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Abstract 

Proper follicle-stimulating hormone (FSH) synthesis, secretion, and action are required for normal 

reproductive function in mammals. A major goal of our lab and of this thesis is to reveal the 

intracellular mechanisms controlling FSH synthesis. The expression of the FSHβ subunit gene (Fshb) 

is rate-limiting in production of the mature dimeric hormone and is regulated by numerous endocrine 

hormones and paracrine acting factors, including gonadotropin-releasing hormone, sex steroids, and 

transforming growth factor β (TGFβ) superfamily ligands such as activins. Recent studies suggest 

that bone morphogenetic proteins (BMPs), a sub-family of TGFβ family ligands, also regulate Fshb 

transcription. BMP2 and BMP4 were further observed to stimulate Fshb transcription synergistically 

with activins. Here, I used the immortalized murine gonadotrope cell line, LβT2, to investigate 

mechanisms by which BMP2 regulates Fshb gene expression. I determined that BMP2 acts through 

the BMP receptors BMPR1A and BMPR2 to stimulate Fshb transcription. The data suggest that 

BMP2‟s effect on Fshb expression is more significant when acting synergistically with activins, and 

appears to depend on BMP-stimulated gene expression. cDNA microarray analyses identified 

inhibitor of DNA binding (Id) proteins as BMP2 gene targets. I showed that Id2 and Id3 are required 

for BMP2 to stimulate Fshb transcription synergistically with activin A. Additionally, Id2 and Id3 

physically interact with SMAD3, a major effector of activin signaling, to cooperatively stimulate 

Fshb transcription. Using gonadotrope cells, I showed that BMP2 signals via BMPRIA, BMPR2 and 

the intracellular signaling proteins SMADs 1 and 5 to stimulate Id3 transcription. I identified a novel 

BMP2 response element (BRE) in the proximal murine Id3 promoter that mediates SMAD1/5-

dependent Id3 transcription. Furthermore, this BRE acts cooperatively with a previously identified 

distal BRE to mediate BMP2-stimulated Id3 expression. Overall, my work defines a mechanism 

whereby BMP2 regulates Fshb expression synergistically with activin A. By understanding multiple 

pathways mediating Fshb expression, we will develop a more complete picture of fundamental 

mechanisms governing reproductive physiology in mammals. Such knowledge may provide the 

necessary foundation for novel insights into causes of some forms of infertility and may therefore 

lead to the development of newer and more effective treatments. 
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Résumé 

L‟hormone folliculo-stimulante (FSH) est nécessaire pour la reproduction chez les mammifères. Le 

but principal de notre laboratoire et de cette thèse est d'étudier les mécanismes intracellulaires 

modulant la synthèse de FSH. L'expression du gène de la chaîne béta (β) de FSH (Fshb) est l‟étape 

limitante de la synthèse de cette hormone. Cette dernière est régulée par de nombreuses hormones 

endocriniennes et de facteurs paracrins comprenant la gonadolibérine, les stéroïdes sexuels et les 

ligands de la famille de facteur de croissance transformant de type β (TGFβ) tels que les activines. 

Des études récentes suggèrent que les gènes du développement (BMPs), une sous-famille des ligands 

de la famille de TGFβ, sont aussi des régulateurs de Fshb. Nous avons observé que BMP2 et BMP4 

peuvent stimuler la transcription de Fshb synergistiquement avec les activines. Ici, j'ai utilisé les 

gonadotropes murines immortalisées, LβT2, pour étudier les mécanismes par lesquels BMP2 régule 

l'expression du gène de Fshb. J'ai déterminé que BMP2 agit via les récepteurs de BMP, BMPR1A et 

BMPR2, pour stimuler la transcription de Fshb. Les résultats suggèrent que l'effet de BMP2 sur 

l'expression de Fshb soit potentialisé lorsque BMP2 agit en coopération avec les activines, et semble 

dépendre de l'expression de gènes stimulés par les BMP. La puce à ADN a identifié que l‟expression 

des gènes pour les protéines inhibitrices de l‟ADN-liante (Ids) est stimulé par BMP2. J'ai démontré 

que Id2 et Id3 sont requis pour que BMP2 stimule la transcription de Fshb de façon synergistique 

avec l'activine A. De plus, Id2/3 et SMAD3, un effecteur important de la signalisation d'activine, font 

liaison  physique pour stimuler coopérativement la transcription de Fshb. En utilisant les cellules 

gonadotropes, j'ai prouvé que BMP2 communique par les récepteurs BMPRIA, BMPR2 et les 

protéines intracellulaires SMADs 1 et 5 pour stimuler la transcription d‟Id3. J'ai identifié un élément 

de réponse du BMP2 (BRE) original dans la séquence du promoteur de l‟Id3. Additionnellement, ce 

BRE agit coopérativement avec un autre BRE précédemment identifié pour stimuler l'expression 

d‟Id3 par BMP2. Dans l‟ensemble, mon travail définit un mécanisme par lequel BMP2 régule 

l'expression de Fshb de façon synergistique avec l'activine A. En approfondissant notre 

compréhension des signaux de transduction multiples qui contrôlent l'expression de Fshb, nous 

développerons une image plus complète des mécanismes qui régente la physiologie de la 

reproduction des mammifères. Ces connaissances nous permettront de mieux comprendre les causes 

de l'infertilité, ce qui peut ultimement mener au développement de nouvelles thérapies plus efficaces. 
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RNAi: ribonucleic acid interference 

Rpl19: 60S ribosomal protein L19 

rFSH: recombinant FSH 

rhCG: recombinant hCG 

R-SMAD: receptor-SMAD 

SBE: SMAD binding element 

siRNA: short interfering ribonucleic acid 

SMAD: homolog of mothers against decapentaplegic 

SSXS: Ser-Ser-X-Ser 

T: testosterone 

TAK1: TGFβ-activated kinase 1 

TAP: tandem affinity purification 

TGFβ: transforming growth factor β 

TGFBR1: TGFβ receptor, type I 

TGFBR2: TGFβ receptor, type II 

TGFBR3: TGFβ receptor, type III 

µg/µl: microgram/microliter 

WCE: whole cell extract 

wt: wild type 
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General Introduction 

 

1. The hypothalamic-pituitary-gonadal (HPG) axis 

Reproductive physiology is controlled by coordinated signals from the brain, pituitary, and gonads, 

together forming the hypothalamic-pituitary-gonadal (HPG) axis (Figure 1.1). Gonadotropin-

releasing hormone (GnRH) is synthesized and secreted in pulses by neuroendocrine cells of the 

anterior hypothalamus in response to stimuli from the brain [1]. The axons of GnRH-producing 

neurons terminate at the level of the external zone of the median eminence and release GnRH into the 

hypophyseal portal system [2]. The hormone then travels to the anterior pituitary where it acts on 

gonadotrope cells to promote the synthesis and secretion of gonadotropins, namely luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH) [3-6] (see Section 3.3.1). GnRH is released in 

pulsatile fashion and both the frequency and amplitude of pulses change throughout the cycle. Fast 

GnRH pulses favor LH release, whereas slow pulses favor FSH release, thus allowing GnRH to 

differentially regulate the synthesis and secretion of LH and FSH [3-5, 7-8]. Moreover, activins, 

members of the transforming growth factor β (TGFβ) superfamily of secreted ligands, act as paracrine 

regulators to specifically stimulate FSH secretion without affecting LH secretion [9-13] (see Section 

3.4.2), further allowing for the differential regulation of the two hormones. Gametogenesis, the 

production of gametes, occurs in the gonads and is hormone-dependent. In males, LH stimulates 

testosterone production, which is crucial for the production of spermatozoa in the testes (see Section 

1.3). In females, oocytes are produced in the ovaries; LH and FSH travel through the bloodstream to 

reach the ovaries, where they act on two hormone secreting cell types, theca cells and granulosa cells 

[14-15]. LH stimulates the proliferation and differentiation of theca cells, whereas FSH stimulates the 

proliferation and differentiation of granulosa cells. Granulosa cells are the site of estrogen production. 

Estrogen acts locally to stimulate oocyte maturation, and is secreted into the circulation to negatively 

feedback on the anterior pituitary and hypothalamus inhibiting gonadotropin synthesis and secretion 

(see Section 3.3.3) [16-18]. Granulosa cells are also responsible for inhibin production. Inhibin, 

another member of the TGFβ superfamily, is also secreted into the bloodstream and travels to the 

anterior pituitary to competitively antagonize the actions of activin, leading to declines in FSH 

secretion (Section 3.4.2.1) [11, 19-27]. Each component of the HPG axis is crucial for normal 

reproductive function, and dys-regulation at any level may result in depressed gonadal function and 

infertility. 
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1.1 Hormonal control of the human menstrual cycle 

 

The maturation of the oocyte, followed by its release from the ovary, is a cyclical process [28-29]. In 

humans, these cycles are termed menstrual cycles; in rodents, they are called estrous cycles. In 

women, only one gamete fully matures and ovulates in an average 28 day cycle. The menstrual cycle 

is driven by cyclical changes in hormone synthesis and secretion by the HPG axis. 

In utero, the undifferentiated germ cells, oogonia, undergo multiple mitotic divisions [30-31]. At 

birth, all oogonia are developed into what are known as primary oocytes. After puberty, primary 

oocytes develop further in selected waves. Oocytes mature in the ovaries enveloped by a supporting 

structure of cells, together forming the ovarian follicle. Initially, these follicles exist as a pool of 

primordial follicles; each primordial follicle consists of an oocyte surrounded by a single layer of 

granulosa cells. During a process called follicular recruitment, a cohort of primordial follicles is 

selected to develop into pre-antral follicles [32]; the oocyte enlarges, the granulosa cells proliferate 

into multiple layers and start to express FSH receptors. The initial stimulus for follicles to start 

growing from the primordial stage is poorly understood, but growth up to this point is independent of 

gonadotropin action. In the follicular phase, pre-antral follicles, now expressing FSH receptors, are 

selected for further maturation under increasing FSH levels [33-37]. These follicles develop into 

early antral follicles, which are characterized by a layer of theca cells located outside the basement 

membrane. Theca cells express LH receptors and produce androgens in response to LH stimulation 

[15]. Conversely, granulosa cells express FSH receptors; as the follicle grows, FSH stimulates 

granulosa cells to produce inhibin and aromatase [38-39]; the latter is responsible for the 

aromatization of androgens into estrogens. Estrogen and FSH both act to stimulate follicular growth. 

FSH also induces the expression of LH receptors on granulosa cells. As the antral follicles develop, 

they produce increasing levels of estrogen and inhibin, which feedback to the anterior pituitary to 

inhibit FSH synthesis and secretion [40-41]. When one follicle becomes the dominant follicle, it can 

continue to develop under conditions of low FSH stimulation by acquiring more FSH receptors; 

follicles with granulosa cells expressing LH receptors can develop even in the absence of FSH [42]. 

The dominant follicle continues to grow by expanding its antrum, a cavity filled with follicular fluid; 

the follicle at this stage secretes high levels of estrogen and inhibin which further inhibit FSH 

synthesis. Without FSH support, the other follicles that had begun to mature undergo an apoptotic 

process, called atresia [33]. The dominant follicle continues to grow without FSH support into what is 

known as the mature (or graafian) follicle, and it is now ready for ovulation.  
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Relatively low levels of estrogen are required for the negative-feedback on gonadotropins. During the 

estrogen peak at the late follicular phase, estrogen acts by positive-feedback on the pituitary to 

enhance gonadotrope sensitivity to GnRH. More importantly, estrogen feeds back at the level of the 

hypothalamus to increase the amplitude and frequency of GnRH pulses, thus driving the increase in 

LH release, termed the LH surge [43-46]. This LH surge is accompanied by a smaller FSH surge. The 

LH surge stimulates ovulation; the oocyte is released and travels down the fallopian tube towards the 

uterus. In the luteal phase, the remains of the ovulated follicle are transformed into the corpus luteum; 

theca and granulosa cells become luteal cells that secrete estrogen, progesterone, and inhibin in 

response to LH stimulation. High levels of estrogen, progesterone, and inhibin from the corpus 

luteum feed back to the hypothalamus and anterior pituitary to inhibit LH and FSH secretion [40-41, 

47-51] (Sections 3.3.3 and 3.3.4). There is an inverse relationship between inhibin and FSH levels 

during both the follicular and luteal phase, supporting that inhibin has an inhibitory effect on FSH 

secretion. In the absence of pregnancy, the corpus luteum can only survive a few days in the face of 

minimal LH stimulation. The corpus luteum undergoes luteolysis, resulting in a decrease in estrogen 

and progesterone production. Low levels of estrogen, progesterone, and inhibin allows for the 

increase in FSH secretion, stimulating the development of a new cohort of follicles for the next cycle.  

 

1.2 Hormonal control of the rodent estrous cycle  

 

Unlike the menstrual cycle, the estrous cycle in rodents lasts four to five days and is divided into four 

phases: proestrus, estrus, metestrus, and diestrus [52-54]. Estradiol and inhibins secreted from the 

growing follicles keep LH and FSH secretion relatively low during metestrus, diestrus, and the 

morning of proestrus. On the afternoon of proestrus, high estrogen levels coupled with a signal from 

the suprachiasmatic nucleus, a region in the brain responsible for circadian rhythms, triggers the 

primary surge of LH and FSH [55-58]. The first phase of FSH (and LH) release is stimulated by 

increased pulsatile secretion of GnRH from the hypothalamus [59]. This robust surge of pituitary 

gonadotropins triggers ovulation on the following morning of estrus. During the estrus phase, the 

female is sexually receptive. FSH levels are maintained high throughout estrus, termed the secondary 

FSH surge. Inhibin levels decrease during the late evening of proestrus and remain low during the 

estrus phase [52]. This fall in ovarian inhibin levels creates an environment allowing activins to more 

readily support the secondary FSH surge. The secondary surge acts to recruit ovarian follicles for the 

subsequent cycle [60-61]. As the second wave of follicles starts to grow, estrogen and inhibin levels 

begin to rise again during late estrus and act by negative feedback to suppress gonadotropin synthesis 

and release. The LH surge during proestrus is accompanied by a progesterone surge [62-64]. 
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Progesterone acts to maintain the uterine epithelium, mammary glands, and the corpus luteum [65-

67]. There is also evidence that the increase in progesterone, together with the drop in serum inhibin, 

contributes to the secondary FSH surge at the pituitary level (Section 3.3.3) [68-70]. Prolactin, a 

hormone produced in the anterior pituitary, later induces luteolysis in the corpus luteum [71-73]. 

Some studies suggest that progesterone is also necessary to promote corpus lutem regression [74]. In 

the absence of pregnancy, the diestrus phase terminates with degeneration of the corpus luteum. 

However, contrary to humans, the uterus lining is not shed; instead it is reorganized for the next 

cycle. 

 

1.3 Hormonal control of spermatogenesis  

 

In males, LH and FSH travel through the bloodstream to reach the testis [28-29]. The testis contains 

Leydig cells, Sertoli cells, and many convoluted seminiferous tubules where spermatogenesis takes 

place. LH stimulates the proliferation and differentiation of Leydig cells [75-76], whereas FSH 

stimulates the proliferation and differentiation of Sertoli cells [77-78]. The Leydig cells are the 

primary site of testosterone synthesis. These cells are interspersed between the seminiferous tubules 

and express LH receptors. LH stimulates testosterone synthesis and secretion from these cells, which 

acts locally in the testis to support spermatogenesis [79-80]. Testosterone is also secreted into the 

circulation, travelling back to the hypothalamus and anterior pituitary to mainly inhibit LH secretion 

[81-82]. However, testosterone may also have a role in regulating FSH secretion (Section 3.3.2). 

Sertoli cells line the basement membrane of the seminiferous tubules and surround the developing 

spermatocytes. Sertoli cells express both FSH and androgen receptors; in response to FSH and local 

testosterone, these cells produce seminiferous tubule fluid containing nutrients and paracrine 

signaling factors that stimulate proliferation and differentiation of germ cells [83-84]. Sertoli cells 

also produce androgen-binding protein which keeps androgen highly concentrated within the testis 

[85], and inhibin which travels back to the anterior pituitary to competitively antagonize the actions 

of activin, thus reducing FSH secretion [86-88] (Section 3.4.2.1).  

Gametogenesis is hormone-dependent. LH is required to stimulate androgen secretion from theca 

cells in females and Leydig cells in males. FSH is necessary for promoting aromatase expression in 

granulosa cells to convert androgen into estrogen. Androgen is crucial for spermatogenesis, whereas 

estrogen is essential for oocyte maturation. Estrogen and testosterone both act as endocrine hormones 

providing negative feedback at the hypothalamus and anterior pituitary to inhibit LH and FSH 

secretion. In addition, FSH is important for stimulating granulosa cell and Sertoli cell proliferation 
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and differentiation, which are important cells for supporting gametogenesis. Our interest of study is 

the hormonal control of reproduction in mammals, particularly the role of follicle-stimulating 

hormone (FSH). 

 

2. The roles of FSH in reproduction 

 

2.1 FSH ligand 

 

As discussed in Section 1, FSH and LH are important regulators of reproductive function in 

mammals. Both hormones are dimeric glycoproteins composed of disulfide-linked α- and β-subunits. 

The α-subunit is shared between the FSH, LH, choriogonadotropin hormone (CG), and thyroid-

stimulating hormone (TSH); whereas the unique β-subunits confer biological specificity to each of 

the four hormones [89-91]. The β-subunits are encoded by distinct genes on different chromosomes. 

The human FSH β-subunit (Fshb) gene encodes a 111 amino acid protein, which is highly conserved 

across species [92-94]. Monoclonal antibodies and synthetic peptides have been used to map the 

exact residues required for subunit-subunit and subunit-receptor interactions. Although the specificity 

of FSH lies in the β-subunit, both subunits contact the receptor [95-99]. 

 

2.2 FSH signaling in the ovary and the testis 

 

The FSH receptor (FSHR) belongs to the large superfamily of G protein-coupled receptors (GPCRs). 

In the ovaries, FSH signals via FSHR located on the surface of granulosa cells. FSHR preferentially 

couples to the Gs protein, which stimulates adenylyl cyclase activity and increase cAMP production. 

The secondary messenger cAMP activates protein kinase A (PKA) [100-101], which in turn activates 

downstream signaling pathways, such as the cyclic AMP responsive element binding protein (CREB) 

transcription factor pathway [102-103], extracellular regulated MAP kinase (ERK) pathway [102], 

the phosphatidylinositol 3-kinase (PI3K) pathway [104] and the p38 MAPK pathway [103, 105-106]. 

Activation of the signaling cascades, and cross-talk between them, modulate the expression of FSH 

target genes. Stimulation of the FSHR by FSH results in the activation of more than 100 different 

target genes in granulosa cells [107-109]. For example, FSH stimulates increases in LH receptors 

[110], cell cycle proteins [111], and steroidogenic enzymes [112]. Collectively, FSH signaling acts to 

promote granulosa cell growth and differentiation.  
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FSH-mediated PKA signaling in Sertoli cells activates signaling pathways similar to those in 

granulosa cells. These include, the phosphorylation and activation of CREB [113], PI3K, ERK, and 

phospholipase A2 (PLA2) [83]. The activation of and cross-talk between these signaling pathways, 

together with other hormonal signals, such as testosterone, is coordinated to induce the genes 

necessary to regulate Sertoli cell proliferation/differentiation, and support spermatogenesis [83].  

In females, FSH action is crucial for estrogen production by granulosa cells and ovarian follicle 

maturation. In males, FSH regulates Sertoli cell proliferation and differentiation, thereby indirectly 

maintaining spermatogenesis. Perturbations in FSH signaling may have a severe impact on ovarian 

follicular development in females, spermatogenesis in males, and consequently fertility in both 

genders. The following section will discuss the consequences for fertility when FSH signaling is 

disturbed. 

 

2.3 Genetic studies of FSH production and action 

 

2.3.1 Murine models 

 

Knock out models have been helpful in determining the function of FSH. In 1997, Kumar et al. 

successfully generated the Fshb knock-out mouse [114]. Female Fshb null mice are hypogonadal, 

infertile, have elevated LH levels and normal estradiol levels. These mice have small ovaries with 

only primordial and pre-antral follicles; no preovulatory mature follicles or corpora lutea are 

observed. This indicates that Fshb is not required for the initial phases of follicle recruitment and 

hormone-independent development, but is essential for follicle development beyond the pre-antral 

stage. Further characterization of the ovaries from these mice by gene expression analysis reveals that 

the expression of many granulosa cell markers, including Cpy19 (aromatase) and Lhr (LH receptor) 

mRNA, are reduced [115]. Ovarian folliculogenesis in these animals resumes upon exogenous 

gonadotropin administration and they produce oocytes similar to those from control mice, suggesting 

that ovulatory competence in mice is unaffected in the absence of FSH.  

Male Fshb null mice have decreased testicular size (50%), reduction in sperm number (75%), and 

decreased sperm motility (40%) [114]. LH and testosterone levels are normal; as such sexual 

development and progression into puberty are unaffected. In contrast to the females, male null 

mutants are fertile. FSH is known for its role in supporting Sertoli cell proliferation; consistent with 

this, Fshb knockout mice display a decrease in total seminiferous tubule volume, which may explain 

the decrease in testicular size. The decrease in total seminiferous tubule volume implies a reduction in 



   

25 

 

Sertoli cell numbers. Conversely, Leydig cell numbers and the stages of spermatogenesis appear to be 

normal. The data suggest that FSH is necessary for maintaining normal testicular volume, and for 

promoting quantitatively and qualitatively normal spermatogenesis, though it may not be absolutely 

essential for spermatogenesis and fertility, at least in mice.   

Fshb and Fshr knockout mice display similar phenotypes. Female Fshr knockout mice are sterile, 

have thin uteri as a result of low estrogen levels, and small ovaries devoid of mature follicles. Males 

Fshr knockouts exhibit oligospermia, small testes, and low Sertoli cell numbers, but initially appear 

to exhibit normal fertility [116]. Later analyses revealed that Fshr knockout males have reduced 

fertility and delayed puberty [117]. Expectedly, FSH levels are elevated in both sexes due to the lack 

of negative feedback on FSH expression.  

Interestingly, high levels of FSH in male mice can lead to infertility, as seen with the over-expression 

of FSH in transgenic mice [118]. Males have normal sized testes, increased sperm production, 

elevated testosterone levels, and no testicular defects, except for the seminal vesicles which are twice 

their normal size due to high testosterone levels. The reason for their infertility is unknown but may 

result from functional incompetence of the spermatozoa/semen or altered reproductive behaviour. 

Over-expression of FSH in female mice results in elevated estradiol, progesterone, and testosterone 

levels, and the mice develop hemorrhagic and cystic ovaries. These mice die due to extreme bladder 

and kidney enlargement and obstruction between 6-13 weeks postnatally.  

