1 in hypothalamus of control and mutant mice but did not detect any 338 

difference (Supplemental Figure 3), indicating that altered hypothalamus gene expression in the 339 

mutants is caused not by Ptch1 ablation in the hypothalamus, but rather by feedback from 340 

peripheral tissues.  341 

 342 



Deletion of Ptch1 by S100a4-Cre in CD45+ hematopoietic cells of the anterior pituitary, in 343 

particular folliculo-stellate (FS) cells, alters pituitary local microenvironment. To understand the 344 

underlying cause of the severe pituitary abnormalities in S100a4-Cre;Ptch1fl/fl mutant mice, we 345 

first determined the pituitary cell type in which S100a4-Cre is expressed by IF staining of Cre-346 

dependent expression of GFP (Figure 7A). In the anterior pituitary, GFP+ cells were dispersed 347 

throughout the tissue (Figure 7A, upper panel). The cytoplasmic membrane localized GFP 348 

revealed multiple cellular protrusions (Figure 7A, lower panels). The distribution and morphology 349 

of GFP+ cells resembled those described previously for FS cells, which are pituitary-specific non-350 

endocrine cells that can influence endocrine cell function through secreted molecules and direct 351 

contact-dependent intercellular interactions (33-35). S100 proteins, in particular S100β, are 352 

expressed by FS cells in the anterior pituitary in rats but not mice (35). We postulated that perhaps 353 

instead of S100β, FS cells in the adult mouse pituitary express S100A4. This appears not to be 354 

the case as IF staining revealed very few cells expressing S100A4 protein (Supplemental Figure 355 

4C, left), suggesting that similar to the ovary, S100a4-expressing cells in the adult pituitary are 356 

not resident but infiltrate from circulation. To determine whether GFP+ cells are indeed FS cells, 357 

we performed immunogold labeling of GFP on ultra-structural sections of pituitary tissue followed 358 

by TEM. In both male and female S100a4-Cre;mTmG reporter-positive control mice that express 359 

GFP, numerous anti-GFP immunogold particles were identified in FS cells based on their 360 

ultrastructural features (Figure 7B, upper panels, arrows); in contrast, only minimal immunogold 361 

signals were observed in other cells such as endothelial cells (EC) (Figure 7B, lower left). Ptch1fl/fl 362 

mice that do not express GFP were used as additional controls and only minimal immunogold 363 

signals were present in FS cells of these mice (Figure 7B, lower panels, arrows). We further 364 

demonstrated that a small subpopulation of S100a4-Cre-expressing cells also uptake β-Ala-Lys-365 

Nε-AMCA (Supplemental Figure 4B), which is taken up specifically by the FS cells of the anterior 366 

pituitary in rat and fish (36, 37). Similar to our observations in the ovary (Figure 4), approximately 367 

90% of GFP+ cells also expressed CD45 (Figure 7C). The hematopoietic cell identity of GFP+ cells 368 



was further supported by co-IF staining of S100a4-Cre;tdTomato with that of F4/80 (marker for 369 

monocytes such as macrophages) (Supplemental Figure 4C, right) (38). Taken together, these 370 

results indicate that S100a4-Cre activity in the anterior pituitary gland was restricted to CD45+ 371 

cells derived from the hematopoietic lineage, such as FS cells and possibly also macrophages.  372 

Altered FS cell function contributes to pituitary abnormalities of Ptch1 mutant mice through 373 

sexually dimorphic mechanisms. We therefore assessed whether S100a4-Cre activity in FS cells 374 

of S100a4-Cre;Ptch1fl/fl mutant mice might explain their severely impaired pituitary endocrine 375 

function. At the ultra-structural level, TEM revealed that while many FS cells in the mutants had 376 

normal appearance, there were also many FS cells with shrunken cytoplasm, shortened cellular 377 

protrusions, and nuclear fragmentation that are typical of apoptotic cells (Figure 7D). Cellular 378 

protrusions in FS cells are important for their network formation and interactions with endocrine 379 

cells in the pituitary (36, 37, 39, 40), hence abnormalities in these protrusions likely contribute to 380 

the endocrine phenotype in the S100a4-Cre;Ptch1fl/fl mutant mice.  381 

 To assess the contribution of FS cells to the pituitary abnormalities in these mutants, we 382 

measured mRNA levels for genes that are associated with pituitary local microenvironment and 383 

expressed prominently in FS cells (Figure 7E) (39), including follistatin (Fst), interleukin 6 (Il6), 384 

vascular endothelial growth factor A (Vegfa), nitric oxide synthase 1 (Nos1), fibronectin 1 (Fn1) 385 

and macrophage migration inhibitory factor (Mif). Among these, only Vegfa showed no difference 386 

between mutants and controls. Fst was increased in the mutants of both sexes; the other genes 387 

exhibited sexually-dimorphic alterations in mutants compared to controls, with increased 388 

transcripts of Il6 and Nos1 in females and Fn1 in males. Transcript levels of Mif were decreased 389 

in female but not male mutants. Except for Ihh,  none of these genes nor key genes within the HH 390 

signaling pathway   showed abnormal levels of mRNA in the Bscl2 knockout mice (Supplemental 391 