From these experiments, we have learned that FSH and/or FSH signaling is required in female mice 

for follicle development beyond the pre-antral stage. In male mice, FSH is not absolutely required for 

fertility, but is required to support Sertoli cell growth and to attain full reproductive potential. 

Interestingly, over-expression of FSH in transgenic mice results in the eventual death of females and 

infertility in males, stressing the importance of maintaining an optimal FSH expression level. FSH 

synthesis must thus be tightly regulated to ensure normal fertility in mice. 

 

2.3.2 Human mutations 

 

Mutations in the human FSHB and FSHR genes are extremely rare, but have provided invaluable 

information to our understanding of FSH function in humans. Described below are examples of 

inactivating mutations in the FSHB and FSHR genes.  

Mutations in FSHB have been reported in three female patients with low or undetectable circulating 

FSH, high LH levels, primary amenorrhea, impaired breast development, follicular maturation arrest, 
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and infertility (Table 1.1) [119-120]. In one case, the patient was homozygous for a two base pair 

(GC) deletion at codon 61 (Val61X) [119]. This mutation results in a frame-shift mutation which 

completely alters the amino acid sequence of the FSH β-subunit and produces a premature stop codon 

leading to the synthesis of a truncated FSHβ protein. In the second case, the patient was a compound 

heterozygote; she carried the same Val61X mutation on one allele and a second mutation (Cys51Gly) 

on the other allele [120]. Loss of this cysteine results in aberrant folding, synthesis, and secretion of 

the FSHβ protein. In the third case, the patient was homozygous for a one base pair (G) deletion at 

codon 79 of the Fshb gene (Ala79X) [121]. Similar to the first case, this deletion also results in a 

frame-shift mutation producing a truncated protein. All three mutations are predicted to impair 

dimeric hormone assembly. These data suggest an essential role for FSH in puberty and fertility in 

women.  

Mutations in the FSHB gene have been identified in men with azoospermia (no sperm in the 

ejaculate) and infertility [122-123]. In a less severe case, the patient had azoospermia, normal 

puberty, small testes, high LH levels, and normal testosterone levels [122]. Sequencing of his FSHB 

gene revealed a homozygous Cys82Arg missense mutation predicted to interfere with dimer 

formation. In vitro analysis confirmed that this mutation results in an FSHB gene that is unable to 

produce immunoreactive and bioactive FSH dimers [124]. In a more severe case, the patient had 

azoospermia, did not undergo pubertal development, had very small testes, and high LH [123]. This 

patient carried the same Val61X mutation described above, resulting in a truncated FSHβ protein. 

These data suggest that whereas FSH may not be need for fertility in male mice, it is fundamentally 

required for spermatogenesis in human males. However, it should be noted that in some men with 

isolated FSH deficiency, but no known FSHB mutations, normal fertility or variable degrees of 

oligospermia have been reported [125-126]. These reports suggest a less crucial role for FSH in 

human spermatogenesis, though it is possible that low levels of FSH (e.g., below the limit of 

detection) may be sufficient for spermatogenesis in these individuals. 

Patients with mutations in the FSHR tend to have a phenotype less severe than patients with 

mutations in FSHB. This is mainly because these mutant receptors retain some residual activity. One-

third of women identified with hypogonadotropic ovarian failure (HOF) in northern areas of Finland 

have a homozygous Ala189Val missense mutation in their FSHR [127]. Characteristics of these 

patients include primary amenorrhea, variable development of secondary sex characteristics, and high 

levels of serum gonadotropins. The ovaries of these women have varying follicle sizes; some patients 

only have primordial follicles, whereas others have pre-antral, antral and even mature follicles. 

However, no corpora lutea were observed, indicating that ovulation did not occur. In vitro assays 
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show that the mutated FSHR is impaired in its trafficking to the plasma membrane, significantly 

impairing FSH signaling [128]. In another case, an Armenian woman displayed a relatively less 

severe phenotype: secondary amenorrhea, normal breast development, variably low estradiol, 

relatively high testosterone levels, and elevated gonadotropins [129]. Ovarian histology demonstrated 

normal development up to the pre-antral follicle stage. This patient was a compound heterozygote for 

Ile160Thr and Arg573Cys mutations in FSHR. Both mutations produce receptors partially deficient 

in signaling. The Ile160Thr mutation produces in a receptor with impaired ligand binding, whereas 

Arg573Cys reduces FSHR signaling activity upon ligand binding. Nonetheless, residual signaling is 

observed in receptors carrying either mutation. 

Males carrying the homozygous Ala189Val missense mutation in their FSHR have poor sperm 

quality, ranging from severe to moderate oligozoospermia [130]. These men undergo normal pubertal 

growth, have reduced testicular volume, normal testosterone levels, normal LH levels, high FSH 

levels, and two of the five men are fertile. This mutation, though it completely blocks FSH action in 

vitro and also severely affects female fertility, seems to be less severe in men. This suggests that 

quantitatively normal FSH signaling may not be an absolute requirement for spermatogenesis, but 

that it is needed for the quantitative and qualitative maintenance of normal spermatogenesis. 

Women with inactivating mutations in the FSHB and FSHR genes display similar phenotypes as 

female Fshb and Fshr knockout mice; both are infertile and unable to produce mature ovulatory 

follicles. These data suggest that early phases of follicular maturation are independent of FSH 

signaling, but that FSH is crucial for the final stages of maturation. FSH-deficient women can be 

treated with FSH resulting in successful pregnancy [131-133]; however, there is currently no method 

(e.g., chaperones or allosteric modulators/agonists) to activate the mutated FSHR. FSHB or FSHR 

mutations in men that result in defective FSH signaling display a phenotype that is dissimilar to that 

found in male Fshb and Fshr knockout mice. Although sperm production is impaired in both species, 

some human cases displayed a complete loss in fertility but this was never the case in mice. 

Moreover, in other cases, men that lack FSH action seem to have impaired, but not complete absence 

of fertility. With such discrepancies between different studies, it is unclear whether FSH is essential 

for male fertility. FSH alone can maintain spermatogenesis in monkeys rendered pharmacologically 

hypogonadotropic by a GnRH antagonist [134]. Also, rodents seem to be able to maintain 

spermatogenesis with testosterone (T) alone [131]. It is possible that, depending on the species, the 

absence of one hormone (FSH or T) can be compensated by the function of the other in concert with 

other hormones and paracrine regulators, to maintain spermatogenesis. Overall, we can conclude that 
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although FSH is not required for spermatogenesis and fertility, it is likely requisite for the quantitative 

(and perhaps qualitative) maintenance of normal spermatogenesis. 

 

2.3.3 Targeting FSH signaling therapeutically 

 

As mentioned in the previous section, FSH can be used to treat women with FSH deficiency. It was 

documented as early as 1958 that treatment with FSH partially purified from human pituitary 

followed by human chorionic gonadotropin (hCG), a protein structurally and functionally similar to 

LH but with a longer half-life, induces ovulation in infertile and amenorrheic women [135]. Later, 

another group showed that treatment with gonadotropins isolated from the urine of post-menopausal 

women, followed by hCG, also induced ovulation [136]. Follicular development only requires tonic 

low levels of LH; however, gonadotropin preparations from post-menopausal women contain high 

levels of LH, which may increase the risk of premature luteinization and follicle atresia. Therefore, 

women treated with purified FSH preparations have a higher rate of pregnancy than those treated with 

mixed gonadotrophin preparations [137-138]. FSH acts to promote follicle development, whereas 

hCG induces ovulation. Exogenous FSH treatment, which does not mimic the normal pattern of 

endogenous FSH release (Section 1.1), commonly results in the ovulation of multiple follicles and, 

therefore, multiple gestations [137]. Today, recombinant FSH and recombinant hCG (rFSH and 

rhCG) provide purer and safer product in assisted reproduction [132-133, 139]. rFSH and rhCG are 

also used in in vitro fertilization [140-142].  

There are conflicting data concerning a compulsory role for FSH in male fertility (Section 2.3.1 and 

2.3.2). Nonetheless, one group performed several studies assessing the possibility of treating infertile 

oligospermic men with rFSH [143-146]. Results from their studies remain controversial. The majority 

of infertile oligospermic patients receiving the treatment did not show modifications in sperm 

parameters. However, some men displayed an increased sperm count and were able to induce more 

pregnancies than other men in the study receiving the same treatment, suggesting that rFSH is only 

effective in select patients. At present, the data do not support treating men with idiopathic 

oligospermia with rFSH. 

On the other hand, FSH receptor antagonists and antibodies targeting the FSH receptor or FSH are 

being developed as novel methods of contraception. Synthetic peptides corresponding to a partial 

amino acid sequence of the human FSH β-subunit or the human FSH receptor inhibit FSH binding 

and FSH-stimulated steroidogenesis in rat Sertoli cells [147-149]. More recently, small molecule 

FSHR antagonists have also been developed; such antagonists are advantageous because they are not 
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as easily degraded as peptide antagonists. These nonpeptide antagonists inhibit FSH-stimulated 

steroidogenesis in vitro, as well as follicle growth and ovulation in rats and ex vivo murine models 

[150-151]. Antibodies developed in female ewes or mice to target the FSHR inhibit FSH-induced 

cAMP production in Chinese hamster ovary (CHO) cells expressing the porcine FSHR [152]. These 

antibodies can also reduce the ovulation rate in ewes and impair fertility in female mice. Finally, the 

most convincing data supporting contraceptive vaccines for males are from studies in non-human 

primates. Monkeys immunized with ovine FSH produce low numbers of poor quality spermatozoa. 

Whereas these animals maintain normal testosterone levels, they are incapable of impregnating 

normal cycling females [153-154]. Simultaneously, this study supports that FSH is essential for male 

fertility, at least in primates. Based on the accumulated data, methods targeting FSH signaling may 

present feasible contraceptives for men in the future. Testosterone production is not dependent on 

FSH, whereas estrogen production in females is greatly dependent on the action of FSH; therefore, 

targeting FSH in females would lead to estrogen suppression and associated adverse effects in bone 

and the cardiovascular system [155-164]. Consequently, such a contraceptive strategy would not 

represent an improvement over existing forms of hormonal contraception in women. 

The present section described the role of FSH in follicle development and spermatogenesis under 

physiological conditions. It has also elucidated the pathophysiology of deficient or dysregulated FSH 

signaling in mice and in humans, demonstrating that FSH is crucial for normal fertility in both males 

and females. In addition, the current literature involving therapeutics that target FSH signaling was 

reviewed. FSH expression fluctuates during the menstrual cycle allowing selection, development, and 

atresia of follicles during different stages of the cycle. Although FSH in males fluctuate less, 

numerous hormones and paracrine factors tightly regulate FSH expression in both genders. The 

following section will focus on what is known to date about the regulation of FSH synthesis. 

 

3. Regulation of FSH synthesis 

 

Production of the FSH β-subunit is rate-limiting in the synthesis of the mature FSH hormone. Upon 

synthesis, FSH is sorted through constitutive secretory pathway. Thus, the release of FSH is directly 

coupled to its synthesis, and correspondingly the main target for regulation is Fshb expression [165-

167]. Fshb gene transcription is under stringent regulation by many different factors. GnRH plays a 

critical role in regulating both LH and FSH secretion; however, as described in Section 1 above, the 

expression pattern of the two is very different. Previous studies have shown that many other factors 

are specifically involved in controlling FSH synthesis. Such factors include TGFβ family ligands and 
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sex steroids, which may act together with GnRH to regulate Fshb transcription. The regulation of 

FSH synthesis/secretion requires complex integration of numerous signals. Dissecting and 

understanding the contribution of each of these signaling pathways will provide insight into the 

control of reproductive function, which may lead to the development of therapies for infertility. In 

this section, I will first describe the models that have been used thus far to study the different 

signaling pathways that regulate Fshb transcription, followed by a detailed discussion of each 

regulator and its effect on Fshb expression. 

 

3.1 Models for studying Fshb regulation 

 

Until recently, very little was known about Fshb transcriptional regulation. This was largely due to 

the lack of a differentiated gonadotrope cell line that produces Fshb endogenously. Therefore, 

heterologous cells, primary cell cultures, and transgenic mice were previously employed to study 

transcriptional regulation of the Fshb gene. In 1996, an immortalized murine gonandotrope cell line 

(LβT2) was developed [168]. Later, these cells were recognized to express Fshb endogenously in 

response to GnRH or activin A stimulation [169-170]. Since then, much progress had been made in 

the field of Fshb transcriptional regulation. Additionally, in 2004, a transgenic model was developed 

to permit rapid, efficient isolation of murine gonadotropes thereby allowing for the study of isolated 

primary gonadotropes at approximately 95% purity [171]. In the following section, I will describe 

how each of these models has been used or developed, as well as their relative strengths and 

weaknesses. 

 

3.1.1 Heterologous cell systems 

 

Before the development of a homologous cell system, heterologous cells were the only resource 

available for in vitro mechanistic studies, and much of the original insight into Fshb regulation was 

derived from analyses in this system. In particular, we learned a considerable amount about Fshb 

regulation by GnRH (Section 3.2). To study Fshb transcriptional regulation by GnRH, an ovine Fshb 

promoter-reporter was transfected into a heterologous cell system, for example, human epithelial 

cervical cancer (HeLa) cells, engineered to express the GnRH receptor (see Section 3.2) [172]. 

However, because specific sets of proteins, such as transcription factors, kinases, G proteins, and 

receptors may be expressed exclusively in gonadotropes, the use of heterologous cells may not 

accurately reflect gonadotrope-specific responses. For example, in vitro data suggest a role for 

GnRH-induced activator protein 1 (AP1) binding to the ovine Fshb promoter; however, in vivo data 
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fail to support this model (see Section 3.2). Today, heterologous systems are still being used to 

formulate and test predictions of the homologous model. In cases where homologous cell lines are 

difficult to work with, heterologous systems can be used to generate hypotheses which can be later 

tested in a homologous system. For example, in tandem affinity purification (TAP) experiments, 

when stable cell lines are difficult to attain using homologous cells, one can perform the screening 

step using a heterologous cell line, and later confirm the involvement of specific targets using a 

homologous cell line (see Chapter 5, Section 5.2). 

 

3.1.2 Primary pituitary cultures 

 

Primary pituitary cultures from many different species including mice, rats, sheep, and fish (goldfish, 

salmon, eel, tilapia, zebrafish) have been used to study the regulation of gonadotropin expression 

[173-180]. Much of what we know about Fshb regulation by activins and steroids stem from primary 

pituitary cultures. However, there are several inherent problems in using pituitary primary culture 

preparations. Given the size of the pituitary, many animals are required for each experiment 

performed in primary cultures. Only 5-10% of the cells in the anterior pituitary gland are 

gonadotropes [181]; numerous other cell types populate the anterior pituitary, and their specific 

paracrine effects on FSH synthesis and secretion cannot easily be determined. Also, having multiple 

endocrine cell types in the primary pituitary culture preparation makes it difficult to differentiate 

gonadotrope specific responses over the background activities of the other cells. Therefore one must 

keep in mind the possible effects of neighbouring cells when interpreting data from primary cultures. 

Finally, primary cells do not transfect well; therefore, they are not amenable to the kind of 

mechanistic studies more readily conducted in cell lines. Nonetheless, primary cultures may represent 

in vivo models more accurately than cell lines, making them a valuable resource for studying Fshb 

expression. 

 

3.1.3 Transgenic mice 

 

As described in Section 2.3.1, transgenic mice are exceptional tools for determining the physiological 

functions of certain genes and their protein products. Specific genes in gonadotropes can be knocked 

out or knocked in, allowing one to assess their roles in Fshb expression and fertility. However, 

transgenic mice also do not allow detailed analyses of signaling pathways or DNA-protein 

interactions. Moreover, the construction of transgenic models is a very laborious and time consuming 

procedure. Nonetheless, models developed in cell lines my not reflect what happens in vivo. For 



   

32 

 

example, data from cell lines suggest a role for ERK1/2 in GnRH-stimulated Fshb transcription; 

however, in vivo data do not support this model (see Section 3.2). Therefore, it is common (and 

recommended) practice to use transgenic mice as an in vivo validation of in vitro models. 

 

3.1.4 Homologous cell system 

 

Two immortalized gonadotrope cell lines were developed in transgenic mice using an SV40 large T-

antigen linked to the 5‟ promoter regions of the human CGA (gonadotropin α-subunit) or rat Lhb 

genes [168]. αT3-1 and LβT2 cells were derived from pituitary tumors in mice bearing the CGA and 

Lhb transgenes, respectively. The expression of the α-subunit occurs at embryonic day 11.5 (E11.5) 

of murine gestation, whereas the expression of LHβ occurs at E16.5, and FSHβ at E17.5 [181]. As a 

result, the αT3-1 cell line is argued to reflect gonadotropes at an earlier stage in the differentiation 

program.  That is, they express markers of early [Cga, Gnrhr, and Nr5a1 (steroidogenic factor 1, or 

SF-1], but not terminal differentiation (Lhb or Fshb subunits). LβT2 cells reflect a more differentiated 

murine gonadotrope cell line and express Cga, Gnrhr, Nr5a1, and Lhb under basal conditions. These 

cells can further secrete LH in response to GnRH stimulation [168]. Moreover, LβT2 cells were later 

observed to express Fshb mRNA in response to activin A (and GnRH to a lesser extent) stimulation 

[169-170], providing a valuable tool for studying Fshb transcriptional regulation. In addition to 

containing the full complement of factors required for basal and hormone-regulated expression of the 

gonadotropin subunits, LβT2 cells are advantageous because they can be easily expanded and 

maintained in culture for several passages. LβT2 cells are also amenable to transfection studies using 

standard molecular biology techniques, thus enabling over-expression and knockdown of specific 

factors. As seen in subsequent sections, such manipulations in LβT2 cells has allowed researchers to 

study the pathways involved in GnRH-, androgen-, estrogen-, progesterone-, and activin-mediated 

Fshb-regulation (Sections 3.2, 3.3 and 3.4). The availability of LβT2 cells has greatly expanded our 

knowledge of Fshb transcriptional regulation and these cells are still intensively used today as they 

remain the only homologous cell line available for such studies. 

 

3.1.5 Purified primary gonadotropes 

 

To avoid some of the concerns in using whole pituitary cultures (see Section 3.1.2), one can use 

purified gonadotropes to study the effect of exogenous ligands in Fshb transcription. Several labs 

have reported methods to enrich gonadotropes from mixed cell populations in the pituitary. Childs 

and Unabia described a counterflow centrifugation method for enriching gonadotropes from rat 
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pituitaries; however, the procedure is time consuming, and requires many animals [182]. Recently, 

Wu et al. developed a protocol for purifying gonadotropes from transgenic mice [171]. These mice 

were genetically engineered to contain 4.7kb of the ovine Fshb promoter linked to a cDNA encoding 

the cell surface antigen, H2Kk. H2Kk is a major histocompatibility protein absent in most murine 

strains used for transgenic work. It lacks protease-sensitive sites on its extracellular amino terminus, 

so it is not digested by enzymes used to disperse mammalian cells. Furthermore, the H2Kk used here 

lacks an intracellular carboxyl terminus, so it has no intracellular signaling ability to interfere with 

normal cell functions. Another advantage of expressing H2Kk on the cell surface of gonadotropes is 

the availability of a commercial technique that uses magnetic immuno-microbeads to rapidly and 

efficiently purify gonadotropes from mixed pituitary cultures.  By immunostaining for FSH, this 

group reported that this method can isolate gonadotropes at up to 95% purity. Furthermore, treatment 

of these purified cells with activin A can increase FSH expression by 480% above basal levels. This 

method thus allows for the study of Fshb regulation in a more physiological context. However, H2Kk 

gonadotropes cannot be purified in sufficient quantities to perform studies of the kind performed in 

LβT2 cells and many mice are needed to generate sufficient cells for experimentation. 

Although each of the available systems to study Fshb transcriptional regulation has its shortcomings, 

these systems can complement each other to definitively establish a role, or lack thereof, for a target 

of study. Each of these systems has aided and will continue to aid in the identification of Fshb-

regulatory factors and the components involved in their signaling pathways. In the following sections, 

I will describe the main known Fshb regulators and their associated signaling mechanisms. 

 

3.2 Regulation of Fshb expression by GnRH 

 

GnRH, released in pulses from the hypothalamus, is an important stimulator of Fshb synthesis [7-8]. 

GnRH acts on the GnRH receptor (GnRHR), a GPCR. Signal transduction through GnRHR occurs 

through the activation of G proteins, Gq/G11 [183], which subsequently activate phospholipase Cβ. 

Phospholipase Cβ cleaves phosphatidylinositol 4, 5-bisphosphate (PIP2) into inositol triphosphate 

(IP3) and diacylglycerol (DAG), the latter being an activator of protein kinase C (PKC) [184-185]. 

GnRH-activated PKC promotes Fshb transcription through the activation of MAPK kinase pathways, 

such as ERK1/2, JNK (c-Jun NH2-terminal kinase), and p38 [185-189].  

 

GnRH stimulation induces immediate-early response genes resulting in the synthesis of transcription 

factors, such as activator protein 1 (AP1), to promote Fshb transcription. AP1 consists of Fos (c-fos, 
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FosB, Fra-1, and Fra-2) and Jun (c-Jun, JunB, and JunD) dimers [190-191], and its expression is 

activated by GnRH-stimulated MAP kinases. In vitro studies suggest that the ERK1/2 pathway is 

important for GnRH-mediated activation of Fshb transcription in LβT2 cells [188, 192-193]. 

Conversely, in vivo data do not support a role for ERK1/2 in the regulation of Fshb transcription. 

Gonadotrope-specific ERK1/2 knockout mice display no impairments in plasma FSH and pituitary 

Fshb mRNA levels. Furthermore, female knockout mice demonstrate normal follicular development 

[194]. A possible explanation could be the availability of other GnRH-activated kinases that may 

compensate for the loss of ERK1/2 to activate AP1 expression. In vitro data suggest that JNK and p38 

MAPK pathways also contribute to AP1 expression and therefore Fshb expression in LβT2 cells 

[188, 192-193]. In vivo experimentations will be required to confirm their importance.  