Figure 4, D and E), indicating their abnormal expression in the S100a4-Cre;Ptch1fl/fl mutant mice 392 

was not simply due to reduced adiposity. These results indicate that the functional disruption of 393 



pituitary CD45+ cells, including FS cells, contributes to the endocrine abnormalities in S100a4-394 

Cre;Ptch1fl/fl  mutant mice.   395 



Discussion  396 

Results in this report highlight a new function of CD45+ hematopoietic cell lineages in regulating 397 

fertility and pituitary endocrine functions. Using the S100a4-Cre;Ptch1fl/fl transgenic mouse model 398 

and lineage tracing with the mTmG reporter in the ovary, testis and pituitary, we have 399 

demonstrated that cells with S100a4-Cre-dependent GFP expression are present in each tissue 400 

and are mostly CD45 positive. GFP+CD45+ cells are associated primarily with theca/stroma cells 401 

and atretic follicles in ovaries and Leydig cells in the testis. Moreover, in the pituitary we show 402 

that the GFP+ cells are likely a heterogeneous population with FS cells as a subset. Our studies 403 

provide novel in vivo evidence that disruption of Ptch1 signaling in CD45+ hematopoietic cells, 404 

including FS cells, has functional impact on multiple pituitary endocrine cells. Most notable is the 405 

decreased expression of Cga and gonadotropin production. Thus, S100a4-Cre;Ptch1fl/fl mutant 406 

mice provide a novel model by which to understand how HH signaling in hematopoietic cells 407 

impacts adult-onset hypogonadotropic hypogonadism and pituitary endocrine disorders.  408 

The S100a4-Cre mouse line is a useful tool to study in vivo functions of hematopoietic cells in 409 

endocrine organs. Results reported here demonstrate that in reproductive organs including the 410 

ovary, testis and pituitary, the majority of cells expressing S100a4-Cre are CD45+ cells of 411 

hematopoietic lineages (Figures 4 and 7; Supplemental Figure 1). Furthermore, we observe 412 

tissue-specific cell type localization of S100A4 and S100a4-Cre (as indicated by the GFP reporter 413 

expression), in the testis versus the ovary. In the testis, immuno-labeling of S100A4 and GFP 414 

appear to be in the same populations in the interstitial cells surrounding the seminiferous tubules 415 

that are not CYP17A1+ Leydig cells (Figure 4E). In the ovary, GFP+ cells are widespread in stromal 416 

tissue and apoptotic follicles but immuno-staining reveals very few S100A4-expressing cells in 417 

the stroma-interstitial tissues, and even fewer cells express both GFP and S100A4 (Figure 4A). 418 

These observations suggest that while GFP+ cells in the testis are resident, the GFP+ cells present 419 

in the ovary are derived from circulation. This conclusion is further supported by the ovarian 420 



transplant experiment (Figure 5C) in which GFP+ cells were absent in ovaries of S100a4-421 

Cre;Ptch1fl/fl;mTmG mutant mice that were transplanted to wild-type (GFP-) hosts. Infiltrating 422 

immune cells in the ovary are involved in apoptosis, ovulation and luteinization (24, 41). Because 423 

the S100a4-Cre;Ptch1fl/fl mice are infertile, fail to ovulate and exhibit a reduced response to 424 

superovulation at 8 weeks of age (Figures 3C and 3D), it is likely that the Ptch1 deficient immune 425 

cells present in the ovary have reduced ability to control key events mediating ovulation and 426 

luteinization. Alternatively, failure of ovulation in these mice with exogenous gonadotropins 427 

administration may also be a consequence of long-term low LH levels.   428 

 In the anterior pituitary, S100a4-Cre appears to be active predominantly in hematopoietic 429 

cells, including FS cells. Similar to our observations in the ovary, we detected very few cells with 430 

expression of S100A4 protein in the anterior pituitary, suggesting the GFP+ cells are 431 

hematopoietic cells infiltrating from the circulation. Future studies are needed to test whether this 432 

is indeed the case. Specifically, a detailed analysis of S100A4 and S100a4-Cre;mTmG 433 

expression from embryonic development to neonatal, juvenile and adulthood should help clarify 434 

the origin and dynamics of pituitary hematopoietic/immune cells. Although S100a4-Cre activity is 435 

restricted to CD45+ cells in the anterior pituitary, we cannot entirely rule out that the pituitary 436 

phenotype in S100a4-Cre;Ptch1fl/fl mutants is related to, or caused by, S100a4-Cre activity in non-437 

pituitary tissues. For example, in addition to S100a4-Cre activity in the gonads, S100A4 protein 438 

has been reported to be expressed in astrocytes of the brain (42). GFP expression driven by 439 