 

Several potential AP1 binding sites exist in the mammalian Fshb/FSHB proximal promoters (Figure 

1.2), though there appear to be differences in their relative importance between species. Two AP1 

binding sites in the ovine promoter mediate GnRH induction of Fshb transcription [172]. Fos and Jun 

proteins bind to these sites and stimulate Fshb promoter-reporter activity [195]. Interestingly, the 

GnRH-responsive murine Fshb promoter is deficient in both the AP1 sites identified in the ovine 

promoter. Instead, an AP1 half site exists in the murine promoter, located juxtaposed to an NFY 

(nuclear transcription factor Y) site; both of these elements are required for the induction of the 

murine Fshb reporter by c-Fos or c-Jun over-expression, as well as for full GnRH responsiveness in 

LβT2 cells [196]. Additionally, AP1 physically interacts with NFY, further supporting that AP1 and 

NFY act together to regulate Fshb transcription. The human FSHB promoter shares the distal AP1 

site identified in the ovine Fshb promoter, and the AP1/NFY site identified in the murine promoter 

[193]. Both of these sites contribute to GnRH induction of the human FSHB gene. Furthermore, 

expression of a dominant negative Fos inhibits GnRH-induced murine and human Fshb/FSHB 

promoter activities, further suggesting that GnRH induction of Fshb/FSHB transcription is mediated 

by AP1 proteins [185, 196]. Collectively, in vitro data suggest a role for AP1 and AP1 sites in the 

induction of Fshb/FSHB expression by GnRH, though the cis-elements involved may be species-

specific.  

 

In vivo studies do not support a role for AP1 in the regulation of Fshb/FSHB expression [197]. 

Transgenic mice were engineered to express the luciferase (luc) reporter under the control of the 

ovine Fshb promoter. This transgene, specifically expressed in pituitary gonadotropes, is regulated 

similarly to the endogenous murine Fshb gene.  Surprisingly, transgenic mice expressing ovine Fshb-

luc with both AP1 sites mutated respond to GnRH agonist and GnRH immunoneutralization similarly 
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to that of wild-type mice. This suggests that the AP1 sites may not be required for in vivo regulation 

of Fshb transcription by GnRH. The in vivo relevance of the AP1/NFY site in the murine Fshb 

promoter has not yet been assessed.  

 

Despite the high sequence conservation between the murine and rat Fshb promoter, the trans-acting 

factors involved in the regulation of Fshb transcription by GnRH appear to be different. A study with 

the rat promoter suggests that AP1 expression and binding do not affect GnRH-induced Fshb 

promoter activity [198]. Whereas AP1 and NFY bind to the murine Fshb promoter, binding of these 

proteins cannot be detected in the corresponding region of the rat Fshb promoter. Instead this region 

of the rat promoter appears to bind the CREB and upstream transcription factor (USF)1/2 both in 

vitro and in LβT2 cells. Moreover, siRNA-mediated knockdown or expression of a dominant negative 

CREB construct significantly reduces the GnRH effect. These observations further support that the 

mechanism by which GnRH modulates Fshb expression may be species-specific.  

 

Much effort has been dedicated to understanding mechanisms underlying GnRH-mediated Fshb 

transcription. Current in vitro data support the notion of a species-dependent mechanism in the 

regulation of Fshb/FSHB transcription by AP1. However, in vivo studies do not support the model 

that GnRH-mediated Fshb expression is dependent on the AP1 sites in the ovine Fshb promoter. 

Whether AP1 or AP1-sites are necessary for GnRH-induced Fshb transcription in other species 

remains to be elucidated in vivo. Regulation of Fshb transcription by GnRH is complex and, at 

present, incompletely understood.  

 

3.3 Regulation of Fshb expression by steroids 

 

As discussed in Section 1.1, FSH promotes androgen, estrogen, and progesterone synthesis in the 

gonads. These sex steroids in turn act via negative or positive feedback to regulate gonadotropin 

production and secretion. Sex steroids modulate GnRH secretion at the hypothalamic level; however, 

depending on species, they may also affect Fshb transcription by directly targeting gonadotropes. 

 

3.3.1 Androgens 

 

Androgens, which include testosterone and 5α-dihydrotestosterone (DHT), directly stimulate Fshb 

expression in both rat primary pituitary cultures and in GnRH-deficient rats [199]. In LβT2 cells, 

androgens stimulate the murine Fshb promoter-reporter in a dose- and time-dependent manner when 
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co-transfected with the androgen receptor (AR), but not with a DNA-binding deficient form of the 

receptor [200]. This suggests a crucial role for AR-DNA binding to modulate Fshb expression. 

Moreover, several candidate hormone-responsive elements (HREs) exist in the proximal murine 

promoter, some of which are conserved across species (Figure 1.2) [201]. Androgens can also 

stimulate ovine and murine Fshb reporter activities synergistically with activins in LβT2 cells. Data 

obtained from rat primary pituitary cultures are, however, inconsistent with primary culture data from 

other species [202]. DHT treatment has no effect on FSH secretion in ovine primary pituitary 

cultures, and the synthetic androgen methyltrienolone (R1881) fails to increase Fshb mRNA levels in 

murine primary pituitary cultures. Nonetheless, R1881 potentiates activin A-stimulated Fshb mRNA 

expression in murine pituitary cultures, supporting a synergistic role between activins and androgens 

[203]. Androgens suppress both FSH release and FSHB mRNA expression in pituitary cultures from 

transgenic mice carrying a 10kb human FSHB minigene [204]. Similarly, androgens suppress FSH 

release at the pituitary level in GnRH-deficient men [205-207], casting doubt on a stimulatory role for 

androgens in humans. In summary, androgens regulate FSH production and release in the pituitary via 

species-specific mechanisms. Additional studies are required to explain the bases for these 

differences in mechanistic detail. 

 

3.3.2 Estrogens 

 

Ovarian estrogens are potent feedback regulators of FSH synthesis and secretion (see Section 1). 

Ovariectomized rodents, which are deficient in gonadal estrogens, exhibit increased serum FSH. FSH 

levels are partially suppressed with exogenous 17β-estradiol treatment [208]. The murine Fshb 

promoter does not respond to 17β-estradiol in LβT2 cells even in the presence of transfected estrogen 

receptor (ER)α or ERβ [200], and knockout of ERα in the pituitary has no effect on serum FSH or 

Fshb mRNA levels in females [209]. However, another study suggests that 17β-estradiol can suppress 

Fshb mRNA expression through ERα, but independent of its DNA-binding activity [210]. Although 

in vivo studies demonstrate a suppressive role for 17β-estradiol on FSH secretion, in vitro studies 

suggest that its actions are likely at the hypothalamic rather than pituitary level. Other studies suggest 

that additional ovarian hormones such as inhibin (Section 3.4.2) and/or progesterone (Section 3.3.3) 

suppress FSH at the pituitary level [211-213]. It is possible that estrogens may indirectly regulate 

FSH at the pituitary level as estradiol can inhibit activin A-stimulated Fshb mRNA expression in 

LβT2 cells [214]. Overall, a role for estrogens in Fshb transcriptional regulation in the gonadotropes 

is not yet clear. However, although estrogens may not regulate basal Fshb expression, they may have 
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a suppressive effect on Fshb expression in gonadotropes by inhibiting the stimulatory actions of 

activins (Section 3.4.2). 

 

3.3.3 Progesterone 

 

Progesterone is also a potent regulator of FSH secretion, particularly during the luteal phase of the 

menstrual cycle (Section 1). Progesterone (P4) stimulates Fshb gene expression [215] and FSH 

secretion [69, 216] in rats, and induces the murine Fshb promoter in LβT2 cells [200]. Furthermore, 

antiprogestins block FSH
 
secretion and Fshb mRNA expression during the secondary FSH surge in 

female rats [68, 217-218], suggesting that progesterone is an important factor for inducing the 

secondary FSH surge seen in rodents. In rat or ovine primary pituitary cultures, R5020, a synthetic 

progestin, can stimulate rat or ovine Fshb promoter-reporter activity [201, 219]. The action of R5020 

on the murine Fshb promoter requires progesterone receptor (PR), and PR can directly bind to the 

murine Fshb promoter [200]. Several putative HREs exist in the rat and ovine Fshb promoters and 

may play a significant role in their regulation by progesterone [201, 219]. Contrary to the promoter-

reporter studies, progesterone inhibits Fshb expression and FSH release in ovine primary pituitary 

cultures [202, 220]. In rat primary pituitary cultures, progestins on its own, or in collaboration with 

activins, stimulates FSH release and up-regulate Fshb mRNA levels [177, 218, 221]. The cooperative 

effects between progestins and activins can also be observed with the murine Fshb promoter-reporter 

in LβT2 cells [200]. Interestingly, R5020 does not affect human FSHB promoter-reporter activity in 

LβT2 cells even when co-transfected with the rat or human PR [222]. In some species, progesterone 

is a stimulator of Fshb synthesis, whereas in other species it has no effect or even acts as an inhibitor 

of Fshb synthesis. These apparently conflicting data may be attributed to the fact that the HREs in the 

human, ovine, and rat promoters all differ significantly (Figure 1.2). In addition, PR, a nuclear 

receptor, may differentially recruit co-activators versus co-repressors under different conditions to 

respectively activate or repress Fshb transcription. Whether progesterone-regulated Fshb expression 

is dependent on species-specific HREs or whether they may act through HRE independent pathways 

still remains to be determined. 

 

3.4 Regulation of Fshb expression by TGFβ superfamily ligands 

 

Ligands of the transforming growth factor β (TGFβ) family regulate many biological processes [223]. 

In a broad sense, they act to modulate growth, differentiation, and functional homeostasis of most cell 

types. Their roles span across a wide range of biological functions, including reproduction, the 
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immune response, bone formation, liver growth and regeneration, tissue remodeling and repair, 

erythropoiesis, and angiogenesis. TGFβ superfamily ligands include activins, inhibins, TGFβ 

isoforms, bone morphogenetic proteins (BMPs), growth and differentiation factors (GDF)s, anti-

Müllerian hormone (AMH), Nodal, and Lefty, and generally act as autocrine and/or paracrine factors 

to locally regulate cellular functions. Several TGFβ family ligands regulate Fshb expression. In fact, 

the activins and inhibins were discovered and named based on their relative effects on FSH secretion 

[224-227].  

In the following sections, I will review TGFβ family ligand signaling in general and then specifically 

within the context of FSH regulation. 

 

3.4.1 TGFβ superfamily signaling: The basics 

 

TGFβ family ligands bind and signal through two classes of serine-threonine  kinase receptors: type I 

and type II [223]. The ligands propagate their signals via heterotetrameric complexes of two type II 

receptors and two type I receptors. TGFβs and activins first bind the extracellular domains of the type 

II receptors, type I receptors are then recruited into the complex. In contrast, the assembly of most 

BMP heterotetrameric receptor complexes requires BMPs to first interact with their type I receptors.  

The type II receptors ACVR2 and ACVR2B are shared by activins and BMPs, whereas BMPR2 is 

specific for BMPs. Although sharing has been noted for type II receptors, ligand and type I receptor 

interactions tend to be more restricted (Figure 1.3). BMP ligands signal through type I receptors 

ACVRL1, ACVR1, BMPR1A, and/or BMPR1B, whereas activins signal through ACVR1B, and/or 

ACVR1C (for alternate receptor nomacature see Table 1.2).  

Both type I and type II receptors have a short extracellular domain, a single transmembrane domain, 

and an intracellular serine-threonine kinase domain [223]. The intracellular domains of type I 

receptors are characterized by a GS (glycine and serine-rich) region located N-terminal to the kinase 

domain. The dimeric ligand serves as a scaffold for the assembly and stabilization of the type I and 

type II receptor complex; spatial proximity of the two receptor types allows the constitutively active 

type II receptor to trans-phosphorylate the GS domain of the type I receptor. Phosphorylation of the 

GS domain converts the type I receptor kinase to an active conformation, thus initiating downstream 

cellular signaling. Mutation of Thr-204 in TGFBR1, or the Gln-223 in BMPR1A to Asp or Glu 

results in a constitutively active type I receptor, allowing them to produce cellular responses 

independent of ligand and/or type II receptors [223, 228]. Activated receptor complexes can be 

internalized from the cell surface through two endocytic pathways: clathrin-coated vesicles or 
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calveolae/lipid-rafts [229-230]. Signaling can be terminated by targeting the receptor complex for 

degradation, or signaling can continue in endosomes [223]. For example, internalization of TGFβ 

receptors through the clathrin-mediated endocytic pathway promotes the colocalization of these 

activated receptors with their downstream signaling components and adaptor proteins [231-235]. This 

suggests that protein complexes can be assembled in the endocytic pathway to further elicit 

downstream signaling cascades. 

SMADs, or mammalian homolog of drosophila mothers against decapentaplegic, are the major signal 

transducers of TGFβ superfamily ligands; nonetheless, the ligands can also activate SMAD-

independent pathways [223]. In the SMAD-dependent pathway, the activated type I receptor kinases 

phosphorylate the extreme C-termini of receptor-regulated SMADs (R-SMADs) at the Ser-Ser-X-Ser 

(SSXS) motif, which then allows them to complex with the co-regulatory SMAD (co-SMAD) prior to 

accumulating in the nucleus. Together with other transcriptional activators or repressors, SMAD 

complexes regulate target gene expression, often through direct binding to the DNA. Eight different 

SMADs have been identified in mammals (Figure 1.3): SMAD1, SMAD5, and SMAD8 are BMP-

specific R-SMADs; SMAD2 and SMAD3 are TGFβ/activin-specific R-SMADs; SMAD4 is the only 

co-SMAD; SMAD6 and SMAD7 are inhibitory SMADs (I-SMADs).  However, there are exceptions 

regarding the specificity of R-SMAD activation. For example, though TGFβ typically activates 

SMADs 2 and 3 via TGFBR1, it can also stimulate phosphorylation of SMADs 1 and 5 in endothelial 

cells. In this case, the presence of a co-receptor, endoglin, permits recruitment of an alternate type I 

receptor, ACVRL1, into the complex [236-238]. Conversely, SMAD2/3 can be phosphorylated by 

BMP receptors in certain cell types ([239] and Ho et al. unpublished data). This area of research is 

still in its early stages and requires further investigation.  

R-SMADs and co-SMADs contain an N-terminal Mad homology (MH1) domain and a C-terminal 

MH2 domain, connected by a variable linker region [223, 228, 240]. The MH1 domain mediates 

binding to DNA via a highly conserved β-hairpin loop [241]. The linker region of R-SMADs mainly 

serves as a target for post-translational modifications, such as phosphorylation, sumoylation, and 

ubiquitination, which determines the lifespan, function, and localization of SMAD proteins in the 

cell. The MH2 domain mediates interaction with receptors and oligomerization with other SMADs, 

whereas all three domains are capable of interacting with additional transcription factors [223, 228, 

240]. The type I receptor kinase domains have a solvent exposed loop (L45 loop) between kinase 

subdomains IV and V [242]. R-SMADs have a corresponding structure called the L3 loop, which is a 

17 amino acid region protruding from the surface of the MH2 domain [243]. It is the interaction 

between the L45 loop and the L3 loop that allows for the specific interaction between type I receptors 
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and their respective R-SMADs. The L45 loop is conserved within BMP-specific receptors and within 

TGFβ/activin-receptors, but differs between the two subgroups of receptors. Likewise, the L3 loop is 

similar within a given SMAD subgroup but differs between different SMAD subgroups [243-246]. In 

their unphosphorylated and inactive state, R-SMADs adopt an autoinhibitory structure where their 

MH1 and MH2 domains physically bind to each other to suppress each other‟s function. These 

SMAD proteins undergo a constant process of nucleocytoplasmic shuttling [247-250]. However, the 

majority of R-SMADs concentrate in the cytoplasm [251] due to the actions of cytoplasmic SMAD-

anchors, such as the protein SARA (SMAD anchor for receptor activation) [232]. Upon 

phosphorylation of the SSXS motif by the type I receptor, R-SMADs undergo conformational 

changes that relieve them from their inhibitory conformation and thus become activated. In their 

active state, R-SMADs‟ affinity for cytoplasmic anchors decreases [252]; they expose their nuclear 

localization to increase their affinity for nuclear import machinery [253-254], favoring their 

relocation to the nucleus. In their active state, the affinity of R-SMADs for SMAD4 is also increased, 

allowing R-SMADs to oligomerize with SMAD4 and regulate target gene expression [255]. 

Dephosphorylation of R-SMADs is one event that contributes to the termination of the signal, 

allowing them to recycle back to the cytoplasm [249]. Conversely, R-SMAD signaling can be 

terminated via ubiquitin-dependent proteolysis [256]. 

I-SMADs, SMAD6 and SMAD7, are antagonists of R-SMAD signaling. SMAD7 inhibits both 

TGFβ/activin and BMP signaling [257-258], whereas SMAD6 is more selective at inhibiting BMP 

signaling [259-260]. Inhibitory actions of I-SMADs are diverse; they can compete with R-SMADs for 

interaction with activated type I receptors [257-258, 261], they can compete with R-SMADs for 

oligomerization with SMAD4 to form inactive complexes [260], they can bind SMAD-responsive 

elements disrupting R-SMAD/co-SMAD binding and recruiting co-repressors to the promoter [262-

263], and they can recruit E3 ubiquitin ligases to type I receptors resulting in their ubiquitination and 

degradation [264-266]. Expression of I-SMAD is induced by TGFβ/activins and BMPs, and thus acts 

as a negative feedback signal to regulate TGFβ superfamily signaling [258, 267-269]. 

 

3.4.2 Regulation of Fshb expression by activins, inhibins, and follistatins 

 

GnRH is an important regulator of both LH and FSH production; whereas activins, inhibins, and 

follistatins specifically regulate FSH synthesis [270-272]. Inhibins were first characterized for their 

ability to specifically suppress FSH release without affecting LH release from rat primary pituitary 

cultures [224, 227, 270]. In the process of purifying inhibins, activins were also characterized for 
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their stimulatory effect on FSH release [224-227]. Inhibins and activins are structurally related and 

both are disulfide-linked dimers. Inhibins are heterodimers of an α-subunit and one of two β-subunits 

(βA and βB), resulting in inhibin A (αβA) and inhibin B (αβB). Activins, on the other hand, are homo- 

or heterodimers of the two inhibin β-subunits giving rise to activin A (βAβA), activin B (βBβB), and 

activin AB (βAβB) [273-274]. Later studies isolated three additional β-subunits, βC, βD (Xenopus 

only), and βE, the subunits required for the formation of the homodimers activin C, activin D, and 

activin E [275-277]. Although these latter dimers have no effect on FSH secretion, the βC subunit can 

form heterodimers with βA or βB but not the α-subunit, giving it the potential to modify the 

bioavailability of activins [278]. Follistatins were later discovered as single chain polypeptides that 

that bind to and bioneutralize activins, and thereby possess FSH-suppressing activity [279-280].  

Numerous in vivo and cell culture studies confirmed the stimulatory effect of activins on FSH release. 

Injection of purified activin A increases circulating levels of FSH in both male and female rats [10-

11]. Similarly, treatment of rat primary pituitary cultures with purified activin A stimulates Fshb 

expression [12] and FSH secretion [13]. As in most other tissues, activins are produced locally and 

act in an autocrine/paracrine fashion to target gonadotropes and other cell types in the anterior 

pituitary [272]. Activins also exist in the circulation, but the majority is bound to follistatins, and thus 

activins likely do not act as endocrine regulators of FSH [281]. Activin A, B, and AB are all 

expressed in the pituitary, but only activin B is expressed in rat gonadotropes and LβT2 cells [282-

283]. Therefore, it was initially suggested that activin B may be the more relevant form for regulating 

FSH synthesis [170, 272, 283]. Nonetheless, activin A and AB are expressed by other cell types of 

the pituitary and may exert their effect in a paracrine fashion. This notion was challenged by a study 

showing that neutralizing monoclonal antibodies against the activin βB subunit selectively inhibit 

Fshb mRNA accumulation and FSH secretion from rat anterior pituitary cultures [284-285]. These 

results suggest that gonadotropes endogenously express a physiological activin B tone to support 

basal FSH synthesis and release. Similarly, basal Fshb expression is maintained in LβT2 cells by 

endogenous activins [203, 282, 286-287]. The immunoneutralization results also suggest that activin 

B serves as an autocrine signal to regulate Fshb expression and its loss cannot be compensated by 

activin A. However, the deletion of the Inhbb gene in mice, which leads to the loss of activin B and 

AB, slightly increased FSH levels [288], whereas deletion of the Acvr2, the activin type II receptor, 

dramatically decreased FSH synthesis and release [289-290]. This suggests that activin A from 

surrounding cells, or other ligands that may act through ACVR2, can compensate for the loss of 

activin B and AB. Despite the conflicting data regarding the physiologically relevant activin subtype, 
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current studies support an important role for activin signaling in maintaining normal FSH synthesis 

and secretion. 

 

3.4.2.1 Activin regulation of Fshb expression 

 

Both activin type II receptors, ACVR2 and ACVR2B, are expressed in LβT2 cells; but only the 

deletion of Acvr2 reduces FSH levels in vivo, suggesting that ACVR2 is the preferred type II receptor 

by which activins regulate Fshb expression [170, 282, 291-292]. Knockdown of Acvr1b specifically 

inhibits activin A signaling in LβT2 cells [292], suggesting that, at least in vitro, ACVR1B is the 

preferred type I receptor mediating the activin A response on Fshb synthesis. Further analysis 

suggests that in addition to ACVR1B, activin B and activin AB may also signal through ACVR1C to 

regulate Fshb transcription in LβT2 cells [293]. Mouse studies suggest that these type I receptors 

have distinct roles in embryonic development; while ACVR1B-deficient mice die early in utero 

[294], ACVR1C-deficient mice are viable and have no defects in fertility [295], indicating that 

ACVR1C does not play a significant role in activin signaling.  

The mechanisms by which activins stimulate Fshb expression in gonadotropes also vary between 

species. While activin A only weakly stimulates the human FSHB promoter in LβT2 cells [296], it is 

a strong stimulator of the murine, rat, ovine, and porcine Fshb promoters [286, 297-300]. Activin A 

treatment increases SMAD2/3 phosphorylation, and causes its nuclear accumulation in LβT2 cells. 

This increase in SMAD2/3 phosphorylation correlates with an increase in Fshb mRNA levels [297, 

301]. Although activin-mediated transcriptional regulation of murine and porcine Fshb is dependent 

on both SMAD3 and SMAD2, only SMAD3 is necessary for activin to stimulate the rat Fshb 

promoter [293, 296-297, 300-303], indicating that mechanistic differences between species may exist.  

Activated SMAD2/3 form oligomers with SMAD4 and accumulate in the nucleus to modify target 

gene expression. A necessary role for SMAD4 in activin A induction of Fshb transcription in LβT2 

cells has recently been established [304].  

The MH1 domain of SMAD3 mediates binding to the SMAD binding element (SBE). Initially, the 

SBE was thought to be composed of an 8 base pair palindromic DNA sequence, GTCTAGAC. 

However, it was later found that just the first half of the palindromic sequence, GTCT (or its reverse 

complement AGAC), is sufficient as an SBE [250, 305]. The rat and murine Fshb promoters contain 

the full length 8 base pair sequence in their activin sensitive regions and SMAD2/3/4 can bind to this 

element in vitro [296, 300, 302]. Consistently, mutations to this SBE, thus blocking SMAD binding, 

lead to a decrease in activin A or SMAD2/3/4 induction of the murine and rat Fshb promoters. Since 
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SMAD2 lacks DNA binding ability, activin-mediated Fshb transcription is dependent on the direct 

binding of SMAD3/4 to the promoter [286, 296, 300, 302]. In summary, activin stimulation leads to 

SMAD2/3/4 accumulation in the nucleus, allowing for its association with the SBE, and stimulation 

of murine or rat Fshb gene expression. 