S100β promoter in rat is also detected in bones and adipose tissues (43). However, we have 440 

demonstrated that pituitary gonadotropin deficiency in S100a4-Cre;Ptch1fl/fl mutants is not 441 

dependent on gonadal factors (Figure 5E); in addition, a transgenic mouse line that is depleted of 442 

adipose tissues (Bscl2-/- mice) does not exhibit a similar pituitary phenotype as in the S100a4-443 

Cre;Ptch1fl/fl mutants, supporting that reduced adiposity in the latter is not the primary cause of 444 

their pituitary abnormalities. Instead, our current data suggest that pituitary endocrine disorders 445 

can arise via local interactions. Specifically, in the S100a4-Cre;Ptch1fl/fl mutant mice we observed 446 



FS cells with morphological alterations typical of apoptotic cells (Figure 7D). We also detected 447 

abnormal mRNA levels of transcripts that are enriched in FS cells and encode important factors 448 

within the pituitary local microenvironment, such as Fst, Fn1 and Il6 (Figure 7E). Although it is 449 

possible that these alterations in FS cells are a consequence, instead of a cause, of pituitary 450 

dysfunction due to pituitary-extrinsic factors, these data suggest that FS cells contribute to 451 

pituitary phenotype observed in S100a4-Cre;Ptch1fl/fl mutant mice. Notably, FS cells are a 452 

heterogeneous population and future studies are needed to clarify their classification as and 453 

functional relationship with hematopoietic/immune cells.  454 

 While our current findings focus on the gonads and the pituitary, there are also effects of 455 

Ptch1 ablation by S100a4-Cre on other organs, such as previously reported in the mammary 456 

gland (22). These phenotypes together lead to a key outstanding question: to what extent do the 457 

phenotypes observed in individual organs derive from local/resident versus circulating 458 

hematopoietic cells? What are the compounding effects of pituitary hormone disorders on these 459 

phenotypes? The answer to these questions require substantial advances with regard to the 460 

relationship between local/resident and circulating hematopoietic cells in terms of their 461 

differentiation and function in individual tissue types.  462 

 463 

Cells of hematopoietic lineages as potential targets of HH signaling in the tissue 464 

microenvironment. HH signaling regulates numerous developmental processes mainly as a 465 

mediator of crosstalk between parenchymal and mesenchymal tissue compartments (16). 466 

Although HH signaling network members are expressed in T and B cells and modulate the 467 

specification and development of these cells (44-46), functions of HH signaling in non-B or T cells 468 

remain to be characterized. In the testis, for example, while HH ligands are expressed in Sertoli 469 

cells, the signaling receptor Ptch1 is expressed in the stromal-interstitial tissues surrounding the 470 

seminiferous tubules and regulates Leydig cell differentiation and function (6). Our data suggest 471 

that at least in the adult testis, the HH signaling receptor PTCH1 is likely expressed in CD45+ cells 472 



of hematopoietic lineages. Thus it is tempting to speculate that these cells may also be targets of 473 

HH ligands from Sertoli cells (or other cells), and perhaps, by providing local production of 474 

cytokines, can impact steroidogenesis of adjacent Leydig cells. In human anterior pituitary, 475 

PTCH1 is expressed at detectable levels and its localization correlates with that of FS cells (47). 476 

In addition, the adult human pituitary is responsive to manipulations of canonical HH signaling 477 

activity (48). In the S100a4-Cre;Ptch1fl/fl mutant mice, transcript levels of Ptch1 are increased in 478 

the pituitaries of both sexes (Figure 6E). This counterintuitive finding supports that hedgehog 479 

signaling can be activated in the adult mouse pituitary, and suggests that the increased transcript 480 

level of Ptch1 derives from non-S100a4 cell lineages in the pituitary, reflecting paracrine 481 

interactions and alterations. Human genome-wide association study (GWAS) data shows that 482 

mutations in HH signaling components, including GLI2 and PTCH1, are involved in pituitary 483 

hormone disorders and adenomas (8, 49, 50). Therefore, future studies aimed to elucidate 484 

whether HH signaling regulates the differentiation and/or function of hematopoietic cells in adult 485 

ovary and pituitary may provide novel insights into the physiology and dysfunction of these two 486 

organs.  487 

Insights into the function, expression, and regulation of Cga. Regarding pituitary endocrine 488 

function, the most profound and consistent phenotype in the S100a4-Cre;Ptch1fl/fl mutant mice in 489 

the reduced expression of Cga mRNA in both sexes (Figure 6A). Reduced Cga transcript levels 490 