Interestingly, the SBE found in the rodent Fshb promoters is not conserved in the human, porcine or 

ovine Fshb promoters (see Figure 1.2). Activins weakly stimulate the human promoter, and addition 

of this SBE potentiates the activin response but not to levels comparable to those of the murine 

promoter [296]. Mutation of the SBE in the murine Fshb decreases activin induction only by about 

50% [296], but the porcine and ovine Fshb promoters are sensitive to activin stimulation even without 

this consensus SBE [170, 299]. These data suggest the involvement of additional or different SBEs 

that may serve in the regulation of Fshb transcription. Several SBE half sites exist in the ovine 

promoter; mutations to two of these sites (SBE-like 1 and SBE-like 2) (Figure 1.2) greatly attenuate 

the activin A response [222, 298, 306]. Both of these sites are conserved across species, save for mice 

which have the SBE-like 1 site and the consensus full-length SBE. Mutation of either SBE-like 1 or 

SBE-like 2 in the porcine promoter greatly attenuates activin A stimulation. This effect is similarly 

observed through mutation of the SBE-like 1 and full length SBE sites in the murine promoter [286, 

298, 303]. In vitro binding assays suggest that SMAD2/3/4 can bind to these SBE-like sites [286, 296, 

298]. Although definitive binding data in any species are still lacking, data acquired thus far suggest 

that the two SBE-like sites are necessary to confer activin responsiveness in Fshb transcriptional 

regulation. Nonetheless, these sites alone appear to be insufficient for activin responsiveness, both 

sites are conserved in the human FSHB promoter despite negligible activin responsiveness. 

 

3.4.2.2 SMAD-interacting proteins involved in Fshb regulation 

 

SMADs bind to SBEs with low-affinity [222, 241]. To increase their binding affinity and specificity 

to their target genes, SMADs often depend on cooperation with protein binding partners. Paired-like 

homeodomain transcription factors 1 (PITX1) and PITX2 are known regulators of basal Fshb 

expression in gonadotropes, and appear to be important in activin A-regulated Fshb transcription in 

LβT2 cells as well. PITX1/2 can physically interact with SMAD2/3/4 [174, 307-308], and a 

conserved PITX binding site exists in the proximal murine Fshb promoter (Figure 1.2). Mutations to 

this site abrogate activin A and SMAD2/3/4 induction of the Fshb reporter in LβT2 cells [307, 309], 

and severely impair ovine Fshb promoter-reporter activity in pituitaries of transgenic mice [310]. 

Furthermore, depletion of endogenous PITX1/2 inhibits basal and activin A-stimulated activity of the 
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murine and rat reporters [307-308]. Collectively, these data suggest that PITX proteins are involved 

in promoting basal and activin-mediated Fshb transcription, possibly by helping SMAD2/3/4 

complexes bind SBEs on the Fshb promoter. 

The forkhead transcription factor FOXL2 is another transcription factor involved in Fshb 

transcriptional regulation. In the pituitary, FOXL2 is exclusively expressed in the gonadotropes and 

thyrotropes. FOXL2 physically interacts with SMAD3, only weakly with SMAD2, and not with 

SMAD4 [311-312]. A FOXL2-binding site was first identified in the porcine Fshb promoter 

juxtaposed to the SBE-like 1 element. Mutations to this binding site or depletion of endogenous 

FOXL2 protein dramatically inhibit activin-stimulated porcine Fshb promoter-reporter activity in 

LβT2 cells [303]. Furthermore, binding of SMAD3 and 4 to the porcine promoter can be detected 

when expressed together with FOXL2 [312], suggesting that FOXL2 can stabilize SMAD3/4 binding 

to the adjacent SBE. A single base pair difference exists in the FOXL2 binding site of the human and 

ovine promoters, suggesting that the promoters in these species would bind to FOXL2 with a lower 

affinity. Nevertheless, mutations made to this putative element in the ovine reporter can still inhibit 

the activin A response [306]. Therefore, although FOXL2 may bind to the putative FOXL2 binding 

site with a lower affinity, this site appears necessary for activin to induce oFshb promoter-reporter 

activity. Corpuz et al. recently showed that the FOXL2 binding site is also critical for the induction of 

human FSHB transcription by activins [313]. Whereas the human FSHB promoter is not responsive to 

SMADs, it is, nonetheless, weakly stimulated by activin A [296, 313]. FOXL2 binds to this site in the 

human promoter, and the slight activin responsiveness detected in the human FSHB promoter is 

dependent this FOXL2 binding site [313]. The murine Fshb promoter contains a two base pair 

difference in the FOXL2 binding site (Figure 1.2), which can only very weakly bind FOXL2 [313]. 

However, an additional FOXL2-binding site exists in the more proximal promoter. This second 

FOXL2 binding site is juxtaposed to the SBE-like 2 element (Figure 1.2), and is conserved across 

species. Mutations made to the second FOXL2 binding site or depletion of FOXL2 in LβT2 cells 

greatly reduce activin A induction of murine Fshb promoter activity [303]. In summary, FOXL2 or 

FOXL2 binding sites are required for activin-induction of the ovine, porcine, murine, and human 

Fshb/FSHB gene. The relevant SBE-like sequences are flanked closely by FOXL2 binding sites, and 

FOXL2 is capable of physically interacting with SMAD3 to stabilize its binding to the SBE-like sites 

on the Fshb promoter. 
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3.4.2.3 Activin and GnRH synergy in Fshb regulation 

 

As previously discussed, activins act mainly through SMAD2/3 to regulate Fshb transcription 

(Section 3.4.2.1) whereas GnRH acts, at least partially, through AP1 proteins (Section 3.2). Activins 

and GnRH can also act synergistically to induce murine Fshb gene expression in LβT2 cells, and this 

synergy likely occurs at the level of SMAD3 and AP1. Mutations made to the full length SBE site on 

the murine Fshb promoter attenuated the independent activin A response; similarly, mutations made 

to the AP1 half site also inhibited the independent GnRH response, but neither mutation blocked the 

synergistic actions of the ligands. Only when the SBE and AP1 half site were mutated together was 

the synergy abrogated [192]. How SMAD3 and AP1 act together at the murine Fshb promoter is still 

not clear. Activin A enhanced GnRH-mediated phosphorylation of p38 and overall c-Fos levels, 

although activin A by itself had no effect on these proteins. Similarly GnRH, which does not 

stimulate SMAD3 phosphorylation independently, potentiated activin A-mediated SMAD3 

phosphorylation [192, 314]. Therefore, the two ligands may potentiate each other‟s signaling by 

favoring the activity of their downstream effectors. As previously discussed, activins only weakly 

stimulate human FSHB promoter activity in LβT2 cells. Activin A can, nonetheless, synergize with 

GnRH in a SMAD2/3 and AP1 dependent manner to increase FSHB transcription [193]. This 

supports a role for activin in regulating FSHB gene expression in humans, albeit indirectly. 

 

3.4.2.4 Activin regulation of Fshb by a SMAD-independent pathway 

 

Although a lot of importance has been placed on the SMAD-dependent pathway for activin-mediated 

Fshb regulation, SMAD-independent pathways may also play a significant role. Inhibiting ACVR1B 

activity in LβT2 cells completely blocks activin‟s effect on the murine, rat, and porcine Fshb reporter 

activity. However, knocking down SMAD2 or SMAD3 does not completely block the activin effect 

[296-297, 301, 303], suggesting the possibility for a SMAD-independent pathway in the regulation of 

Fshb transcription. In comparison to the murine, rat, and porcine Fshb promoters, SMAD3 does not 

seem to play a significant role in regulation of the ovine promoter [315], which prompted 

investigators to probe for SMAD-independent mechanisms that may regulate ovine Fshb 

transcription. TGFβ-activated kinase 1 (TAK1) is a MAP kinase kinase kinase involved in the 

activation of the MAPKK6/MKK3 and p38/MPK2 signaling cascades [316-317]. Over-expression of 

TAK1 stimulates ovine Fshb promoter activity to a level comparable to that with activin treatment. In 

addition, inhibiting the action of endogenous TAK1 by introducing a dominant negative TAK1 

construct decreases activin-mediated induction of the ovine Fshb reporter. Furthermore, a small 
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molecule inhibitor for TAK1 (5Z-7oxozeanol) completely abolishes activin A-induced Fshb reporter 

activity. This inhibitor also blocks activin A from increasing endogenous Fshb mRNA levels in LβT2 

cells, suggesting a necessary role for the TAK1 pathway in activin-mediated induction of both ovine 

and murine Fshb transcription [315]. The mechanism by which TAK1 modulates activin-mediated 

Fshb transcription still requires further investigation. 

 

3.4.2.5 Antagonists of activin signaling 

 

Inhibins are structurally related to activins; however, unlike activins they act to inhibit FSH secretion 

[270-272]. FSH stimulates inhibin α-subunit production in granulosa/Sertoli cells, thus favoring the 

assembly of inhibins rather than activins in the gonads. This mode of action provides a negative 

feedback loop to inhibit FSH synthesis [318]. Although both inhibin α- and β-subunit mRNAs are 

expressed in the anterior pituitary, endocrine feedback from the gonads is likely the primary 

mechanism by which inhibins regulate FSH production [318-319]. Inhibins suppress FSH expression 

in numerous animal and cell culture studies. Injection of purified inhibin A greatly suppresses 

circulating FSH levels in female rats [21-26]. Conversely, injection with purified activin A increases 

circulating FSH [10-11], but the stimulatory effect of activins is antagonized when injected together 

with inhibins [11]. In contrast, neutralizing antibodies against the inhibin-specific α-subunit increase 

circulating FSH levels [212, 320-321]. In primary pituitary cell cultures as well, inhibin A suppresses 

FSH synthesis and secretion [322-323]. Differential expression of inhibin isoforms has been 

observed. Inhibin B is the main circulating isoform in men and male rats, whereas females express 

both inhibin A and B. A recent study suggests that in rats, inhibin B acts as a more potent suppressor 

of Fshb expression as compared to inhibin A [324].  

As mentioned above, inhibin heterodimers share a common β-subunit with activins [9, 318]; hence 

inhibins can also bind to activin type II receptors. Both ACVR2 and ACVR2B can bind inhibins 

directly, although with a much lower affinity than with activins [325-328]. Inhibins, having only one 

β-subunit, are unable to assemble the complete heteromeric activin receptor complex, and thus cannot 

activate an activin-like signaling cascade [223, 329]. Inhibins have no signaling properties 

themselves; instead they act as competitive antagonists of activin receptors, and therefore prevent the 

formation of functional activin receptor signaling complexes. Although inhibin has an affinity 10 

times lower for type II receptors as compared to activin, equimolar of inhibin is sufficient to compete 

for binding with activin in primary gonadotrope cultures. It was found that a co-receptor, betaglycan 

(TGFBR3), increases inhibin‟s affinity for the type II receptor, thereby increasing its potency as an 
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activin receptor antagonist and decreasing its IC50 [222-223, 330-331]. Betaglycan can bind inhibin 

with high affinity independent of type II receptors, but does not bind activin. Collectively, the 

accepted model of inhibin-mediated activin antagonism involves inhibin interacting with both 

betaglycan and activin type II receptors forming a stable complex, thus sequestering the activin 

receptors away from activin.  

In contrast to inhibin, follistatins are structurally distinct from activins. They antagonize activin 

signaling by physically binding to activins, blocking their access to activin receptors [332-333]. 

Recently, the crystal structure of follistatin-288 bound to activin was determined, revealing that 

follistatin masks activin‟s binding sites for both type I and type II receptors [334]. Follistatin also 

promotes internalization and degradation of activins [335-336]; with less activins available, FSH 

synthesis and secretion are reduced [337]. In addition to sequestering activins in the bloodstream, 

follistatins also act as autocrine or paracrine modulators of activin signaling in the pituitary [222, 272, 

319]. Fst mRNA is most abundantly expressed in gonadotropes [338-341] and folliculostellate cells 

[338-341], a cell type in the pituitary which does not produce hormones. Follistatin secreted by 

gonadotropes acts in an autocrine fashion to suppress FSH secretion [338-341], whereas follistatin 

produced by folliculostellate cells acts as a paracrine modulator of FSH secretion [342-343]. Two 

major follistatin isoforms exist due to alternatively spliced mRNAs (FS315 and FS288) [344-345]. A 

third isoform, FS303, has been recently identified in porcine follicular fluids [345]; this isoform 

results from a proteolytic cleavage of FS315. FS315 and FS288 differ in their abilities to associate 

with cell-surface proteoglycans. FS315 is the circulating form, whereas FS288 is believed to act 

locally due to its greater affinity for cell-surface proteoglycans [319, 345-346]. Activins are potent 

inducers of follistatin expression in the pituitary, which is consistent with the maintenance of 

homeostasis via a negative feedback mechanism [340]. Activins can act on gonadotropes to regulate 

follistatin production, but surprisingly, activin has no effect on Fst mRNA levels in folliculostellate 

cells, which also express activin receptors [343]. This suggests that folliculostellate cells may provide 

a local follistatin tone in the pituitary to control basal FSH secretion [9].  

Inhibitory SMAD, SMAD7, is a negative regulator of TGFβ/activin signaling. Smad7 is a direct gene 

target of ligand-activated SMAD3/4 complexes [347], and acts to antagonize activin-mediated Fshb 

expression in the gonadotrope cells [297]. Activin A rapidly stimulates Smad7 mRNA expression in 

rat anterior pituitary cultures and in LβT2 cells [348]. SMAD7 competes with SMAD2/3 for 

association with ACVR1B thereby preventing SMAD2/3 phosphorylation and activation in murine 

gonadotropes [297]. Furthermore, over-expression of SMAD7 blocks activin-stimulated Fshb 

transcription [175, 297]. SMAD7 also inhibits activin signaling by other mechanisms (Section 3.4.1); 
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however, whether these mechanisms are relevant in the context of activin-mediated Fshb 

transcription in gonadotrope cells remains to be determined. Nonetheless, SMAD7 appears to be 

involved in Fshb transcriptional regulation by providing another negative feedback mechanism on 

activin signaling in murine gonadotropes. 

The pharmacological inhibitor, SB431542, is commonly used to study activin signaling. It is a small 

molecule inhibitor that specifically targets the type I receptors ACVR1B, TGFBR1 and ACVR1C, 

hence TGFβ and activin signaling [349]. SB431542 is a potent inhibitor of type I receptor mediated 

SMAD2/3 phosphorylation and basal/activin-stimulated Fshb expression in LβT2 cells [282]. 

SB431542 acts as a competitive antagonist at the ATP binding site of the highly related ACVR1B, 

TGFBR1 and ACVR1C kinase domains. The kinase domains of these three type I receptors are more 

than 82% identical to each other, whereas the kinase domains of ACVR1, BMPR1A, and BMPR1B 

are all less than 68% identical to that of TGFBR1. Due to such differences, SB431542 is unable to 

alter BMP induced SMAD1/5/8 phosphorylation ([349], unpublished data). 

 

3.4.3 Regulation of Fshb expression by bone morphogenetic proteins 

 

3.4.3.1 BMP ligands, receptors, and signaling 

 

Originally identified as inducers of ectopic bone and cartilage formation [350], bone morphogenetic 

proteins (BMPs) are now known to play important roles in cell differentiation, organ development, 

morphogenesis, and homeostasis [223]. BMPs are part of the TGFβ superfamily, and over 20 BMP 

members have been characterized. BMP ligands can be further classified into several subgroups based 

on their structural homology; for example BMP2 and BMP4 form one subgroup, and BMP5, BMP6, 

BMP7, and BMP8 form another (for the different subgroups of BMPs, see Table 1.3) [223, 228]. 

BMPs exist as either homodimers or heterodimers. Each monomer has six highly conserved cysteine 

residues that form three intramolecular disulfide bonds, termed the cystine knot motif, to stabilize the 

protein structure [240, 351-353]. A seventh conserved cysteine forms the disulfide bond between 

monomers covalently linking them together [240, 351]. Heterodimers of BMP2/5, BMP2/6, and 

BMP2/7 have been observed, and these heterodimers act more potently than their respective 

homodimers in certain contexts [354-355]. Crystal structures suggest that BMP dimers have an 

overall “wrist and knuckle” or “two banana” structure (Figure 1.4) [223, 356-359]. Two receptor 

binding sites have been identified in the BMP2 dimer; the wrist epitope is a high-affinity binding site 
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for the type I receptor BMPR1A, whereas the knuckle epitope is a lower-affinity binding site for the 

type II receptors, ACVR2, ACVR2B, and BMPR2 [228, 360-362].  

 

BMPs typically signal through type I receptors ACVRL1, ACVR1, BMPR1A, and/or BMPR1B, and 

type II receptors ACVR2, ACVR2B, and/or BMPR2. The structures of BMPR1A and BMPR1B are 

very similar, as are the structures of ACVRL1 and ACVR1. ACVR1 and BMPR1A are widely 

expressed in various cell types, whereas BMPR1B expression is restricted to certain cell types. 

ACVRL1 is mainly expressed in endothelial cells [223, 228]. BMPs bind to type I receptors with 

varying affinities. BMP2 and BMP4 bind to BMPR1A and BMPR1B with a higher affinity than to 

other type I receptors [363], whereas BMP6 and BMP7 bind preferentially to ACVR1 but also bind 

weakly to BMPR1B [364]. GDF5 only binds to BMPR1B [365], and BMP9 and BMP10 

preferentially bind to ACVRL1 and ACVR1 [357, 366-367]. As for type II receptors, BMP6 and 

BMP7 preferentially signal through ACVR2. On the other hand, BMP2 and BMP4 preferentially 

signal through BMPR2, but can use ACVR2 or ACVR2B in its absence [228, 368]. BMPR2 is 

different from other type II receptors in that it has short and long isoforms (BMPR2-S and BMPR2-

L). BMPR2-L is expressed in most cell types, whereas BMPR2-S is more limited in its expression 

[228, 369]. For example, the long isoform is detectable in gonadotropes, but the short form is not 

(Rejon, Pertchenko, and Bernard, unpublished data). BMPR2-L uniquely has a long C-terminal tail 

following the kinase domain which may determine BMP signaling specificity, as well as act as a 

scaffold allowing for interaction with adaptor proteins and assembly of different signaling complexes 

[240]. BMPs may bind the high affinity type I receptor complex first, upon which the type II 

receptors are recruited to the complex forming the BMP-induced signaling complex (BISC) [240]. 

However, BMPs can also bind to preformed complexes (PFC) [370-371]. It was suggested that these 

different receptor complexes can activate distinct signaling pathways. BISC activates SMAD-

independent signaling pathways, whereas PFC activates SMAD-dependent signaling pathways [230]. 

 

The SMAD-dependent pathway is by far the most thoroughly characterized BMP signaling pathway. 

BMP typically activates the R-SMADs, SMADs 1, 5, and 8, via C-tail phosphorylation [228]. The 

overall structure of SMAD1, 5, and 8 are highly similar; however, the primary structure of SMAD1 

and SMAD5 are more similar to each other than to SMAD8 [372]. Conditional knockouts of 

SMAD1, 5, and 8 in the somatic cells of the ovaries and testes suggest significant functional 

redundancy between SMAD1 and SMAD5 but not with SMAD8 [373]. Like SMADs 2 and 3, 

activated SMAD1, 5, and 8 complex with SMAD4 to regulate gene transcription [250, 374-375]. The 

MH1 domain of SMAD1/5/8 mediates binding to GC-rich BMP response elements (BRE) in target 
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genes [269]. However, recent X-ray crystallography studies suggest that SMAD1 may also bind to 

SMAD3/4 SBEs (GTCT or AGAC, see Section 3.4.2.1 above) with high affinity using the analogous 

β-hairpin loop to that seen in SMAD3, challenging the original notion that BMPs specifically bind 

GC-rich motifs [376].  

 

Nevertheless, several GC-rich BREs have been described in BMP responsive promoters. These BREs 

include the GCCGnCGC motif found in the promoters of Smad6 and inhibitor of DNA binding 1 

(Id1) [269, 377], and the TGGCGCC sequence found in the promoters of Smad7 and Id3 [378-379]. 

BMPs stimulate the expression of a variety of target genes depending on the cellular context, but I-

SMADs [258, 269, 380] and Id proteins [381-388] are two general targets of BMP signaling. Id 

proteins mainly act to inhibit the action of basic helix-loop-helix (bHLH) transcription factors [381, 

388]. Inhibition of bHLH transcription factors is often associated with inhibition of cell 

differentiation [384, 387]. BMPs induce Id1 expression in a number of cell types, making it a 

convenient marker for BMP activity [223]. 

 

3.4.3.2 A role for BMPs in the pituitary 

 

Several observations support a role for BMPs in the gonadotrope. BMP2 and BMP4 are involved in 

murine pituitary organogenesis and cellular differentiation [389]. BMP4 is required for the formation 

of the Rathke‟s pouch rudiment, an embryonic structure that gives rise to the anterior pituitary [390], 

whereas BMP2 acting with fibroblast growth factor 8 (FGF8) in opposing gradients determines 

gonadotrope cell differentiation [391]. Roles for BMPs as autocrine/paracrine regulator of pituitary 

and gonadotrope function in adulthood have only recently become the subjects of more intensive 

investigation. Repulsive Guidance Molecule b (RGMb), a BMP co-receptor, is expressed in the 

pituitary; interestingly, its expression overlaps with that of FSH [392], suggesting that BMPs and the 

associated RGMb may have a role in Fshb regulation in gonadotropes. 

 

Until recently, activins were thought to be the only TGFβ family ligands that stimulate Fshb 

expression. The administration of inhibin or follistatin to murine primary pituitary cultures or LβT2 

cells inhibits both Fshb mRNA levels and FSH secretion [393-394]. Their inhibitory effects were 

initially attributed to their antagonizing effects on activins; however, recent studies demonstrate that 

inhibins and some forms of follistatin can also antagonize BMP signaling [395-398]. Inhibins can 

bind to ACVR2, ACVR2B, and with the help of betaglycan, can also bind BMPR2, thus permitting 

inhibins to compete with BMPs for binding to all three BMP type II receptors [223, 399]. Follistatin 
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was shown to bind BMP7 and antagonize its effects in early Xenopus embryo development and in 

mink lung epithelial (Mv1Lu) cells [397, 400]. Collectively, the data suggest that the inhibitory 

effects of inhibins and follistatin on FSH synthesis might be due to the neutralization of BMPs as well 

as activins. 