are also the earliest change we detected in the pituitaries of these mice, occurring at 5 weeks in 491 

the mutant males, when no other physiological abnormality was detected. Low Cga expression 492 

and the associated reduction in FSH and LH levels exert a major impact on the gonadal 493 

phenotypes we observe in the S100a4-Cre;Ptch1fl/fl mutants. These mutant mice share similarities 494 

with the Cga knockout mice (Cga-/-) that exhibit profound hypogonadism during post-neonatal 495 

development when the gonads become gonadotropin-dependent (51). Despite the severe 496 

hypogonadotropic phenotype, the size and number of pituitary gonadotropes appeared normal 497 



and comparable in both male and female mutants (51). In addition, thyrotropes in both mutants 498 

exhibited dilated ER, likely reflecting the lack of negative feedback due to diminished Cga 499 

expression and thyroid hormone production. By early adulthood a significant reduction in body 500 

weight was observed in both sexes, likely associated with thyroid hormone dysregulation, with 501 

the onset of reduction occurring earlier in Cga-/- mice (3 weeks of age) compared to S100a4-502 

Cre;Ptch1fl/fl mutant mice (after 5 weeks of age). It is possible that because the sizes of pituitaries 503 

from S100a4-Cre;Ptch1fl/fl mutant mice were significantly smaller compared to controls at 8 weeks 504 

of age, the alterations in pituitary gene expression may either reflect reduced numbers of a 505 

specific endocrine cell population, or alternatively, reduced transcript levels in individual endocrine 506 

cells. 507 

 Despite many similar phenotypic features between Cga-/- and S100a4-Cre;Ptch1fl/fl mutant 508 

mice, differences are also present: transcript levels of Gh and Prl are reduced in Cga-/- mutants 509 

but increased in S100a4-Cre;Ptch1fl/fl mutant (Figure 6A); the number of lactotropes is significantly 510 

reduced in Cga-/- mutants while Prl transcript level is significantly increased in  female  S100a4-511 

Cre;Ptch1fl/fl mutant mice. These differences suggest additional mechanisms, independent from 512 

Cga, through which Ptch1 deletion may lead to pituitary abnormalities or, alternatively, a 513 

developmental stage-specific effect of Cga deficiency. It is unclear how some endocrine cells 514 

appear to have enhanced while others have diminished hormone encoding gene expression in 515 

the S100a4-Cre;Ptch1fl/fl mutant mice. However, this is plausible given a previous proposed role 516 

of pituitary immune cells, in particular FS cells, in forming an intra-pituitary network and 517 

coordinating activities of different endocrine cell types (36). Furthermore, even though we did not 518 

find any report on human patients with concurrence of low TSH and high GH, such divergent 519 

changes in distinct pituitary endocrine axes are also observed in other transgenic mouse models, 520 

such as in mice with Foxp3 and Zbtb20 ablation, respectively (52, 53). Taken together, our 521 

findings raise the possibility that pituitary hematopoietic/immune cells play a role in regulating Cga 522 

expression via their interactions with endocrine cells, presumably involving HH signaling.  523 



CD45+ hematopoietic cells contribute to pituitary sexual maturation and local microenvironment. 524 

During the transition from puberty to adulthood, the pituitary gland undergoes drastic structural 525 

and functional re-organization. For example, numbers of gonadotropes and somatotropes 526 

increase and the vascular network of the gland elaborates substantially (15). Sexually dimorphic 527 

features are also prominent: a transient increase in the clustering of somatotropes during puberty 528 

is observed only in males but not females (54, 55). Although signals from the hypothalamus are 529 

key drivers of these changes during pituitary sexual maturation, the extent to which pituitary-530 

intrinsic regulatory mechanisms contribute to these processes remains to be defined (15, 56). Our 531 

current data provide evidence for a previously underappreciated role of a CD45+ cell population 532 

including FS cells, in regulating pituitary sexual maturation. We find that pituitaries of both male 533 

and female S100a4-Cre;Ptch1fl/fl mutants display normal expression of key endocrine genes at 534 

the onset of puberty, but severe functional defects by early adulthood (Figure 6A and 6B). 535 

Compared to congenital hypogonadotropic hypogonadism, which is extremely rare and mostly 536 

caused by mutations in gonadotropin releasing hormone (GnRH) signaling pathway (57), acquired 537 

adult-onset hypogonadotropic hypogonadism is both much more common and less well 538 

understood (58). Our current findings suggest a role for pituitary hematopoietic/immune cells in 539 

the etiology of acquired hypogonadotropic hypogonadism.  540 

We also identified sexually dimorphic expression alterations of several FS cell-enriched 541 

local growth factors, cytokines, and extracellular matrix components in S100a4-Cre;Ptch1fl/fl 542 

mutants. While the mechanisms by which these factors may contribute to the pituitary phenotype 543 

remains to be determined, previous studies show that their production does not occur until the 544 

time around puberty, supporting their role in this critical transition period (59). While the 545 

mechanism of how hematopoietic cells, including FS cells, regulate pituitary endocrine cell 546 

functions remains incompletely understood, at least two potential mechanisms may be at work: 1) 547 

pituitary hematopoietic cells exert distinct effects on different pituitary endocrine cell types; and/or 548 

2) they exert effects (such as on extracellular matrix structure and tissue organization) that can 549 



impact different pituitary endocrine cells in distinct ways. Another possibility is that ablation of 550 

Ptch1 in S100a4 cell lineages alters the recruitment and/or activation of other immune cells, such 551 

as regulatory T cells. This hypothesis is based on the resemblance of multiple phenotypes 552 

between S100a4-Cre;Ptch1fl/fl mice and the “scurfy mice”, in which the regulatory T cell 553 

transcription factor Foxp3 is deleted (53, 60-62). Similar to the S100a4-Cre;Ptch1fl/fl mutant mice, 554 

Foxp3 mutant mice are also infertile, and exhibit aberrant transcript levels of several key pituitary 555 

endocrine genes. Future studies are needed to test these hypotheses and define the mechanism 556 

by which immune cells regulate pituitary endocrine functions.  557 

In summary, the S100a4-Cre;Ptch1fl/fl mouse model provides strong evidence that PTCH1-558 

dependent HH signaling activity in CD45+ cells plays a role in adult-onset hypogonadotropic 559 

hypogonadism. Our findings also corroborate the conclusion from previous studies that systemic 560 

defects caused by Ptch1 deletion in these mice are responsible for the stunted mammary duct 561 

development (22, 23). Disruption of HH signaling in pituitary hematopoietic cells may be a 562 

previously underappreciated cause of hypogonadotropic hypogonadism and other pituitary 563 

hormone disorders.  564 



Methods 565 

Real-time Q-PCR analysis of gene expression, histology and immunostaining, ovariectomy and 566 

ovarian transplant, and flow cytometry are detailed in Supplemental Methods.  567 

Animal Models and treatments. Dr. Brandon Wainwright kindly provided mice with the 568 

Ptch1c allele (Ptch1fl here) (63). Animals carrying the S100a4 promoter-driven Cre recombinase 569 

were a gift from Dr. Eric Neilson (Vanderbilt University, Nashville, TN, USA). In this model, Cre 570 

recombinase is expressed in fibroblasts and some myeloid cells (27). We also used mice carrying 571 

mTmG (Jackson Laboratory, Gt(ROSA)26Sortm4(ACTB-tdTomato,−EGFP)Luo/J) and tdTomato (Jackson 572 

Laboratory, Gt(ROSA)26Sortm14(CAG-tdTomato)Hze) Cre reporter. Breeding was accomplished by 573 

crossing S100a4-Cre;Ptch1fl/+ males with Ptch1fl/+or Ptch1fl/fl females of different genotypes for 574 

Ptch1. Dr. Martin J. Cohn (University of Florida, Gainesville, FL, USA) kindly provided the testis 575 

of Ptch1-LacZ mice (64).  576 

 For superovulation studies, animals at post-natal day 22 or 8 weeks of age were injected 577 

with 5 IU equine chorionic gonadotropin (eCG) followed by 5 IU hCG 48 hours later, with harvest 578 

16 hours after hCG treatment Sigma Aldrich, CG5-1VL). To measure the concentration of 579 

hormones in the circulation, male mice were caged individually in the absence of female for a 580 

week prior to serum collection. Serum hormone levels were assay by the University of Virginia 581 

Ligand Core (N≥6 samples per genotype).  582 

  583 

Ovariectomy and ovarian transplant. To determine whether gonadal factors are contributing to 584 

pituitary phenotypes in the S100a4-Cre;Ptch1fl/fl mutant mice, we surgically removed both of their 585 

ovaries at 4 weeks of age. Ovaries were also removed from their wild-type littermates at the same 586 

age for comparison. Pituitary function were examined at 8 weeks of age after ovariectomy. To 587 

determine whether the hypotrophic ovaries in S100a4-Cre;Ptch1fl/fl mutant mice were caused by 588 

ovarian intrinsic versus extrinsic factors, ovaries of these mutant mice were transplanted into the 589 



bursa of wild-type littermates at 4 weeks of age. At the same age, ovaries were also transplanted 590 

from wild-type mice to their wild-type littermates as controls. Ovarian tissues were collected and 591 

analyzed at 8 weeks of age, 4 weeks after the transplantation, to assess their function and health. 592 