 

3.4.3.3 BMPs can regulate Fshb expression 

 

Recently, Huang et al. developed a transgenic pituitary system where pituitary cultures were derived 

from oFshb-luc transgenic mice. These mice express the luciferase reporter gene under the control of 

approximately 4 kb of the ovine Fshb promoter, restricting their expression only to gonadotropes 

[401]. Pituitary cultures from these mice were treated with activin A, BMP6, BMP7, and TGFβ1. As 

predicted, activin A treatment increased oFshb-luc transgene activity, whereas TGFβ1 had no effect 

[402]. Unexpectedly (at the time), BMP6 and BMP7 also stimulated transgene activity, though their 

effects were not as potent as those of the activins. BMP6 and BMP7 could similarly induce oFshb 

reporter activity in transiently transfected LβT2 cells [401]. This was unanticipated because BMPs 

and activins were previously shown to antagonize each other‟s activity in some contexts. For 

example, activins induce dorsalization in developing Xenopus embryos, whereas BMPs induce 

ventralization [403-404]. Moreover, activin-mediated and BMP-mediated R-SMADs compete for 

oligomerization with the same co-SMAD (SMAD4). Huang et al. further demonstrated that 

endogenous BMPs may play an important role in sustaining endogenous Fshb expression. BMP7 bio-

neutralizing antibodies decreased basal luciferase expression by 88% in transgenic murine pituitary 

cultures, compared to a 95% reduction with follistatin. Anti-BMP7 also decreased FSH secretion by 

48%, compared to 34% repression with follistatin. This was similarly seen in rat and sheep pituitary 

cultures where anti-BMP7 also reduced FSH secretion by 40-56% [401]. A later study showed that 

BMP15 selectively and more potently stimulated Fshb transcription in LβT2 cells [405]. However, it 

is not clear whether BMP15 acts as an endogenous regulator of FSH since its expression in LβT2 

cells and murine pituitary cells is very low. Bmp15 mRNA can neither be detected in human or ovine 

pituitaries [406-408]. In contrast, BMP2 and BMP4, which are readily detectible in murine pituitaries, 

also stimulated Fshb transcription in LβT2 cells. In fact, their stimulatory effect was 10-fold more 

potent than BMP6 or BMP7 [282]. These studies demonstrated that gonadotropes have a fully 

functional BMP signaling system and BMPs may play a role in regulating Fshb expression.  

Both LβT2 cells and murine pituitaries express Bmp6, Bmp7, and Bmp8b. However, BMP8a is only 

detected in LβT2 cells, and Bmp2, 3, 4, 5, and Gdf10 are only detected in whole murine pituitaries 
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[282, 401, 405, 409]. Thus, depending on the subtype, BMPs may act as an autocrine or paracrine 

regulators of Fshb synthesis. All the required BMP type I receptors, type II receptors, and R-SMADs 

are expressed in both LβT2 cells and murine pituitaries [282, 401, 409]. Although BMPs and BMP 

receptors are also detected in ewe pituitaries, BMP4 and BMP6 selectively inhibit FSH secretion in 

ovine primary pituitary cultures [408]. BMP4 inhibits FSH release and Fshb mRNA expression by 

40% without affecting LH release or Lhb mRNA expression. SMAD1 phosphorylation increases with 

BMP4 treatment, suggesting a functional BMP signaling cascade. However, it is not known whether 

the inhibitory effect of BMP4 on Fshb expression is dependent on SMAD1 activation. Furthermore, 

BMP4 antagonizes the stimulatory effects of activin A and enhances the inhibitory effects of 17β-

estradiol on FSH release and Fshb mRNA expression in ewe pituitary cells [408, 410].  

The discrepancy between the rodent and the ewe experiments may be due to several reasons. For 

example, there may be differences in the intracellular milieu between LβT2 cells and ovine 

gonadotrope cells in mixed cultures. The expression patterns of BMPs and BMP receptors are 

different in mice than in ewes. For example, Bmp6, Bmp15, and Bmpr1b are expressed in murine 

pituitaries, whereas Bmp6 and Bmp15 cannot be detected ovine pituitaries, and Bmpr1b is absent from 

ovine gonadotropes [408]. Different BMPs can and do act through different BMP receptors (as 

reviewed in Section 3.4.3.1), and the availability of different co-activators or co-repressors between 

murine and ovine gonadotropes may result in different outcomes of BMP signaling. Primary pituitary 

cultures are composed of a mixture of cell populations from the anterior pituitary, whereas LβT2 cells 

are a homogeneous transformed cell population. It is possible that BMP4 stimulates Fshb 

transcription in ovine gonadotropes while at the same time stimulating other cells in the culture to 

produce inhibitory signals, which act to antagonize the stimulatory effect of BMP4 on Fshb 

transcription. Nonetheless, BMPs stimulate Fshb expression in murine primary cultures [401]. The 

difference might also be explained by the concentrations of BMPs used in the different studies. One 

µg/ml of BMP6 or BMP7 stimulates Fshb transcription in murine pituitary cultures [401], whereas 25 

ng/ml of BMP4 or BMP6 inhibits Fshb transcription in ewe pituitary cultures [408]. Perhaps, low 

concentrations of BMPs stimulate the expression of factors, such as follistatin from folliculostellate 

cells, to inhibit Fshb transcription, whereas higher concentrations of BMPs might stimulate 

gonadotropes to produce enough FSH to overcome the inhibitory signals from surrounding cells. 

Despite the inter-species differences, BMPs seem to play a role (inhibitor or stimulatory) in FSH 

regulation.  

Several naturally occurring mutations found in sheep also suggest a role for BMPs in reproduction, 

and perhaps FSH regulation. Inverdale and Hanna sheep carry a mutation in BMP15, resulting in the 
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formation of a biologically inactive protein. Ewes homozygous for this mutation are sterile [406, 411-

412]. On the other hand, Booroola sheep carry a missense point mutation in the intracellular 

serine/threonine kinase domain of BMPR1B. Homozygous Booroola mutants have a higher ovulation 

rate and higher circulating FSH levels than wild-type animals [411-415]. Granulosa cells and theca 

cells obtained from the ovaries of sheep expressing this mutant receptor show increased 

responsiveness to BMP2, 4, and 6 [416-417]; furthermore, differences in BMP signaling were 

observed between pituitary cultures from Booroola and wild-type sheep [418]. Provided that BMP 

signaling has an impact on FSH synthesis, the BMPR1B mutation in gonadotropes may explain, in 

part, the Booroola phenotype (see Chapter 2). 

 

3.4.3.4 Activin and BMP synergy in Fshb regulation 

 

Although BMP2 and 4 are less potent than activin A and B in stimulating Fshb expression in LβT2 

cells, they can act in synergy with activins to induce Fshb expression [282]. BMP2 and activin A 

independently stimulate the murine, porcine, and ovine Fshb promoter-reporters, but the two ligands 

together synergistically promote Fshb reporter activity in all three species. This suggests that this 

synergy may be a general mechanism of Fshb regulation. The synergism is similarly reflected in Fshb 

mRNA levels from LβT2 cells; activin A alone elicits a 12-fold increase, BMP2 alone elicits a 2-fold 

increase, but together they elicit a 27-fold increase in Fshb mRNA expression. Interestingly, this 

synergism was not observed with BMP6 or 7 possibly due to their lower potencies. BMP2 and activin 

A likely stimulate Fshb transcription using two separate intracellular mechanisms as neither ligand 

affected the timing or magnitude of the other. The hypothesis is that activation by one ligand 

increases the baseline promoter activity, whereas activation by the other produces its effect dependent 

on the new baseline. As BMPs can potentiate the effect of activins, it is possible that exogenous 

BMPs may simply potentiate the effects of endogenous activin B on Fshb expression rather than 

produce their own independent effects. However, BMP2 can still stimulate the Fshb reporter 2-3 fold 

from basal when endogenous activin action is inhibited, suggesting that BMP2 can directly stimulate 

Fshb transcription as well [282]. 

A recent study confirmed the synergism between BMPs and activins using BMP4 and activin A. It 

further demonstrated that BMPs may potentiate the synergistic actions of activin A and GnRH on 

Fshb transcription [409]. Activin A treatment increases FSH secretion and Fshb mRNA expression in 

LβT2 cells. GnRH and activin A together synergistically increase FSH secretion and Fshb mRNA 

expression. Finally, BMP4 further potentiates the GnRH and activin A synergism. Although GnRH 
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and GnRH with activin A stimulate LH secretion and Lhb mRNA expression, BMP4 does not further 

increase their individual or combined responses. Surprisingly, BMP4 alone has no effect on FSH 

secretion and Fshb mRNA expression in LβT2 cells in these experiments. BMP4 induces SMAD1/5 

phosphorylation, and activin A induces SMAD2/3 phosphorylation in LβT2 cells, but when added 

together, neither ligand alters the phosphorylation activity of the other. BMP4 also does not increase 

the activity of GnRH-mediated pathways such as ERK1/2, p38 MAPK, and pCREB. These data 

support the idea that BMPs, activins, and GnRH act though different, but complementary mechanisms 

to regulate Fshb transcription [409]. 

 

3.4.3.5 BMP receptors and SMADs involved in Fshb regulation 

 

Over-expression experiments were used to determine the mechanism by which BMP2 may regulate 

Fshb expression [282]. The data suggested that BMP2 signals through preformed complexes of 

ACVR1 and BMPR2 receptors to activate SMAD-dependent pathways in gonadotropes. Although 

BMP2 increased the phosphorylation of all three BMP R-SMADs, over-expression data suggested 

that BMP2 propagates its signal through SMAD8 and SMAD4 to drive Fshb transcription [282]. 

However, these data were obtained through over-expression approaches alone; therefore they do not 

definitively demonstrate that these are the required receptors and SMADs in this system. 

 

3.4.3.6 Possibility for a SMAD-independent pathway in BMP-mediated Fshb 

regulation 

 

In addition to SMAD-dependent signaling, BMPs are also capable of initiating SMAD-independent 

signaling. Similar to activins, BMPs can activate JNK and p38 MAP kinase pathways [228, 240]. 

TAK1, previously described to be involved in activin-mediated Fshb transcriptional activation (see 

Section 3.4.2.4 above), is also activated by BMP2 and BMP4 to induce SMAD1 phosphoryation in 

some contexts [317, 419-421]. Furthermore, the long C-terminal tail of BMPR2 may act as a scaffold 

to facilitate the assembly of different SMAD-independent signaling complexes [223, 228, 240, 369].  

However, a role for SMAD-independent pathways in BMP-regulated Fshb transcription has not yet 

been documented. 
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3.4.3.7 Antagonists of BMP signaling 

 

BMP antagonists are secreted proteins that bind to BMPs and prevent them from binding to their 

specific receptors. The activity of BMP antagonists is therefore analogous to that of follistatin on 

activin. Such proteins include noggin, chordin, chordin-like proteins, gremlin, twisted gastrulation 

(Tsg), cerberus, and DAN proteins [223, 240, 422]. One of the better understood BMP antagonist is 

noggin, which is up-regulated by BMPs, creating a negative feedback-based antagonism [423]. 

Noggin binds with varying affinities to BMPs 2, 4, 6, and 7, and GDF5 [240]. Noggin-BMP7 X-ray 

crystal structures suggest that noggin occludes BMP7 type I and II receptor binding sites [424]. 

Provided that BMPs are indeed regulators of Fshb transcription, any of the antagonists that block the 

actions of BMP would be expected to inhibit Fshb expression in murine pituitary cultures and LβT2 

cells. 

 

A small molecule inhibitor specific for BMP receptors was recently characterized. Compound C, or 

dorsomorphin, was originally isolated as a small-molecule inhibitor for AMP-activated protein kinase 

(AMPK) [425]. Later it was discovered to also inhibit ACVR1, BMPR1A, and BMPR1B signaling 

and block BMP-induced SMAD1, 5, and 8 phosphorylation. Compound C has no effect on ACVR1B, 

TGFBR1 or ACVR1C mediated SMAD2 or 3 phosphorylation [426]. Additionally, SMAD1/5/8 

inhibition can be achieved at concentrations lower than those needed to inhibit AMPK, supporting it 

as a BMP-receptor specific inhibitor. It was later shown that Compound C can also inhibit ACVRL1 

signaling [427]. A recent report claimed that Compound C also inhibits the activation of SMAD-

independent pathways, namely p38, Akt, and ERK1/2, in C2C12 cells, suggesting that this compound 

is effective at inhibiting both SMAD-dependent and independent pathways [428]. However, 

Compound C only very slightly inhibits the phosphorylation of these MAP kinases and this slight 

inhibition is only apparent with high concentrations of the compound. Therefore, it appears that 

Compound C is more effective at inhibiting the SMAD-dependent pathway than SMAD-independent 

pathways. The mechanism of action of this compound is not clear; however, it does not appear to act 

as an inhibitor of ATP binding. Derivatives of this compound are further being optimized to increase 

their specificity and potency for BMP type I receptors [429]. Such inhibitors will no doubt provide 

the means to further dissect BMP signaling in a variety of BMP regulated systems. Indeed, we have 

already begun to exploit this compound to study BMP regulation of Fshb transcription in gonadotrope 

cells (Chapter 2). 
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4. Rationale for Thesis 

 

FSH is a crucial hormone for regulating normal fertility both in males and females. Although 

mutations in FSHB and FSHR in humans are rare, there are many unexplained cases of sub-fertility or 

infertility. Approximately one in seven couples in the UK has fertility problems, with 25% of cases 

being of idiopathic origin [430-432]. To date, there is no single factor that is common between all 

sub/infertile patients; many have no identified mutations in canonical components of the HPG axis. 

Because FSH expression is tightly regulated by a variety of factors, there may be defects in accessory 

pathways that may contribute to sub/infertility. Therefore, the characterization of such pathways is 

important to fully understand the regulation of FSH expression and to potentially treat sub-fertile and 

infertile patients.  

Much effort has been made to understand the regulation of Fshb expression. GnRH, sex steroids, and 

activins are all characterized as modulators of Fshb transcription; however, the effects of these 

modulators demonstrate considerable variability between species. This implies that in different 

species, FSH is differentially regulated to control different ovulation patterns.  

BMPs stimulate Fshb expression in murine pituitary cultures and LβT2 cells, both independently and 

synergistically with activins [282, 401, 405, 409]. Whereas the stimulatory action of activins on Fshb 

transcription has been extensively studied, the role of BMP signaling in gonadotropes, specifically in 

Fshb transcriptional regulation, is novel. Investigations of BMP actions in gonadotropes have largely 

been limited to the examination of gonadotropin subunit expression or gonadotropin secretion. 

Studies into the underlying mechanisms have been more limited, if not lacking altogether. It has been 

established that adult gonadotropes and LβT2 cells have a fully functional BMP signaling system 

[282, 401, 405, 409], suggesting a role for BMP in gonadotropes during the adult life. With the 

availability of current in vitro tools, the mechanisms through which BMP signals in gonadotropes to 

regulate Fshb and other targets are primed for analysis. The goal of my thesis is to understand the 

signaling mechanism by which BMP2 stimulates Fshb transcription in gonadotrope cells. 
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Figure legends 

Figure 1.1: Hypothalamic-pituitary-gonadal (HPG) axis. Adapted from: 

https://webapp.walgreens.com/cePharmacy/programsHTML/images/Image28.gif 

Figure 1.2: Alignment of proximal Fshb/FSHB promoters in pig, sheep, human, mouse, and rat. 

ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used to align the proximal 400 bp 

from the 5′ flanking regions of the Fshb/FSHB genes in the indicated species. Nucleotides are 

numbered relative to the transcription start site. Defined cis-elements are labelled and boxed. 

Nucleotides boxed in gray indicate differences from the experimentally defined cis-element in other 

species. An asterisk (
*
) marks the nucleotides conserved across species and gaps (−) have been 

introduced to facilitate the alignment. 

Figure 1.3: Canonical signaling by ligands in the TGFβ superfamily.  Adapted from: 

http://www.med.lu.se/var/plain/storage/images/media/images/bilder_labmed_lund/bilder_molekylaer

_medicin_och_genterapi/smad/144046-1-eng-GB/smad_large.jpg 

Figure 1.4: Crystal structure of BMP6. Generated in Pymol from PDB# 2QCW. Allendorph, G.P. 

2007. Biochemistry. 46: 12238-12247. The two monomers of BMP6 are coloured in pink and yellow. 

Figure shows the wrist-knuckle/wrist-knuckle interaction with the two thumbs (the α-helices) 

pointing towards and away from the plane of the paper.  

https://webapp.walgreens.com/cePharmacy/programsHTML/images/Image28.gif
http://www.ebi.ac.uk/Tools/clustalw2/index.html
http://www.med.lu.se/var/plain/storage/images/media/images/bilder_labmed_lund/bilder_molekylaer_medicin_och_genterapi/smad/144046-1-eng-GB/smad_large.jpg
http://www.med.lu.se/var/plain/storage/images/media/images/bilder_labmed_lund/bilder_molekylaer_medicin_och_genterapi/smad/144046-1-eng-GB/smad_large.jpg
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Table 1.1 Summary of mutations in the human FSHB and FSHR genes 

Gender Gene Mutation Characteristics Reference 

Female FSHB Val61X  

 

Primary 

amenorrhea, 

infertility  

 

Matthews et al. 

1993 

 

Female FSHB Cys51Gly and 

Val61X  

 

Primary 

amenorrhea, 

infertility  

 

Layman et al. 

1997 

 

Female FSHB Ala79X  

 

Primary 

amenorrhea, 

infertility  

 

Kottler et al. 2009 

 

Male FSHB Cys82Arg  

 

Azoospermia, 

normal puberty  

 

Lindstedt et al. 

1998 

 

Male FSHB Val61X  

 

Azoospermia, no 

pubertal 

development  

 

Phillip et al. 1998 

 

Female FSHR Ala189Val  

 

Primary 

amenorrhea, 

developing follicles, 

no ovulation 

Aittomaki et al. 

1995 

 

Male FSHR Ala189Val  

 

Normal puberty, 

small testes, fertile  

 

Tapanainen et al. 

1997 

 

Female FSHR Ile160Thr and 

Arg573Cys  

 

Secondary 

amenorrhea  

 

 

Beau et al. 1998 
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Table 1.2 TGFβ superfamily ligand receptor nomaclature 

Type I receptors 

Gene Name Alternative name 

ACVR1L ALK1 

ACVR1 ALK2 

BMPR1A ALK3 

ACVR1B ALK4 

TGFBR1 ALK5 

BMPR1B ALK6 

ACVR1C ALK7 

Type II receptors 

Gene Name Alternative name 

ACVR2 ACTR2A 

ACVR2B ACTR2B 

BMPR2  

TGFBR2  

MISR2 AMHR2 
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Table 1.3 BMP subgroups in vertebrates 

BMP subgroups in 

vertebrates  

BMP2 

BMP4  

BMP3 

BMP3b  

BMP5 

BMP6 

BMP7 

BMP8 

BMP8b  

BMP9 

BMP10  

GDF5 

GDF6 

GDF7  

BMP15 

BMP9  

BMP11  

Modified from [223] 
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Chapter 2 

BMPs 2 and 4 signal by first binding to specific type I receptors, followed by the recruitment of type 

II receptors into the signaling complex. In Chapter 2, I aimed to identify the specific type I and type II 

receptors through which BMP2 signals to stimulate Fshb transcription. Previous studies conducted in 

our lab used over-expression assays to assess the relative importance of the three BMP type I receptor 

(ACVR1, BMPR1A, and BMPR1B) in Fshb transcriptional regulation [282]. The data suggested a 

role for ACVR1, and that co-expression of the type II receptor BMPR2 was required for its 

stimulatory effect. However, the data from these earlier experiments required validation as the 

saturation of the cell membrane with both type I and type II receptors may result in the activation of 

signaling pathways that are normally not activated in response to ligand under physiological 

conditions. Furthermore, the results from over-expression experiments with the wild type versus 

constitutively active forms of ACVR1 and BMPR1A were inconsistent, prompting further 

investigation here with complementary assays.  Finally, expression of BMPR1B was never examined 

in prior experiments in the lab. Hence its role in Fshb regulation remained to be determined. A role 

for BMPR1B is particularly interesting because a naturally occurring missense mutation in the 

BMPR1B kinase domain dramatically affects fertility in Booroola ewes [411-415, 433]. The effect of 

this mutation has been extensively studied in the ovaries [416-417], but had never been characterized 

in gonadotropes. Elevated plasma FSH levels in these sheep suggested that the mutation might have a 

stimulatory effect on FSH synthesis [433]. High FSH levels often result in the maturation and 

subsequent ovulation of multiple follicles, which is also a characteristic of the Booroola ewes. Recent 

studies have confirmed that BMPR1B is expressed in the murine pituitary and immortalized LβT2 

cells [282, 409]. The Booroola mutant could be of great use in the study of BMPs as regulators of 

Fshb transcription.  If this mutation has a signaling dysfunction in gonadotropes, either a gain of 

function or a loss of function, then it might offer some insight to the role of BMPs in Fshb 

transcriptional regulation and perhaps explain the underlying cause of the Booroola phenotype.  
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Abstract 

Follicle-stimulating hormone beta subunit (Fshb) expression is regulated by transforming growth 

factor beta (TGFβ) superfamily ligands. Recently, we demonstrated that bone morphogenetic proteins 

(BMPs) stimulate Fshb transcription alone and in synergy with activins. Also, transfection of the 

BMP type II receptor, BMPR2, and constitutively active forms of the type I receptors, activin A 

receptor, type I (ACVR1) or BMP receptor, type IA (BMPR1A), in immortalized gonadotrope cells, 

LβT2, stimulated murine Fshb promoter-reporter activity. A third type I receptor, BMP receptor, type 

IB (BMPR1B), is also expressed in LβT2 cells, but we did not previously assess it functional role. A 

point mutation in BMPR1B (Q249R) is associated with increased ovulation rates and elevated FSH 

levels in Booroola (FecB) sheep. Here, we assessed whether BMPR1B can regulate Fshb 

transcription in LβT2 cells and whether its ability to do so is altered by the Q249R mutation. As with 

ACVR1 and BMPR1A, co-expression of BMPR1B with BMPR2 increased Fshb promoter-reporter 

activity in both BMP2-dependent and –independent fashion. Unexpectedly, the BMPR1B-Q249R 

mutant was equivalent to wild-type in its ability to stimulate SMAD1/5 phosphorylation and Fshb 

transcription. Pharmacological inhibition of ACVR1, BMPR1A, and BMPR1B confirmed that one or 

more of these receptors are required for BMP2-stimulated SMAD1/5 phosphorylation and Fshb 

reporter activity. Knockdown of endogenous BMPR1A, but not ACVR1 or BMPR1B, significantly 

impaired BMP2‟s synergism with activin A. Collectively, these data suggest that BMPR1A is the 

preferred BMP2 type I receptor in LβT2 cells and that neither ACVR1 nor BMPR1B compensates for 

its loss. The specific mechanism(s) through which the Booroola (FecB) mutation alters BMPR1B 

function remains to be determined. 
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Introduction 

The gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), are 

essential reproductive hormones. Both are secreted from gonadotropes of the anterior pituitary, but 

the two act to regulate different aspects of gonadal function. The gonadotropins are heterodimeric 

glycoproteins (α/β), with their β subunits determining both rates of mature hormone synthesis and 

biological specificity. Both FSH and LH are regulated by gonadotropin-releasing hormone (GNRH1) 

secreted from the hypothalamus and gonadal sex steroids; however, endocrine/paracrine TGFβ 

superfamily ligands, such as activins and inhibins, act to selectively regulate FSH synthesis. Activins 

signal via a combination of type II (ACVR2 or ACVR2B) and type I receptors [ACVR1B and 

ACVR1C; also known as activin receptor-like kinase (ALK) 4 and ALK7], and downstream signaling 

effectors, SMADs 2 and 3, to up-regulate FSHβ subunit (Fshb) transcription [291, 293, 296-297, 

301]. Inhibins, in contrast, suppress Fshb expression by blocking activins‟ actions through a 

competitive binding mechanism [434].  

Recently, other members of the TGFβ superfamily, the bone morphogenetic proteins (BMPs), 

were shown to stimulate Fshb transcription alone and in synergy with activins [282, 401, 405, 409]. 

BMPs are expressed in LβT2 cells, an immortalized murine gonadotrope cell line, and in adult murine 

pituitary [282, 401, 405], and therefore might regulate FSH synthesis in vivo. We previously reported 

that BMPs 6 and 7, although endogenously expressed in LβT2 cells, only modestly regulate Fshb 

transcription. In contrast, BMPs 2 and 4 stimulate Fshb transcription more potently, but their 

expression in LβT2 cells is very low. BMP2 and 4 are however highly expressed in the murine 

pituitary and may therefore act as paracrine regulators of gonadotrope function.  Relative to 

equimolar activins, BMPs 2 and 4 only weakly stimulate Fshb transcription, but they are nonetheless 

potent synergistic regulators when applied in combination with the activins. Therefore, 

physiologically, BMPs may be more important in terms of their cooperative rather than independent 

actions.  

BMP2 and 4 signaling is initiated by the interaction of the ligands with BMP type I receptors, 

such as BMPR1A and BMPR1B (also known as ALKs 3 and 6). A type II receptor, such as BMPR2, 

is then recruited into the complex and phosphorylates the type I receptors [374, 435]. The activated 

type I receptors then phosphorylate intracellular signaling proteins, the most thoroughly characterized 

of which are the receptor-regulated or R-SMADs, SMAD 1, 5, and 8. Once phosphorylated, R-

SMADs form heteromeric complexes with the co-regulatory SMAD (SMAD4), accumulate in the 

nucleus, and act as transcription factors, either activating or repressing gene expression [250, 374-
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375]. Activins stimulate FSH synthesis by up-regulating Fshb subunit gene transcription at least in 

part through the SMAD 2 and 3 signaling proteins [296-297, 300-301]. The available data suggest 

that BMP2 might preferentially signal through SMAD8 to regulate the Fshb gene [282].  

BMP family members show some promiscuity in their binding to type I and type II receptors 

within the TGFβ superfamily.  For example, BMP2 and 4 preferentially signal through the type II 

receptor, BMPR2, but can use ACVR2 in its absence [368]. Similarly, BMPs can bind to several type 

I receptors, including ACVR1, BMPR1A, and BMPR1B [436]. Each of these type I receptors is 

expressed in LβT2 cells [282, 292, 405]; however, our previous over-expression data suggested a 

preferred role for ACVR1 in mediating BMP2 responses [282]. Nonetheless, a role for BMPR1B was 

not assessed and the data with wild-type and constitutively active BMPR1A yielded conflicting 

results.  

A potential role for BMPR1B in FSH regulation is particularly intriguing in light of the 

phenotype of so-called Booroola (FecB) sheep. These animals show increased ovulation rates, leading 

to multiple births [412, 437-438], and in some Booroola flocks, FSH levels are elevated [433]. The 

FecB mutation was mapped to the Bmpr1b locus and a missense point mutation (CAGCGG, 

Q249R) discovered in the highly conserved intracellular serine/threonine kinase domain of the 

receptor [413, 415-416]; however, the specific alteration in receptor function, at a mechanistic level, 

has not been determined. Some data suggest that the mutation leads to a partial loss of receptor 

function, particularly at the ovarian level [414, 439], but alterations at the pituitary level have not 

been ruled out definitively. In fact, recent data show differences in BMP signaling in pituitary 

cultures from Booroola and wild-type sheep [418]. These effects may not be mediated directly at the 

gonadotrope level as previous reports failed to detect BMPR1B expression in ovine gonadotropes by 

immunofluorescence [408].  Nonetheless, one cannot rule out the possibility of low level expression 

in these cells that evaded detection by this method.  Indeed, Bmpr1b mRNA is expressed at low levels 

in LβT2 cells [282, 292]. Here, we assessed the relative roles of endogenous ACVR1, BMPR1A, and 

BMPR1B in BMP2-regulated Fshb transcription in LβT2 cells and examined potential functional 

changes in the mutant BMPR1B receptor (Q249R) at the level of the gonadotrope.  
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Materials and Methods 

Reagents 

Human recombinant (rh-) activin A and BMP2 were purchased from R&D Systems 

(Minneapolis, MN, USA). Gentamycin, 1X phosphate buffered saline (PBS), and Dulbecco‟s 

Modified Eagle medium (DMEM) with 4.5 g/l glucose,
 
L-glutamine and sodium pyruvate were 

purchased from Wisent (St-Bruno, Quebec, Canada). 1X Passive Lysis Buffer (PLB) was from 

Promega (Madison, WI, USA). Protease inhibitor tablets (CompleteMini) were purchased
 
from Roche 

(Nutley, New Jersey, USA). Aprotinin, leupeptin, pepstatin, phenylmethylsulphonylfluoride
 
(PMSF), 

SB431542, mouse monoclonal β-actin (#A5441), mouse monoclonal HA (#H9658), and mouse 

monoclonal MYC (#9E10) antibodies, and rabbit monoclonal FLAG (#F3165) antibody were from 

Sigma (St. Louis, MO). The pSMAD1/5/8 rabbit polyclonal antibody (# 9511) was from Cell 

Signaling
 

Technology, Inc. (Danvers, MA, USA). Horseradish peroxidase (HRP) conjugated 

secondary antibodies were
 

from Bio-Rad (Hercules, California, USA) and enhanced 

chemiluminescence (ECL) Plus reagent
 
was from GE Healthcare (Piscataway, New Jersey, USA). 

Compound C (#171261) was purchased from Calbiochem (San Diego, CA). Short-interfering (si) 

RNAs were purchased from Dharmacon: Control (Cat. # D-001210-05); ACVR1 (Cat. # D-042047-

01); BMPR1A (Cat. # D-040598-01); BMPR1B (Cat. # D-051071-01); ACVR2 (Cat. # D-040676-

01); ACVR2B (Cat. # D-040629-02); and BMPR2 (Cat. # D-040599-01). Sodium Bisulfite was 

purchased from Fisher Scientific (Cat.# S654-500) and quinol hydroquinone hydrochinon chinol was 

purchased from BDH AnalaR (Cat.# 10312). 

Constructs 

The expression constructs for rat ACVR1-HA, FLAG-ACVR2, FLAG-ACVR2B, and human 

FLAG-SMAD1 were provided by Dr. Teresa Woodruff (Northwestern University, Evanston, IL, 

USA). Human BMPR1A-HA (Q233D) and murine BMPR1B-HA (Q203D) were provided by Dr. 

Mitsuyasu Kato (University of Tsukuba, Tsukuba, Japan). The following variants were constructed 

by site-directed mutagenesis using the QuikChange protocol (Stratagene) and the primers in 

supplementary Table S2.1: constitutively active and siRNA sensitive ACVR1-HA (Q207D); wild-

type and siRNA sensitive BMPR1A-Q233D-HA; and wild-type BMPR1B-HA, BMPR1B-Q249R-

HA, BMPR1B-Q249R/Q203D-HA, BMPR1B-Q203D/D265A-MYC, methylated BMPR1B-Q249R-

HA, and siRNA resistant BMPR1B-Q203D-HA. In the case of methylated BMPR1B-Q249R, primers 

containing methylated cytosines (Table S2.1) were used and the resulting PCR products purified by 

ethanol precipitation following DpnI digestion of the parental plasmid and used directly in 
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transfection experiments. Methylation was confirmed by bisulfite sequencing [440-441]. All 

BMPR1A and BMPR1B constructs were sub-cloned into pcDNA4 (Invitrogen). This removed the 

HA tag and replaced it with a C-terminal MYC-HIS tag. Human FLAG-SMAD5 was provided by Dr 

T. Watanabe (Tokyo University, Tokyo, Japan). The human BMPR2 expression construct [442] and 

BREX4-luc [443] were provided by Dr. Joan Massague (Memorial Sloan Kettering Cancer Center, 

New York, NY, USA). The murine Fshb
 
promoter-reporter constructs were described previously 

[296].  

Cell cultures and transfections 

Immortalized murine gonadotrope LβT2 cells were provided by Dr. Pamela Mellon 

(University
 
of California, San Diego, CA, USA) and were cultured in 10% FBS/DMEM and 4 μg/ml 

gentamycin as described
 
previously [297]. For luciferase assays, cells were plated in 24-well plates 

(2.5 x 10
5
 cells per well) approximately 36 h prior to transfection. Cells were transfected

 
with 

Lipofectamine 2000 following the manufacturer‟s instructions (Invitrogen). Twenty-four h after 

transfection, cells were washed
 
in 1X PBS and then treated with 1 nM (25 ng/ml) activin

 
A and/or 

BMP2 in DMEM or with DMEM alone (control) for the indicated times.
 
In over-expression 

experiments, 450 ng of the reporter and 100 ng of each receptor and/or effectors were used per well. 

Cells were changed into serum-free media 24 h post-transfection. In some experiments, 10 μM of 

SB431542, an ACVR1B/ACVR1C/TGFBRI inhibitor [349] was included, to block the effects of 

endogenous activin B (or other ligands signaling through these receptors). In RNA interference 

(RNAi) experiments, siRNAs were transfected at 5 nM. Resulting data were calibrated to cells 

transfected with the 1X siRNA buffer only (20 mM KCl, 6 mM HEPES-pH7.5, and 0.2 mM MgCl2) 

or to those transfected with the control siRNA. Lysates were collected 24 h after transfer to serum-

free medium. CHO cells were obtained from Dr. Patricia Morris (Population Council, New York, 

NY) and cultured in F-12/DMEM containing 10% FBS and 4 μg/ml gentamycin. Except for the 

BMPR1B/D265A experiment [where 4 µg of FLAG-SMAD1 and 4 µg of receptor were transfected 

in CHO cells seeded in 10-cm plates], CHO cells in 6-well plates were transfected when 70–80% 

confluent using Lipofectamine/Plus and 300 ng of the indicated receptor expression vectors and 1 μg 

of FLAG-SMAD1 or FLAG-SMAD5 for 6 h and then changed to growth media. The repeat of this 

experiment in LβT2 cells in 6-well plates was performed in a similar way, except Plus reagent and 

1200 ng of the indicated receptor expression vectors were included. Cell lysates were then harvested 

the following day. Human liver carcinoma (HepG2) cells (#HB-8065) were purchased from ATCC 

and were cultured in 10% FBS/EMEM (modified by ATCC) and 4 µg/ml gentamycin. Transfection 

protocols were identical to those used for the LβT2 cells. 
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Luciferase assays 

Cells were washed with 1X PBS and
 
lysed in 1X PLB. Luciferase assays were performed on 

an Orion II microplate luminometer (Berthold detection systems, Oak Ridge, TN, USA) using
 

standard reagents. All treatments were performed in duplicate or triplicate as described in the text or 

figure legends.
 
 Data presented are from at least 2–3 independent experiments.  

Immunoblots 

Cells were washed with 1X PBS and whole cell protein extracts (WCE) prepared with 1X 

RIPA (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.15M NaCl, 0.01 M sodium phosphate 

pH6.8, 2 mM EDTA, 50 mM sodium fluoride, and CompleteMini Protease Inhibitor Cocktail 

Tablets) and centrifuged at 13,000 × g for 0.5 h at 4ºC to remove cellular debris. WCEs were 

subjected to immunoblot
 
analyses as previously described [297]. Briefly, equivalent

 
amounts of 

protein were separated by SDS-PAGE
 
and transferred to Protran nitrocellulose filters (Schleicher

 
and 

Schuell, Keene, NH, USA). Blots were probed with the indicated
 

antibodies using standard 

techniques.  

Data Analysis 

Data from three replicate experiments were highly similar and their means were pooled for 

statistical analyses. Data are presented as fold-change from the control condition in each experiment. 

Differences between means were compared using one-, two-, or three-way analyses of variance 

followed by post-hoc pair-wise comparison with Bonferroni or Tukey adjustment where appropriate 

(Systat 10.2, Richmond, CA, USA), as indicated in the figure legends. Significance was assessed 

relative to p < 0.05. 

 

Results 

Transfected BMPR1A and BMPR1B can mediate BMP2 signaling in gonadotropes 

Previous transfection studies in our lab suggested that ACVR1 might be the preferred type I 

receptor mediating BMP2‟s regulation of Fshb transcription [282]. Though we and others [292] 

observed Bmpr1b mRNA expression in both the murine pituitary and LβT2 cells, we did not 

previously assess its role in BMP2 signaling. In addition, we discovered that the wild-type BMPR1A 

expression vector we used previously harbored an unwanted frame-shift mutation that truncated the 
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receptor within the kinase domain. This potentially invalidated the interpretation of our previous 

results using this reagent. Therefore, we transfected LβT2 cells with the -846/+1 murine Fshb-luc 

reporter and validated wild-type (wt) BMPR1A or BMPR1B receptor expression vectors alone or 

together with the type II receptor, BMPR2. As observed previously with ACVR1, either BMPR1A or 

BMPR1B with BMPR2 conferred heightened BMP2-independent and -dependent Fshb promoter 

activity (Figure 2.1A). These effects were only observed when BMPR1A or BMPR1B were 

expressed in conjunction with BMPR2, but not when either was expressed alone. Similarly, 

constitutively active forms of BMPR1A (Q233D) and BMPR1B (Q203D) when expressed together 

with BMPR2, but not alone, stimulated Fshb promoter activity (Figure 2.2A).  Collectively, these 

results suggest that over-expressed ACVR1 (as shown previously, [282]), BMPR1A, and BMPR1B 

can all regulate Fshb transcription in conjunction with BMPR2.  

BMPR1B harboring the Booroola mutation is fully functional in LβT2 cells 

A missense mutation, Q249R, was mapped to the kinase domain of BMPR1B in Booroola 

(FecB) sheep [413, 415-416]. Given that Bmpr1b is expressed in the pituitary and may mediate 

BMP2 effects on Fshb (Figs. 2.1A, 2.2A), we investigated the effects of the BMPR1B-Q249R 

mutation on BMP2 signaling in gonadotrope cells. We introduced the mutation in the context of a 

murine BMPR1B expression vector. As observed above, expression of type I or type II receptors 

alone in LβT2 cells had no effect, whereas BMPR1B with BMPR2 up-regulated Fshb transcription 

and this effect was further potentiated in the presence of BMP2 (Figure 2.1B). Unexpectedly, the 

BMPR1B-Q249R mutant produced equivalent results to the wild-type BMPR1B receptor. Next, we 

examined potential functional differences between constitutively active forms of BMPR1B and 

BMPR1B-Q249R. The advantage of this approach is that it allowed us to examine functional changes 

in BMPR1B-Q249R that were independent of the particular ligand used in our experiments. As seen 

in Figure 2.2A, BMPR1A-QD, BMPR1B-QD, and BMPR1B-Q249R all stimulated Fshb reporter 

activity when co-transfected with BMPR2 and did so to comparable extents. 

To determine whether the results in LβT2 cells were cell-specific, we assessed functionality 

of the constitutively active BMPR1A and BMPR1B receptors in HepG2 cells. Because Fshb reporters 

are inactive in non-gonadotropes, we used a validated BMP-responsive reporter, BREX4-luc [443]. 

We previously observed that constitutively active ACVR1 and BMPR1A regulated this reporter in 

these cells without the need for BMPR2 co-expression (data not shown).  Here, BMPR1A-QD, 

BMPR1B-QD, and BMPR1B-QD-Q249R all stimulated BREX4-luc activity in HepG2 cells and did 
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so equivalently (Figure 2.2B). Therefore, no obvious functional impairment in BMPR1B-Q249R was 

noted in two distinct cellular contexts. 

BMPR1B-Q249R can stimulate SMAD1/5 phosphorylation 

In both LβT2 and HepG2 cells, we failed to detect functional changes in BMPR1B-Q249R. 

One study used molecular modeling to predict the effects of the Q249R mutation on receptor function 

and suggested that the mutated receptor might more stably interact with the inhibitory protein, 

FKBP12 [413]. This would be predicted to impair signaling by the receptor to its downstream 

effectors, including SMAD 1 and 5 [250, 374-375]. We therefore examined the relative abilities of 

BMPR1A-QD, BMPR1B-QD, and BMPR1B-QD-Q249R to stimulate SMAD1 and 5 

phosphorylation. Use of constitutively active forms of the receptors obviated the need for exogenous 

ligand treatment. CHO cells were transfected with combinations of the indicated receptors and 

FLAG-SMAD1 or FLAG-SMAD5. Western blots using a phospho-SMAD1/5/8 antibody showed that 

all three receptors were equivalent in their abilities to stimulate SMAD1 and SMAD5 

phosphorylation (Figure 2.3A, top panel, compare lanes 5, 6, 8, 9, 11, and 12 to lanes 2 and 3).  Re-

probing of the blots with FLAG (second panel) and MYC (third panel) antibodies confirmed 

equivalent expression of the SMADs and receptors, respectively. Similar results were observed in 

LβT2 cells (Figure 2.3B). Thus, the BMPR1B-Q249R receptor appeared capable of stimulating 

SMAD1/5 phosphorylation to the same extent as the wild-type BMPR1B. 

To confirm that point mutations can in fact impair BMPR1B function in these assays, we 

generated a novel mutation in BMPR1B, D265A.  The aspartic acid at position 265 is only 16 amino 

acids C-terminal to Q249 and is located within the L45 loop of the receptor.  This receptor sub-

domain has been implicated in SMAD activation by type I receptors [244-246].  The analogous 

mutation in TGFBR1 (also known as ALK5), D266A, has been reported to impair the ability of the 

receptor to stimulate SMSAD2 phosphorylation [444]. Whereas BMPR1B-QD and BMPR1B-QD-

Q249R stimulated SMAD1 phosphorylation, BMPR1B-QD-D265A was incapable of doing so 

(Figure 2.3C). All three receptors were expressed at equivalent levels. Thus, our assays are able to 

detect impairments in receptor function. 

BMPR1B-Q249R and wild-type BMPR1B are expressed at similar levels 

Given that our analyses failed to show impairments in BMPR1B-Q249R function, we next 

examined whether the mutation affects receptor expression. Our initial analyses revealed equivalent 

expression of wild-type and Q249R forms of BMPR1B (Figs. 2.3A-C and data not shown).  We noted 
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that the mutation itself (CAGCGG) introduces a novel CpG dinucleotide (underlined) that may be a 

substrate for DNA methylation. Though gene silencing is usually associated with methylation of 

cytosines in CpGs within promoter or enhancer regions, CpGs within coding regions might also be 

methylated and therefore have an impact on gene expression through their abilities to bind methyl 

DNA binding proteins [445]. Although there was no apparent effect of the mutation on expression in 

transfected cells (Figs. 2.3A-C), the DNA used was propagated in E. coli and therefore would not be 

methylated at this or other CpGs. Therefore, we introduced methylated cytosines on both strands of 

the BMPR1B-Q249R construct by site-directed mutagenesis using primers methylated specifically at 

the sites of interest. The same procedure was followed using identical primers that lacked methyl-

cytosines. The resulting PCR products were then purified and transfected directly into CHO cells, and 

their relative expression measured by western blot. Methylation of the amplified DNA was confirmed 

by bisulfite sequencing (data not shown). Both the methylated and unmethylated BMPR1B-Q249R 

constructs were expressed to equivalent extents (Figure 2.3D); therefore, methylation at this site alone 

did not appear to affect receptor expression.  

Endogenous BMPR1A mediates BMP2 signaling in gonadotrope cells 

Although the data presented above and previously [282] indicated that Acvr1, Bmpr1a, and 

Bmpr1b are expressed in LβT2 cells and can augment BMP2 actions when over-expressed in this cell 

line, the data did not definitely show whether BMP2 preferentially signals through one or more of 

these receptors. First, to confirm that ACVR1, BMPR1A, and/or BMPR1B are required for BMP2 

signaling, we treated cells with Compound C (also known as dorsomorphin), a small molecule 

inhibitor of these three receptors [426]. We treated LβT2 cells with 1 or 10 µM Compound C 30 min 

prior to treatment with 25 ng/ml BMP2 or activin A for 1 h. At both 1 and 10 µM, the inhibitor 

significantly impaired BMP2-stimulated SMAD1/5 phosphorylation, but did not affect activin A-

stimulated SMAD2 phosphorylation (Figure 2.4A). Increasing the concentration to 20 µM more 

significantly antagonized the BMP2 effect, but also had a small inhibitory effect on activin A (data 

not shown). Therefore, in subsequent analyses, we used 10 µM Compound C. We next transfected 

cells with a murine Fshb reporter and treated with BMP2 ± activin A in the presence or absence of 

Compound C.  The inhibitor significantly impaired both BMP2‟s independent and synergistic actions 

on Fshb transcription, but did not significantly alter the activin A response or basal reporter activity 

(Figure 2.4B). These data suggested a role for endogenous ACVR1, BMPR1A, and/or BMPR1B in 

BMP2 signaling in LβT2 cells.    
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We next knocked down expression of ACVR1, BMPR1A, and/or BMPR1B by RNA 

interference (RNAi) to determine which might be the preferred receptor in this system. LβT2 cells 

were transfected with -846/+1 mFshb-luc and siRNAs for ACVR1, BMPR1A, or BMPR1B, and were 

then treated with 25 ng/ml BMP2 ± 25 ng/ml activin A.  We observed the synergistic actions of 

BMP2 and activin A under control conditions and in the presence of the ACVR1 or BMPR1B 

siRNAs (Figure 2.5). In contrast, the BMPR1A siRNA significantly inhibited the synergistic actions 

of BMP2 and activin A on Fshb reporter activity, but did not impair the independent activin A 

response. The BMPR1A siRNA did not significantly diminish the independent BMP2 effect in the 

context of this analysis, though the trend was in this direction. These data suggested that BMPR1A is 

the preferred BMP2 type I receptor in LβT2 cells. 