Four mutant and four control mice were used for each experiment.  593 

Sperm count and sperm motility assessment. The cauda epididymis was placed in 1 ml Embryo-594 

max HTF media (Milipore-sigma, MR-070-D) pre-warmed to 37°C for 15 minutes. For counting, 595 

sperm were diluted in sterile water and counted using 5 fields of a hemocytometer. For motility, 596 

sperm were placed on a slide under a cover slip and 200 sperm were counted and characterized 597 

as motile or non-motile. Counts were performed in triplicates for each sample.  598 

Tissue processing, immunogold labeling and electron microscopy. Anterior pituitary glands were 599 

cut into halves using a scalpel blade. Both halves were fixed by immersion for 3 h at room 600 

temperature with one half in 3% paraformaldehyde/0.05% glutaraldehyde in 0.1 M phosphate 601 

buffer (pH 7.2) for immunogold labeling, the other half in 2% paraformaldehyde/2.5% 602 

glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 3 h at room temperature for optimal cell 603 

ultrastructure imaging. Protocols for immunogold labeling and optimal cell structure imaging are 604 

detailed in Supplementary Methods.  605 

Primer sequences. See supplemental Table 1.  606 

Antibodies and immuno-staining conditions. See supplemental Table 2. 607 

Statistics. For all quantitative comparisons, data are presented as mean ± SD. For comparisons 608 

between 2 groups, statistical significance was determined using the 2-tailed Student's t test. For 609 

comparisons between multiple groups, homogeneity of variance between groups was determined 610 

by Brown-Forsythe test. For multiple groups that meet the homogeneity of variances assumption, 611 

one-way ANOVA was used to determine overall statistical significance, followed by the Student-612 



Newman-Keuls (SNK) post hoc test to determine significance between groups. A P value of less 613 

than 0.005 was considered statistically significant. Asterisks indicated statistical significance 614 

according to this legend: *P<0.05: **P<0.01; ***P<0.001; ****P<0.0001.   615 

Study approval. Animals were maintained according to the National Institute of Health Guide for 616 

the Care and Use of Experimental Animals and with the approval from the Institutional Animal 617 

Care and Use Committee (IACUC) at Baylor College of Medicine. 618 
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  825 

Figure 1. Homozygous ablation of Ptch1 with S100a4-Cre leads to hypogonadism in female 826 

mice. (A) Representative images of wild-type control, heterozygous, and homozygous Ptch1 827 

mutant mouse ovaries (Ov) and uteri (Ut) morphology, as well as (B) ovary histology with H&E 828 

staining. Cv: cervix. Scale bars: 400 µm (lower-magnification images, upper panels and 80 µm 829 

(higher-magnification images, lower panels). CL, corpus luteum; AF, antral follicle; arrows: 830 

degenerating oocyte. (C) Relative mRNA levels of ovarian function genes in whole ovaries from 831 

wild-type control, heterozygous, and homozygous Ptch1 mutants (n=7). Total RNA was assayed 832 

by qPCR and the concentration of each transcript was normalized to that of housekeeping gene 833 

Rpl19. All data are from mice at 8 weeks of age and represented as mean ± SD. *P<0.05; one-834 

way ANOVA followed by SNK post hoc test. 835 



 836 

 837 

Figure 2. Homozygous ablation of Ptch1 with S100a4-Cre leads to hypogonadism in male 838 

mice. (A) Representative images of wild-type control and homozygous Ptch1 mutant male 839 

reproductive tissue morphology, including seminal vesicles (SV), epididymis (E) and testes (T). 840 

(B) Serum concentration of testosterone in control and homozygous Ptch1 mutant male mice 841 

(n=5). (C) Relative mRNA levels of testis function genes in whole testes from wild-type control 842 

and homozygous Ptch1 mutants (n=5). Total RNA was assayed by qPCR and the concentration 843 

of each transcript was normalized to that of housekeeping gene Rpl19. Data are represented as 844 

mean ± SD. *P<0.05; t test. (D) Representative images of wild-type control and homozygous 845 

Ptch1 mutant seminiferous tubules with PAS staining. Scale bars: 100 µm (lower-magnification 846 

images) and 25 µm (higher-magnification images). Asterisk: impaired hierarchical organization; 847 

arrow: multinucleated cells; arrowheads: vacuoles. All data are from mice at 8 weeks of age. 848 
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Table 1.  850 

Female parameters 
28 day (n=4)  56 day (n=6) 

WT  KO  WT  KO 

Body (g) 
14.49 ± 
0.65  14.22 ± 0.70  24.12 ± 1.16 

15.47 ± 
1.18**** 

ovary (mg)  1.11 ± 0.06  1.13 ± 0.01  4.48 ± 0.54  1.18 ± 0.10**** 

% ovary/body weight  0.77 ± 0.06  0.79 ± 0.11  1.86 ± 0.26  0.77 ± 0.07**** 

uterus (mg)  6.26 ± 0.53  6.73 ± 0.66  27.82 ± 6.52  5.34 ± 0.50*** 

% uterus/body weight  4.32 ± 0.29  4.64 ± 0.53  11.38 ± 3.57  3.43 ± 0.28** 
 851 