We confirmed the functionality and specificity of the siRNAs used in these experiments.  

LβT2 cells were transfected with epitope-tagged expression vectors for ACVR1, BMPR1A, or 

BMPR1B that were predicted to be sensitive or resistant to their respective siRNAs based on 

sequence match or mismatch. That is, we introduced mutations that rendered the expression 

constructs perfect matches (in rat ACVR1 and human BMPR1A) or created mismatches (in murine 

BMPR1B) relative to the murine siRNAs used in the experiment in Figure 2.5. In all cases, mutations 

altered the nucleotide but not amino acid sequences. As shown in supplementary Figure S2.1, the 

siRNAs specifically impaired expression of their sequence-matched („sensitive‟) targets.  siRNAs 

directed against one receptor did not inhibit expression of the other receptors, and sequence-

mismatched targets were resistant to their corresponding siRNAs.  These data confirmed that the 

siRNA effects on receptor expression were sequence-specific and did not reflect non-specific or off-

target effects.  

Although the BMPR1A siRNA specifically impaired murine BMPR1A expression in LβT2 

cells, we performed an additional control to show that decreases in Fshb reporter activity associated 

with the BMPR1A siRNA were attributable to receptor knock down and not some other off-target 

effect.  We co-transfected LβT2 cells with -846/+1 murine Fshb-luc and combinations of BMPR2 and 

siRNA-sensitive BMPR1A-QD or siRNA-resistant BMPR1A-QD, along with control, BMPR1A or 

BMPR1B siRNAs.  The two forms of BMPR1A-QD equivalently stimulated reporter activity with 

BMPR2 (Figure S2.2).  The BMPR1A, but not BMPR1B, siRNA inhibited the stimulatory effect of 

the sensitive, but not resistant, BMPR1A-QD expression vector, confirming that the BMPR1A siRNA 

effect was sequence-specific. 
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Endogenous BMPR2 and ACVR2 mediate BMP2 signaling in gonadotrope cells 

 Finally, having established BMPR1A as the relevant endogenous type I receptor in LβT2 

cells, we examined with which endogenous type II it cooperates to mediate BMP2 activity.  BMP2 

can bind BMPR2, ACVR2, and ACVR2B [369, 397, 446] and we showed previously that all three of 

these receptors are expressed in LβT2 cells and adult murine pituitary [282]. We co-expressed 

BMPR1A-QD along with BMPR2, ACVR2, or ACVR2B expression vectors.  None of the type II 

receptors had effects on their own, but all synergized with BMPR1A-QD to stimulate Fshb promoter 

activity (Figure 2.6A). BMPR2 and ACVR2B had more pronounced effects than AVCR2. Next, we 

knocked down expression of the endogenous type II receptors using siRNAs.  Here, we co-transfected 

cells with the Fshb reporter and the indicated siRNAs, and then treated with 25 ng/ml BMP2 in the 

presence of the activin type I receptor inhibitor, SB431542. Because we showed previously that 

exogenous BMPs can synergize with endogenous activins in these cells, we needed to remove the 

potential confounding effects of activins signaling through ACVR2 or ACVR2B. Knockdown of 

BMPR2 or ACVR2 inhibited both basal activity and the small (though not statistically significant) 

induction of Fshb transcription by BMP2 (Figure 2.6B). The ACVR2B siRNA had no effect. 

 

Discussion 

We reported previously that activin A and BMP2 synergistically regulate murine Fshb 

transcription [282]. We postulated that BMP2 might signal preferentially through the type I receptor, 

ACVR1, to mediate its effects. This was based on the observation that transfection of wild-type 

ACVR1, but not BMPR1A, with the type II receptor, BMPR2, stimulated promoter-reporter activity 

alone and in the presence of BMP2.  In contrast, constitutively active forms of ACVR1 and BMPR1A 

both synergized with BMPR2 to stimulate Fshb transcription. We subsequently discovered that our 

presumptive wild-type BMPR1A expression vector possessed a frame-shift mutation, which 

prematurely truncated the kinase domain of the receptor. Here, when we repeated the analysis using a 

validated full-length receptor, we observed that BMPR1A functioned similarly to ACVR1 (Figure 

2.1A).  A third BMP type I receptor, BMPR1B, is also expressed in LβT2 cells [282, 292] and can 

similarly act in synergy with BMPR2 to regulate Fshb transcription. These observations suggest that 

one or more type I receptor may mediate BMP signaling in gonadotrope cells. Indeed, inhibition of 

ACVR1, BMPR1A, and BMPR1B with Compound C (dorsomorphin) confirmed a role for at least 

one of these receptors in BMP2-regulated SMAD1/5 phosphorylation and Fshb reporter activity 

(Figure 2.4) 
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To more definitely establish which receptor(s) might be most critical, we used siRNAs to 

deplete endogenous expression of ACVR1, BMPR1A, or BMPR1B.  Though all of the siRNAs were 

effective in depleting expression of their targets in sequence-specific fashion (Figs. S2.1 and S2.2), 

only BMPR1A knockdown blocked the synergistic actions of BMP2 and activin A on Fshb 

transcription (Figure 2.5). The BMPR1A siRNA did not hinder activin A signaling by itself.  These 

observations suggest that the effect of the BMPR1A siRNA is principally through antagonism of 

BMP2 signaling. BMP2 can signal through multiple type I and II receptors [363, 368] and there is 

evidence for functional redundancy of the different receptors.  For example, in the absence of 

BMPR2, BMP2 and 4 can signal through ACVR2 [368]. Here, BMPR2 and ACVR2, but not 

ACVR2B, appear to mediate the BMP2 response.  It was therefore possible that ACVR1 and/or 

BMPR1B might compensate for the loss of BMPR1A, especially in light of these receptors‟ ability to 

modulate Fshb transcription in over-expression experiments. However, the almost complete 

abrogation of BMP2/activin A synergism in the presence of the BMPR1A siRNA (Figure 2.5) and the 

efficacy of ACVR1 and BMPR1B siRNAs in depleting their targets (Figure S2.1) suggests that 

neither ACVR1 nor BMPR1B compensates for the loss of BMPR1A in LβT2 cells, at least in these 

transient transfection assays. In light of these data and those with the type I receptor inhibitor (Figure 

2.4), we conclude that BMPR1A is the endogenous signal-propagating BMP2 receptor in these cells. 

Moreover, because over-expression of BMPR1B can potentiate the BMP2 response, but knock down 

of the endogenous receptor has no effect, we postulate that BMPR1B may be expressed at insufficient 

levels to propagate BMP2 signals in these cells. 

Some Booroola (FecB) sheep, which harbour a missense mutation (Q249R) in BMPR1B, 

have increased FSH levels [433, 447-448] in association with increased ovulation rates. We therefore 

hypothesized a priori that altered BMPR1B function might contribute to these phenotypes. The data 

presented here failed to confirm this hypothesis on several levels. First, as described above, though 

expressed in gonadotrope cells, endogenous BMPR1B does not mediate in BMP2 signaling. Second, 

the BMPR1B-Q249R receptor was functionally equivalent to wild-type in multiple assays. That is, 

the wild-type and mutant receptors stimulated two different reporters (Fshb-luc and BREx4-luc) in 

two different cell lines (LβT2 and HepG2) to equivalent extents (Figs. 2.1 and 2.2). Moreover, the 

receptors similarly stimulated SMAD1 and SMAD5 phosphorylation in CHO and LβT2 cells and 

were expressed at equivalent levels (Figs. 2.3A-C). Importantly, mutation of a nearby residue, 

D265A, completely abrogated BMPR1B-regulated SMAD1 phosphorylation (Figure 2.3C), showing 

the sensitivity of our experimental approach.  
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We also examined whether the Q249R mutation might affect receptor expression, perhaps 

through DNA methylation (Figure 2.3D).  However, the methylated and unmethylated Q249R 

receptor were expressed at equivalent levels, which is consistent with a previous report showing 

equivalent Bmpr1b mRNA levels in wild-type and Booroola sheep ovaries [413].  

In conclusion, the data presented here show that BMP2 regulates murine Fshb subunit 

transcription both independently and synergistically with activin A by signaling through the type I 

receptor, BMPR1A, and type II receptors, BMPR2 and ACVR2. Though both ACVR1 and BMPR1B 

are expressed in LβT2 cells and murine pituitary, and both can act with BMPR2 to regulate Fshb 

promoter activity in over-expression analyses, neither appears necessary for BMP2 action nor does 

either compensate for the loss of BMPR1A. We further show that the Q249R mutation observed in 

BMPR1B of Booroola sheep does not alter the ability of the receptor to stimulate SMAD1/5 

phosphorylation or activate target gene transcription in different cellular contexts. Future 

investigations will be required to confirm a role for BMPR1A in FSH regulation in vivo and to 

determine the nature of altered BMPR1B function in Booroola (FecB) sheep. 
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Figure Legends  

Figure 2.1: A) LβT2 cells seeded in 24-well plates were transfected with -846/+1 murine Fshb-luc 

and the indicated receptor expression vectors. Cells were then treated in duplicate with 25 ng/ml 

BMP2 in the presence of 10 µM SB431542 (to remove the effects of endogenous activin B signaling). 

B) LβT2 cells were transfected and treated as in panel A with indicated receptor expression vectors. 

Cells were then treated in duplicate with 25 ng/ml BMP2 in the serum-free medium. In both panels, 

the data presented are the mean (+SEM) of three independent experiments and are presented relative 

to the control group, in which no receptors or ligands were included. Bars with different symbols 

were statistically different, whereas those sharing symbols did not differ. 

Figure 2.2: A) LβT2 cells seeded in 24-well plates were transfected with -846/+1 murine Fshb-luc 

and the indicated receptor expression vectors. B) HepG2 cells seeded in 24-well plates were 

transfected with BREX4-luc and the indicated receptor expression vectors. In both panels, cells were 

starved in serum-free medium for 24 h prior to analysis. The data are the means (+SEM) of three 

independent experiments and are presented relative to the control group, in which no receptors were 

transfected. QD, Glu to Asp mutation at position 233 (BMPR1A) or 203 (BMPR1B).  

Figure 2.3: A) CHO cells seeded in 6-well plates were transfected with the indicated constitutively 

active MYC-tagged type I receptors in conjunction with FLAG-tagged SMAD1 or SMAD5. Whole 

cell protein lysates were subjected to western blot analyses and sequentially probed with 

pSMAD1/5/8, FLAG, MYC, and β-actin (ACTB) antibodies. B) LβT2 cells seeded in 6-well plates 

were transfected with the indicated constitutively active type I receptors in conjunction with FLAG-

tagged SMAD5. Whole cell lysates were subjected to western blot analyses and sequentially probed 

with pSMAD1/5/8, FLAG, and ACTB antibodies. C) CHO cells seeded in 10-cm plates were 

transfected with the indicated constitutively active MYC-tagged type I receptors in conjunction with 

FLAG-tagged SMAD1. Whole cell lysates were subjected to western blot analysis and sequentially 

probed with pSMAD1/5/8, FLAG, MYC, and ACTB antibodies. D) CHO cells seeded in 6-well 

plates were transfected with the indicated amounts of methylated or unmethylated BMPR1B-QD-

Q249R DNA constructs obtained directly from site-directed mutagenesis PCR reactions. Whole cell 

protein lysates were subjected to western blot analyses and sequentially probed with MYC and ACTB 

antibodies. 

Figure 2.4: A) LβT2 cells in 6-well plates were treated with 0, 1, or 10 µM Compound C for 30 min 

followed by treatment with 25 ng/ml BMP2 (top) or activin A (bottom) for 1 hr. Whole cell lysates 

were analyzed by western blot for phospho-SMAD1/5/8 or phospho-SMAD2 as indicated. B) LβT2 
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cells were transfected with the indicated Fshb reporter and treated with combinations of activin A and 

BMP2 in the presence or absence of 10 µM Compound C for 24 h.  Data reflect the mean (+SEM) of 

three independent experiments. Data were log transformed prior to analysis.   

Figure 2.5: LβT2 cells seeded in 24-well plates were transfected with -846/+1 murine Fshb-luc and 5 

nM of the indicated short interfering RNAs (siRNAs) for each of the three BMP type I receptors and 

treated with 25 ng/ml BMP2 plus/minus 25 ng/ml activin A in serum-free medium. The data reflect 

the mean (+SEM) of three independent experiments and are presented relative to the control group, in 

which no siRNAs or ligands were included.  

Figure 2.6: A) LβT2 cells seeded in 24-well plates were transfected with -846/+1 murine Fshb-luc 

and the indicated receptor expression vectors. Cells were starved in serum-free medium for 24 h prior 

to analysis. The data are the mean (+SEM) of three independent experiments and are presented 

relative to the control group, in which no receptors were transfected. B) LβT2 cells transfected with 

846/+1 murine Fshb-luc and 5 nM of the indicated short interfering RNAs (siRNAs) for each of the 

three BMP type II receptors and treated with 25 ng/ml BMP2. The data reflect the mean (+SEM) of 

three independent experiments and are presented relative to the control group, in which the control 

siRNA and no ligands were included.  
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Supplementary Figure Legends 

Figure S2.1: ACVR1, BMPR1A, and BMPR1B siRNAs specifically inhibit expression of their targeted 

receptors. A) CHO cells seeded in 6-well plates were transfected with rat ACVR1-HA (resistant) or a 

form of the receptor modified to contain the sequence targeted by the murine ACVR1 siRNA 

(sensitive).  Cells were co-transfected with no siRNA or 5 nM control, ACVR1, BMPR1A, or 

BMPR1B siRNAs.  Twenty-four h following transfection, whole cell protein lysates were collected 

and then subjected to western blot analyses with HA and ACTB antibodies. B) CHO cells were 

transfected as in panel A with human BMPR1A-myc (resistant) or an BMPR1A-myc construct 

modified to contain the sequence targeted by the murine BMPR1A siRNA (sensitive). C) CHO cells 

were transfected as in panel A with murine BMPR1B-myc (sensitive) and a modified form of the 

receptor containing silent mutations in the BMPR1B siRNA recognition sequence. The blots in B and 

C were probed sequentially with MYC and ACTB antibodies.  

Figure S2.2: BMPR1A siRNA inhibits BMPR1A-dependent signaling in sequence-specific fashion. 

LβT2 cells seeded in 24-well plates were transfected with -846/+1 murine Fshb-luc and control DNA 

(pcDNA3) or BMPR2 in combination with BMPR1A-QD-sensitive or BMPR1A-QD-resistant 

expression vectors along with no siRNA or control, BMPR1A, or BMPR1B siRNAs. Cells were 

cultured in serum-free medium for 24 h prior to analysis. The data reflect the mean (+SEM) of three 

independent experiments and are presented relative to the control group, in which no receptors or 

siRNAs were transfected.  
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Table 2.1. Primers and DNA templates used in site-directed mutagenesis to create their respective plasmids.  

Plasmid 
Name 

Forward Primer Reverse Primer Template 
DNA 

HA-ALK2 
Q207D 

AGAGAACTGTGGCTCGAGACATAACCCTGTTGGAGTG CACTCCACCAGGGTTATGTCTCGAGCCACAGTTCTCT HA-ALK2 

HA- human 
ALK3 

CAGCGAACTATCGCGAAACAAATCCAGATGGTCCGGCAAG CTTGCCGGACCATCTGGATTTGTTTCGCGATAGTTCGCTG HA-ALK3 
Q233D 

HA-mouse 
ALK6  

CCAAAGGACAATAGCTAAGCAGATTCAGATGGTGAAGCAG CTGCTTCACCATCTGAATCTGCTTAGCTATTGTCCTTTGG HA-ALK6 
QD 

siRNA 
sensitive 
ALK2QD 

CATGCATTCCCAGAGCACAAACCAGCTTGATGTGGGAAAC GTTTCCCACATCAAGCTGGTTTGTGCTCTGGGAATGCATG HA-ALK2 
Q207D 

siRNA 
sensitive 
ALK3QD 

CGTTGTATCACAGGAGGAATCGTGGAGGAATACCAATTGCCATA TATGGCAATTGGTATTCCTCCACGATTCCTCCTGTGATACAACG myc-
ALK3 
Q233D 

siRNA 
resistant 
ALK6QD 

CTCCAGAAGTGCTGGACGAGTCCCTCAATAGAAACCATTTCCAGTCC GGACTGGAAATGGTTTCTATTGAGGGACTCGTCCAGCACTTCTGGAG myc-
ALK6 QD 

ALK6 
Q249R 

GAGACTGAGATATATCGGACGGTCCTGATGCG CGCATCAGGACCGTCCGATATATCTCAGTCTC HA-ALK6 

ALK6QD 
Q249R 

GAGACTGAGATATATCGGACGGTCCTGATGCG CGCATCAGGACCGTCCGATATATCTCAGTCTC HA-
ALK6QD 

ALK6QD 
D265A 

GGGTTCATTGCTGCAGCTATCAAAGGGACTGGG CCCAGTCCCTTTGATAGCTGCAGCAATGAACCC myc-
ALK6 QD 
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methyl 
ALK6QD 
Q249R 

GAGACTGAGATATATmCGGACGGTCCTGATGCG  CGCATCAGGACCGTCmCGATATATCTCAGTCTC  myc-
ALK6QD 
Q249R 

m refers to methylated cytosine 
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Chapter 3 

In Chapter 2, I determined the type I and type II receptors used by BMP2 to regulate Fshb 

transcription. Unfortunately, I was unable to determine definitively the relevant R-SMAD(s) in this 

system because results from siRNA-mediated knock down experiments were inconclusive (data not 

shown). However, through over-expression assays, Lee et al. suggested that SMAD8 is the R-SMAD 

BMP2 uses to upregulate Fshb transcription. Nonetheless, the mechanisms through which activins 

and BMP2 synergistically regulate Fshb transcription are still unclear. Whereas BMP2 could directly 

stimulate Fshb promoter activity, the majority of data from our lab suggest that that the effect is 

indirect [282].  LβT2 cells over-expressing SMAD8 were treated with BMP2 at different time points; 

a steep increase in Fshb reporter activity was detected beginning in the third hour, peaking after 8 

hours, and remaining stable throughout 24 hours [282]. If SMADs were directly involved in Fshb 

promoter activation, the stimulatory effect should have been detected earlier. This suggests that 

BMP2 promotes the expression of another protein (or proteins) which then acts to stimulate the Fshb 

promoter. This notion was similarly supported by experiments looking at BMP2 and activin A 

synergism. BMP2 treatment by itself did not significantly stimulate Fshb reporter activity over a 24 h 

period. In contrast, 24 h activin A treatment stimulated transcription 5-fold. The two ligands applied 

together produced up to 20-fold stimulation of an Fshb promoter-reporter after 24 h. Interestingly, 

this synergism was only observed beginning 6-8 hours following the onset of BMP2 stimulation, and 

the elevated reporter activity is maintained up to 24 hours (data not shown in [282]). This 

intermediate-late response suggests that BMP2 may synergize with activin to regulate Fshb 

expression via an indirect mechanism. Collectively, these data lead us to hypothesize that BMP2 may 

promote the synthesis of an intermediate protein, possibly a transcription factor, which then works in 

concert with activins to synergistically promote Fshb expression. In Chapter 3, I identified BMP2 

induced genes and examined the roles of their protein products in synergistic activation of Fshb 

transcription with activin A. 
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Abstract 

We recently reported that bone morphogenetic proteins (BMPs) 2 and 4 can stimulate follicle-

stimulating hormone β subunit (Fshb) transcription alone and in synergy with activins. We further 

showed that BMP2 signals via the type I receptor BMPR1A (or ALK3) to mediate its effects; 

however, the intracellular mechanisms through which BMP2 regulates Fshb are unknown. In the 

current study, we used cDNA microarray analyses (and validation by real-time quantitative RT-PCR) 

to identify BMP2 target genes in the murine gonadotrope cell line, LβT2. siRNA-mediated 

knockdown, over-expression, and co-immunoprecipitation experiments were used to examine the 

potential functional roles of selected gene products. Quantitative RT-PCR analysis largely confirmed 

the results of the array analyses and inhibitors of DNA binding 1, 2, and 3 (Id1, Id2, and Id3) were 

selected for functional analyses. Knockdown of endogenous Id2 and Id3, but not Id1, diminished the 

synergistic effects of BMP2 and activin A on Fshb transcription. Over-expression of Id1, 2, or 3 

alone had no effect, but all three potentiated activin A or SMAD3 induction of Fshb transcription. 

Though the precise mechanism through which Ids produce their effects are not yet known, we 

observed physical interactions between Id1, 2, or 3 and SMAD3. Collectively, the data suggest that 

BMP2 synergistically regulates Fshb transcription with activins, at least in part, through the 

combined actions of Ids 2 or 3 and SMAD3. 
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Introduction 

The pituitary gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone 

(LH), play essential roles in reproductive physiology. Perturbations in either the expression or activity 

of these hormones or their receptors lead to infertility in females and oligospermia or infertility in 

males [449-452]. Both hormones are secreted from gonadotropes of the anterior pituitary and 

stimulate gonadal steroidogenesis and gametogenesis. The gonadotropins are heterodimeric 

glycoproteins (α/β), sharing a common α subunit and unique β subunits. The latter determine both 

rates of mature hormone synthesis and biological specificity. FSH and LH are regulated by 

gonadotropin-releasing hormone (GNRH1) secreted from the hypothalamus as well as gonadal sex 

steroids. FSH synthesis is also regulated by the activins and inhibins, members of the transforming 

growth factor (TGF) β superfamily [20, 273-274, 319, 453]. Recently, other TGFβ ligands, the bone 

morphogenetic proteins (BMPs), were shown to stimulate murine Fshb transcription alone and in 

synergy with activins in vitro [282, 401, 405, 409]. In contrast, BMP4 was shown to block the 

stimulatory effect of activins on FSH secretion from
 
sheep pituitary cultures [408], suggesting 

potential inter-species variation in BMP action. 

Several BMP sub-types are expressed in adult murine pituitary and in immortalized 

gonadotropes, LβT2 [282, 401, 405]; however, the in vivo role, if any, for these proteins in FSH 

regulation have not yet been established. Although BMPs 6 and 7 are endogenously expressed in 

LβT2 cells, they regulate Fshb transcription with low potency. In contrast, BMPs 2 and 4, which are 

expressed at low levels in these cells, are able to stimulate Fshb transcription with greater potency 

[282]. Because BMPs 2 and 4 are highly expressed in the adult murine pituitary (presumably by other 

cell types), they may act as paracrine regulators of gonadotrope function.   