Table 2.  852 

Male parameters 
30 day   48 day  

WT (n=4)  KO (n=4)  WT (n=8)  KO (n=9) 

Body (g)  19.23 ± 1.46  
18.10 ± 
1.01  23.56 ± 2.61  16.64 ± 0.96**** 

Testis (mg)  61.50 ± 6.59 
61.94 ± 
8.45  95.57 ± 12.84  75.48 ± 6.46*** 

% testis/body weight  0.32 ± 0.02  0.34 ± 0.04  0.42 ± 0.01  0.45 ± 0.05 

Epididymis (mg)  22.43 ± 5.36 
19.06 ± 
4.45  35.01 ± 4.37  25.34 ± 8.36** 

% Epididymis/body weight  0.12 ± 0.02  0.11 ± 0.03  0.15 ± 0.03  0.14 ± 0.05 

Seminal Vesicles (mg)  n/a  n/a 
162.74 ± 
40.10 

60.55 ± 
21.26**** 

% Seminal Vesicles/body 
weight 

n/a  n/a 
0.68 ± 0.14  0.36 ± 0.12** 

Sperm Count (x106)  n/a  n/a  23.61 ± 3.70  6.97 ± 3.17**** 

Sperm Motility (%)  n/a  n/a  32.38 ± 9.49  5.86 ± 6.36**** 
  853 
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 855 

Figure 3. Hypogonadism in Ptch1 mutant mice develops during the puberty to adult 856 

transition. (A) Representative images of wild-type control and homozygous Ptch1 mutant female 857 

ovarian histology with H&E staining at 5 weeks of age. CL, corpus luteum; AF, antral follicles. 858 

Scale bar: 400 µm. (B) Numbers of cumulus-oocyte-complexes (COCs) ovulated into the oviduct 859 

and counted at 20 hours post-hCG during a superovulation stimulation in wild-type control, 860 

heterozygous and homozygous Ptch1 mutant females at 22 days of age (n=9, wild-type; n=4, 861 

heterozygous mutant; and n=5, homozygous mutant). (C) Representative images of wild-type 862 

control and homozygous Ptch1 mutant female ovarian histology with H&E staining at 8 weeks of 863 

age with superovulation stimulation (20 hours post-hCG). Scale bar: 400 µm. (D) Numbers of 864 

COCs ovulated into the oviduct and counted at 20 hours post-hCG during a superovulation 865 

stimulation in wild-type control, heterozygous, and homozygous Ptch1 mutant females at 8 weeks 866 

of age (n=6, wild-type; n=5, heterozygous mutant; and n=5, homozygous mutant). **P<0.01; 867 

***P<0.001; one-way ANOVA followed by SNK post hoc test. 868 
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 871 

Figure 4. S100a4-Cre is expressed in CD45+ cells in the gonads. (A) Representative images 872 

of IF staining of GFP and S100A4 in the ovaries of reporter controls and homozygous Ptch1 873 

mutants (both express GFP driven by S100a4-Cre). CL, corpus luteum; F, follicles; AF, atretic 874 

follicles. Scale bars: 200 µm (upper panels) and 100 µm (lower panels). (B) Representative 875 

images of IF staining of GFP with vimentin or ACTA2 in the ovaries of reporter controls and 876 

homozygous Ptch1 mutants. Scale bars: 40 µm (upper panels) and 75 µm (lower panels). (C) 877 

Representative images of IF staining of GFP and IHC staining of CD45 on adjacent serial sections 878 

of ovaries from reporter controls and homozygous Ptch1 mutants. Scale bar: 100 µm. (D) The 879 

percentage of CD45-positive cells among GFP-positive cells in the ovaries of S100a4-Cre;mTmG 880 

reporter control mice analyzed by flow cytometry. The image represents results from three 881 

independent samples each of which contained dispersed ovarian cells pooled from 4 females. (E) 882 

Representative images of Xgal signal in testes of Ptch1-Xgal mice, as well as S100a4 and GFP 883 

staining in the testis of S100a4-Cre;mTmG reporter control mice. Arrows point to cells positive for 884 

GFP alone (green), S100A4 alone (red), or for both GFP and S100A4 (white). Scale bars: 50 µm 885 

and 20 µm. (F) Representative images of IF staining of GFP and CYP17A1 in testes of S100a4-886 

Cre;mTmG reporter control mice. The right panel is a zoomed in view of the same tissue and 887 

staining as the left panel. Scale bars: 50 µm (left image) and 20 µm (right image). 888 
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 891 

Figure 5. Gonad-extrinsic factors contribute to hypogonadism in Ptch1 mutant mice. (A) 892 

Representative images of ovaries of S100a4-Cre;Ptch1fl/fl;mTmG mutant mice in situ (left) or 893 

transplanted to the bursa of control littermates (Ptch1fl/fl) for 4 weeks (right). CL, corpus luteum; 894 

F, follicles. Scale bar: 200 µm. (B) Representative images of ovaries of Ptch1fl/fl control mice 895 

(left) and S100a4-Cre;Ptch1fl/fl;mTmG mutant mice (right) transplanted to control littermates 896 

(Ptch1fl/fl) for 4 weeks. Scale bar: 100 µm. (C) Representative images of IHC staining of CD45 897 

and IF staining of GFP on adjacent serial sections of ovaries from S100a4-Cre;Ptch1fl/fl;mTmG 898 

mutant mice transplanted to Ptch1fl/fl control mice. Scale bar: 100 µm. (D) Serum concentration 899 

of FSH and LH in control and homozygous Ptch1 mutant male and female mice at 8 weeks of 900 

age. *P<0.05; ***P<0.001; t test. (E) Relative mRNA levels of pituitary Lhb and Fshb in wild-type 901 

controls and homozygous Ptch1 mutants with and without ovariectomy (OVX) (n= 3 for samples 902 

from OVX mice; n=5 for samples from intact mice). Total RNA was assayed by qPCR and the 903 

concentration of each transcript was normalized to that of housekeeping gene Rpl19. Data are 904 

represented as mean ± SD. Bars without common superscripts are significantly different 905 

(P<0.05); two-way ANOVA; All data are from mice at 8 weeks of age.   906 
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Figure 6. Adult Ptch1 mutant mice exhibit severe pituitary abnormalities with sexually 910 

dimorphic manifestation. Relative mRNA levels of pituitary endocrine function genes in whole 911 

pituitaries of wild-type controls and homozygous Ptch1 mutants at 8 weeks (A), 4 weeks (B, bars 912 

of lighter pink and blue colors), and 5 weeks (B, bars of darker pink and blue colors) of age (B).  913 

Total RNA was assayed by qPCR and the concentration of each transcript was normalized to that 914 

of housekeeping gene Rpl19. Data are presented as fold change of mRNA levels in mutants 915 

versus wild-type controls (n≥ 5). *P<0.05; **P<0.01; t test. (C) Representative images of pituitary 916 

morphology at 8 weeks of age. Scale is in units of millimeters. (D) Representative images of 917 

transmission electron microscopy on pituitary tissues from control and Ptch1 mutant mice at 8 918 

weeks of age. Endocrine cell types are identified according to their ultra-structural features and 919 

labeled with the name of the hormones they produce. The images of gonadotropes are from male 920 

mice; and the images of thyrotropes and somatotropes are from female mice. Scale bars: 5 µm 921 

and 2 µm. (E) Relative mRNA levels of genes in the HH signaling pathway in whole pituitary 922 

tissues of wild-type controls and homozygous Ptch1 mutants at 8 weeks of age (n≥ 5). Total RNA 923 

was assayed by qPCR and the concentration of each transcript was normalized to that of 924 

housekeeping gene Rpl19. Data are represented as mean ± SD. *P<0.05; t test. 925 
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Figure 7. Expression of S100a4-Cre is restricted to CD45+ cells, including FS cells, in the 929 

anterior pituitary and leads to malfunction of these cells. (A) Representative images of IF 930 

staining for GFP in the anterior pituitary of S100a4-Cre;mTmG reporter control mice. RBC: red 931 

blood cell. Scale bars: 200 µm and 20 µm. (B) Representative images of transmission electron 932 

microscopy of immunogold labeling of GFP on pituitary tissue sections from S100a4-Cre;mTmG 933 

reporter mice at 8 weeks of age. Arrows point to immunogold signals. FS, folliculo-stellate cells; 934 

EC, endothelial cells. Scale bars: 200 nm (top panels) and 500 nm (bottom panels). (C) The 935 

percentage of CD45-positive cells amount GFP-positive cells in the pituitaries of S100a4-936 

Cre;mTmG reporter control mice analyzed by flow cytometry. The image represents results from 937 

four independent samples. (D) Representative images of transmission electron microscopy of FS 938 

cells in control and Ptch1 mutant mice. FS cells are identified according to their ultra-structural 939 

features. Scale bar: 10 µm. (E) Relative mRNA levels of genes involved in the pituitary 940 

microenvironment in whole pituitary tissues of wild-type controls and homozygous Ptch1 mutants 941 

at 8 weeks of age (n≥5). Total RNA was assayed by qPCR and the concentration of each 942 



transcript was normalized to that of a housekeeping gene Rpl19. Data are represented as mean 943 

± SD. *P<0.05; t test. All data are from mice at 8 weeks of age. 944 
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