BMPs 2 and 4 are less potent than activins in their induction of Fshb transcription; however, 

BMPs and activins have strong synergistic actions [282, 401, 405, 409]. Therefore, for Fshb 

regulation, BMPs may be more important for their cooperative than independent actions. In neither 

case, however, do we have a clear mechanistic understanding of BMP‟s effects. In Chapter 2, we 

demonstrated that BMP2 signals via the BMPR1A receptor (also known as ALK3) to stimulate Fshb 

transcription in LβT2 cells [454]. Over-expression approaches also implicated the signaling protein, 

SMAD8, in BMP2-stimulated Fshb expression; but, a role for the endogenous SMAD8 has not yet 

been established nor do we know how over-expressed SMAD8, directly or indirectly, produces its 

effects. To gain greater insight into how BMP2 may regulate Fshb in gonadotropes, we used cDNA 

microarrays to identify BMP2 target genes in LβT2 cells. Under our experimental conditions, a 
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relatively limited number of genes were regulated by BMP2; however, follow-up analyses implicate 

the inhibitors of DNA binding 2 and 3 (Id2 and Id3) in BMP2/activin A synergistic induction of 

murine Fshb transcription.  

 

Material and Methods 

Reagents 

Human recombinant (rh-) activin A and BMP2 were purchased from R&D Systems 

(Minneapolis, MN, USA). Gentamycin, 1X phosphate buffered saline (PBS), and Dulbecco‟s 

Modified Eagle medium (DMEM) with 4.5 g/l glucose,
 
L-glutamine and sodium pyruvate were 

purchased from Wisent (St-Bruno, Quebec, Canada). F12/DMEM with 2.5mM L-glutamine, 15mM 

HEPES buffer and 1.2g/L sodium bicarbonate was purchased from HyClone Laboratories (South 

Logan, Utah, USA). Random primers, MMLV-reverse transcriptase, RNasin, and deoxynucleotide 

triphosphates (dNTPs), and 1X Passive Lysis Buffer (PLB) was from Promega (Madison, WI, USA). 

Protease inhibitor tablets (CompleteMini) were purchased from Roche (Mississauga, ON, Canada). 

EZview Red ANTI-FLAG M2 Affinity Gel (Cat. # F2426), SB431542, mouse monoclonal β-actin 

(#A5441), mouse monoclonal HA (#H9658), and rabbit monoclonal FLAG (#F3165) antibodies were 

from Sigma (St. Louis, MO, USA). Horseradish peroxidase (HRP) conjugated secondary antibodies 

were from Bio-Rad (Hercules, CA, USA) and enhanced chemiluminescence (ECL) Plus reagent was 

from GE Healthcare (Piscataway, NJ, USA). Short-interfering (si) RNAs were purchased from 

Dharmacon (Lafayette, Colorado, USA): Control (Cat. # D-001210-05), IDB1 (ID1, Cat. # D-

040701-17); IDB2 (ID2, Cat. # D-060495-02); IDB3 #2 (ID3, Cat. # D-046495-02); IDB3 #3 (ID3, 

Cat. # D-046495-03). Lipofectamine/Plus, Lipofectamine 2000, TRIzol Reagent, and SYBRgreen 

Supermix for qPCR were from Invitrogen (Carlsbad, CA, USA). In solution MG132 proteasome 

inhibitor was purchased from Calbiochem (San Diego, California, USA) (Cat. # 474791).  

Constructs  

The murine and porcine Fshb
 
promoter-reporter constructs were described previously [296, 

303]. The SMAD3 responsive CAGA12-luc reporter was previously described by Dennler et al. 1998 

[455-456]. HA tagged murine Id1, 2, and 3 expression constructs were generously provided by Dr. 

Nacksung Kim [457]. Human FLAG-SMAD1, human FLAG-SMAD3, and murine FLAG-SMAD4 

were provided by Dr. T. Woodruff (Northwestern University, Chicago, IL, USA). Human FLAG-

SMAD2 and human FLAG-SMAD3 were provided by Dr. E. Robertson (University of Oxford, 
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United Kingdom). Murine FLAG-SMAD5 and FLAG-SMAD6 were provided by Dr. T. Watanabe 

(Tokyo University, Tokyo, Japan). Murine FLAG-SMAD7 and rat myc-SMAD8 were provided by 

Dr. C.H. Heldin (Ludwig Institute for Cancer Research, Sweden). The rat FLAG-SMAD8 construct 

was generated in-house by PCR using myc-SMAD8 as template. Human FLAG-SMAD3N, NL, LC, 

C were purchased from Addgene (Cambridge, MA, USA). 

Cell cultures and transfections 

Immortalized murine gonadotrope LβT2 cells were provided by Dr. P. Mellon (University
 
of 

California, San Diego, CA, USA) and were cultured in 10% FBS/DMEM and 4 μg/ml gentamycin as 

described
 
previously [297]. For gene array experiments and qRT-PCR analyses [see details below], 

LβT2 cells cultured in 10-cm dishes for approximately 48 h were washed
 
with serum-free DMEM and 

then treated for 24 h with 2 nM (50 ng/ml) BMP2 in DMEM. The ALK4/5/7 inhibitor SB431542 

[349] was included (final concentration 10 μM) to block the effects of endogenous activin B. Cells 

were washed with 1 x PBS and total RNA extracted with TRIzol (Invitrogen) following the 

manufacturer‟s instructions.  

For luciferase assays, cells were plated in 24-well plates (2.5 x 10
5
 cells per well) or in 48-

wells (0.8 x 10
5
 cells per well) approximately 36 h prior to transfection. Cells were transfected

 
with 

450 ng or 225 ng of the reporter/well, respectively, using Lipofectamine 2000 following the 

manufacturer‟s instructions (Invitrogen). In Id1, 2, or 3 over-expression experiments, LβT2 cells 

cultured in 24- or 48-well plates were transfected with 50 or 25 ng of expression plasmid per well, 

respectively. In both cases cells were treated with 1 nM activin A and lysates collected 24 h after 

treatment. In SMAD3 and Id1, 2, or 3 over-expression experiments, LβT2 cells cultured in 24- or 48-

well plates were transfected with 100ng or 50 ng of the SMAD3 expression plasmid per well. Cells 

were changed to serum-free media and lysates collected 24 h later. In RNA interference (RNAi) 

experiments, siRNAs in 1x siRNA buffer (20 mM KCl, 6 mM HEPES-pH7.5, and 0.2 mM MgCl2) 

were transfected at a final concentration of 5 nM. Resulting data were normalized to cells transfected 

with the control siRNA. Twenty-four h after transfection, cells were washed
 
in 1X PBS and treated 

with 1 nM (25 ng/ml) activin
 
A and/or BMP2 in DMEM or with DMEM alone (no ligand control) for 

24 h.
 
 

CHO cells were obtained from Dr. P. Morris (Population Council, New York, NY, USA) and 

cultured in F-12/DMEM containing 10% FBS and 4 μg/ml gentamycin. CHO cells in 6-well plates 

were transfected when 70–80% confluent using Lipofectamine/Plus and 100-250 ng of the indicated 

Id expression vectors and 10 nM of the indicated control or Id siRNAs for 6 h and then changed to 
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growth media. Cell protein lysates were harvested the following day for use in western blot analyses 

[see below]. CHO cells grown in 10-cm dishes were transfected in the same manner as in the 6-well 

plates using Lipofectamine/Plus and 4 µg of the indicated HA-tagged Id and FLAG-tagged SMAD 

expression vectors. Cell protein lysates were harvested the following day for use in 

immunoprecipitation analyses [see below]. In one experiment (as indicated), 10 µM MG132 in 

growth media was included 5 h prior to harvest.  

Gene Array 

Affymetrix GeneChips (430 v. 2.0) (Santa Clara, CA, USA) were used to identify BMP2 

target genes in LβT2 cells.  Total RNA was collected from cells treated as described above and 

submitted to the Rockefeller University Genomics Resource Center for processing. Two sets of raw 

chip data (n=2) from the microarrays were analyzed using FlexArray (v. 1.3 from GenomeQuébec) 

first by background correction then by data normalization. The average difference for each gene 

between treated and untreated cells was calculated and the fold change in gene expression 

determined. Supplementary Figure S3.1A shows the mean of two different arrays represented as a 

scatter plot. Data points that stray furthest from the identity line represent genes that showed the 

greatest fold change in response to BMP2 treatment. Data were then analyzed using EB Wright & 

Simon statistical analysis and the results presented as a Volcano Plot (Figure S3.1B). Cluster analysis 

of the microarray data was performed with the DAVID online functional annotation tool 

(http://david.abcc.ncifcrf.gov/). The protein products of the regulated genes can be broadly 

categorized into functional groups implicated in TGFβ signaling, transcriptional regulation, cardiac 

development, muscle contraction, negative regulation of cellular metabolic process, and one gene 

encoded a protein of unknown function. 

Reverse transcription and quantitative RT-PCR 

Reverse transcription was performed on 1-2 µg of total RNA as previously described [297]. 

qRT-PCR was performed on the resulting cDNA using the SYBRgreen Supermix following 

manufacturer‟s instructions with the Corbett Rotorgene 6000 qPCR machine (Corbett Life Science). 

Data represent the mean of three independent experiments (N=1 per experiment). Expression of target 

genes was normalized relative to ribosomal protein L19 (Rpl19) in the same sample. Results were 

analyzed using the 2
-ΔΔCt

 method [458-459] and the data presented relative to the no ligand control. 

Sequences of the qPCR primers for the various target genes are shown in Table S3.1. 
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Luciferase assays 

Cells were washed with 1X PBS and
 
lysed in 1X PLB. Luciferase assays were performed on 

an Orion II microplate luminometer (Berthold detection systems, Oak Ridge, TN, USA) using
 

standard reagents. All treatments were performed in triplicate as described in the text or figure 

legends.
 
 Data are represented as means of means from three or more independent experiments.  

Immunoprecipitation (IP) 

 Cells were washed with 1X PBS and whole cell protein extracts (WCE) prepared with lysis 

buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) and centrifuged at 

10,000 x rpm for 15 min at 4°C to remove insoluble material. WCEs were subjected to 

immunoprecipitation using EZview Red ANTI-FLAG M2 Affinity Gel following the manufacturer‟s 

instructions. In short, WCEs were incubated with the affinity gel on a rotating platform overnight at 

4°C to allow binding of FLAG-SMAD3 to the Anti-FLAG affinity gel. The affinity gel was then 

incubated in 1X FLAG peptide (Cat. # F4799) solution on a rotating platform for 45 min at 4°C to 

elute gel-bound proteins. The eluted proteins were then analyzed by immunoblot [see below]. 

Immunoblotting 

Cells were washed with 1X PBS and WCEs prepared in 1X RIPA buffer (1% NP-40, 1 % 

sodium deoxycholate, 0.1 % SDS, 0.15 M NaCl, 0.01 M sodium phosphate pH6.8, 2 mM EDTA, 50 

mM sodium fluoride, and CompleteMini Protease Inhibitor Cocktail Tablets) and centrifuged at 

13,000 × rpm for 0.5 h at 4°C to remove insoluble material. WCEs (or eluted proteins from IPs) were 

subjected to immunoblot
 
analyses as previously described [297].  Briefly, equivalent

 
amounts of 

protein were separated by SDS-PAGE
 
and transferred to Protran nitrocellulose filters (Schleicher

 
and 

Schuell, Keene, NH, USA). Blots were probed with the indicated
 

antibodies using standard 

techniques.  

Data Analysis 

Reporter assay and qPCR data from three replicate experiments were highly similar. 

Therefore, means of treatment replicates within each experiment were calculated to generate a single 

value per treatment per experiment. The data from replicate (three or more) experiments were then 

used for statistical analyses. Data are presented as fold-change from the control condition (no ligand 

and/or transfection with empty vector alone). Differences between means of untransformed or log-

transformed data were compared using one-, two-, or three-way analyses of variance (ANOVA) 
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followed by post-hoc pair-wise comparison with Bonferroni or Tukey adjustment where appropriate 

(Systat 10.2, Richmond, CA, USA). Significance was assessed relative to p < 0.05. 

 

Results 

Identification of BMP2-regulated genes by microarray analysis  

cDNA microarrays were used to identify BMP2 target genes in LβT2 cells. These cells 

synthesize activin B [170, 282]. Therefore, to remove effects derived from synergistic actions of 

exogenous BMP2 and endogenous activin B, we blocked the latter with the small molecule inhibitor, 

SB431542 [349]. BMP2 (2 nM for 24 h) stimulated an increase in mRNA levels of 18 genes 

[inhibitor of DNA binding 1 (Id1), Id2, Id3, Asgr1, Atp2c2, Chrna2, Ephx2, Evc2, Gdf9, Gkn3, 

Hesx1, Klk7, Rgs6, Rya3, Smad6, tbc1d10a, Tnni3, and Tnnt1] (Figure S3.1 and Table 3.1), with the 

magnitude of change ranging from two to 15 fold. BMP2 also down-regulated seven transcripts 

[Calb1, Camk4, Cpa1, Crym, Matn1, Stk25, and Tg] (Figure S3.1 and Table 3.1) by greater than two-

fold.  

Quantitative real-time PCR (qRT-PCR) was used to validate the results from the microarray 

analysis. LβT2 cells were treated with BMP2 and SB431542 in the same manner as for the 

microarray analysis. RNA was collected after 24 h and relative expression levels of nine up-regulated 

(Figure 3.1A) and three down-regulated genes (Figure 3.1B) were examined by qRT-PCR. These 12 

genes were selected based on our interest in their putative functions. The changes in gene expression 

observed in qRT-PCR mirrored qualitatively those observed with the microarray, though the overall 

magnitude of the response differed between the two methods. One gene that differed on the array, 

Atp2c2, showed no change in response to BMP2 treatment by qRT-PCR. The correct identity of the 

PCR products was verified by restriction digest or direct sequencing (data not shown). Although Fshb 

expression in LβT2 cells (BMP2 treated or untreated) was below the threshold of detection on the 

microarray, we observed a BMP2-stimulated increase by qRT-PCR (data not shown). However, 

because the Fshb mRNA expression level in cells not treated with BMP2 (i.e., control cells) was at or 

below the detection limit of the qRT-PCR assay, it was difficult to accurately assess the precise fold 

induction. 
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Depletion of endogenous Id2 or Id3 inhibits both activin A and activin A/BMP2 regulation of Fshb 

transcription 

The inhibitors of DNA binding (Ids) 1, 2, and 3 were among the genes most up-regulated by 

BMP2 (Figs. 3.1A and S3.1, and Table 3.1). Id proteins have previously been implicated as effectors 

of BMP signaling in a variety of cellular systems [381-388]. To determine a potential role for 

endogenous Id proteins in BMP2 regulation of Fshb transcription, we used siRNAs to deplete their 

expression in LβT2 cells.  Cells were transfected with a murine Fshb promoter-reporter and the 

indicated siRNAs. After 24 h, cells were then treated with 1 nM BMP2 ± 1 nM activin A. 

Knockdown of Id2 or Id3, but not Id1, diminished both activin A and activinA/BMP2 stimulated 

reporter activity (Figure 3.2). To confirm the efficacy of the siRNAs, we examined
 
the effects of the 

siRNAs on ID1/2/3 protein expression. Under
 
our assay conditions, transfection efficiency of LβT2 

cells
 
is insufficient to obtain an accurate measure of the extent

 
of RNAi-mediated knockdown of 

mRNA/protein expression on a per
 
cell basis [297] Therefore, to validate the siRNAs, we 

overexpressed murine HA-ID1/2/3 constructs in CHO cells in the presence or absence of the Id1/2/3 

siRNAs (Figure S3.2). Each siRNA potently
 
inhibited protein expression of its target.  Collectively, 

these data suggest that Id2 and 3 may mediate BMP2‟s synergistic, but not independent effects on 

Fshb transcription. 

Id proteins potentiate the stimulatory effect of activin A on Fshb transcription 

The data in Figure 3.2 suggested that Id protein expression under both untreated and BMP2-

stimulated conditions modulates activin A-induction of Fshb transcription.  To determine whether Ids 

can substitute for BMP2 to regulate Fshb transcription, we transfected LβT2 cells with a murine Fshb 

promoter-reporter along with Id1, Id2, or Id3 expression constructs. Cells were then treated with 1 

nM activin A for 24 h. Id1, 2, or 3 expression alone did not significantly alter Fshb reporter activity 

(Figure 3.3). However, expression of Id1, Id2, or Id3 significantly potentiated the stimulatory effect 

of activin A.  These data suggest that Id regulation of Fshb transcription is activin-dependent. 

Id proteins functionally interact with SMAD3 to stimulate Fshb transcription 

 Activins stimulate Fshb transcription, at least in part, via SMAD3 in LβT2 cells [291, 297, 

300]. We therefore examined whether Ids cooperate with SMAD3 to regulate Fshb. We transfected 

LβT2 cells with a murine Fshb promoter-reporter along with Id1, Id2, or Id3 expression constructs in 

the presence or absence of a SMAD3 expression construct. As expected, SMAD3 alone strongly up-

regulated murine Fshb transcription whereas Id1, 2, or 3 alone did not (Figure 3.4A). However, 
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transfection of Ids in combination with SMAD3 significantly potentiated the stimulatory effect of 

SMAD3. The same pattern of results was observed with a porcine Fshb promoter-reporter (Figure 

3.4B). Though there was a significant main effect of Id over-expression, the SMAD3 x Id interaction 

was not significant (p = 0.358), precluding pair-wise comparisons. In contrast, Ids failed to potentiate 

SMAD3 induction of the SMAD3/4-responsive reporter CAGA12-luc (data not shown). These data 

suggested that the combined actions of Id proteins and SMAD3 are promoter-specific.  

Id proteins physically interact with SMAD3 

 We next asked whether the functional interaction between Ids and SMAD3 might reflect 

physical interactions between the proteins. FLAG-SMAD3 and HA-Id1, 2, or 3 were co-transfected in 

CHO cells. Whole cell lysates were harvested, SMAD3 containing complexes immunoprecipitated 

(IP) with FLAG affinity gel, and interacting Ids assessed by immunoblot with an HA antibody. All 

three Id proteins were pulled down with FLAG-SMAD3 (Figure 3.5A), suggesting that the proteins 

are part of the same complex. 

 Next, we assessed the SMAD3 sub-domain(s) mediating the interaction with Ids.  SMAD3 

has three functional domains: the N-terminal MH1 domain (N), a linker domain (L), and the C-

terminal MH2 domain (C) [250]. Given that all three Ids physically interacted with SMAD3, we used 

Id2 as a reference to determine the interacting domain in SMAD3. CHO cells were co-transfected 

with HA-Id2 and the FLAG-tagged full length SMAD3, SMAD3N, SMAD3NL, SMAD3LC, or 

SMAD3C expression vectors. Whole cell lysates were collected and subjected to IP/western analysis 

as in Figure 3.5A. The data show a preferential interaction between Id2 and SMAD3 MH2 domain 

(Figure 3.5B). The identities of the multiple bands in the SMAD3LC and SMAD3C lanes were not 

determined; however, the original paper describing these constructs reported the same banding 

pattern [460]. 

Id2 selectively interacts with SMAD3 and SMAD8 

 To determine whether the interaction between Id and SMAD proteins is general or specific, 

we examined Id2‟s interaction with all eight mammalian SMAD proteins. CHO cells were co-

transfected with HA-Id2 and FLAG-SMAD1, 2, 3, 4, 5, 6, 7, or 8 expression vectors. As in the 

foregoing analysis, whole cell lysates were subjected to IP/western analysis. Although all SMADs 

were expressed to roughly equivalent levels, Id2 interacted exclusively with SMADs 3 and 8 (Figure 

3.6).  
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Discussion 

We previously demonstrated that BMP2 potentiates activin A-induction of Fshb transcription 

in immortalized murine gonadotropes [282]. In addition, we identified ALK3 (BMPR1A) as the 

preferred type I receptor mediating BMP2 actions (see Chapter 2). In the current study, we further 

dissected the downstream pathway(s) through which BMP2 may act to modulate activin A-induction 

of Fshb transcription. We used cDNA microarrays as a search tool for candidate regulators. To our 

surprise, relatively few genes were BMP2-regulated. This may be attributable to the inclusion of the 

ALK4/5/7 inhibitor, SB431542, to remove the confounding effects of endogenous activin B. 

Moreover, we only examined a single time point and dose of BMP2 treatment. Nonetheless, known 

BMP-response genes Id1, Id2, Id3, and Smad6 were among the up-regulated transcripts [380-388], 

validating our results. Importantly, the qRT-PCR analysis largely confirmed the results of the array 

analyses. Because Id proteins have been implicated as effectors of BMP signaling in other contexts 

[381], we explored their potential roles in Fshb transcription. 

We suppressed endogenous Id1, 2, and 3 expression with siRNAs. Depletion of Id2 or Id3 

attenuated both activin A and activin A plus BMP2-induction of Fshb transcription, but did not affect 

the BMP2 response.  In contrast, Id1 knockdown was without effect.  These data suggest that BMP2 

may synergize with activins, at least in part, via up-regulating Id2 and/or 3 production, but that 

BMP2‟s independent effects on Fshb transcription do not require stimulated Id expression. Consistent 

with this hypothesis, Id1, 2, or 3 over-expression potentiated the activin A response, while having no 

effect on their own. Because Id2 or 3 knockdown also antagonized the independent activin A 

response, basal levels of Id2 or 3 may play previously unappreciated roles in activin-induced Fshb 

transcription. It is interesting to note that Id1 over-expression, but not knockdown, potentiated the 

activin A response.  We do not currently know the cause of these apparently discrepant results. One 

possibility is that neither basal nor BMP2-stimulated Id1 protein levels are sufficiently high to 

modulate activin A‟s effects.  Alternatively, Id2 or Id3 might compensate for the absence of Id1.  

Data from knockout models are consistent with this latter possibility [381, 461-464].  

Activins regulate Fshb via SMAD proteins, in particular SMAD3 [291, 297, 300]. Indeed, 

SMAD3 over-expression is sufficient to stimulate Fshb transcription in LβT2 cells. We therefore 

asked whether Ids modulate SMAD3 activity. SMAD3 potently stimulated murine Fshb promoter 

activity and this effect was potentiated by all three Id proteins, which again had no effect on their 

own. These data are consistent with our previous observation that BMP2 potentiates the effects of 

over-expressed SMAD3 [282]. We examined Id modulation of SMAD3 induction of two additional 
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reporters: porcine Fshb-luc and CAGA12-luc. As with the murine reporter, the porcine Fshb promoter 

is SMAD3 responsive and synergistically regulated by activin A and BMP2 [282, 303]. The pattern 

of results with the porcine promoter was highly similar to that with the murine promoter.  We 

observed significant main effects of both SMAD3 and Id over-expression. Unlike the case with the 

murine promoter, however, the SMAD3 x Id interaction was not statistically significant, suggesting 

that the combined actions of the proteins were additive rather than synergistic. This could reflect 

inter-species differences or perhaps limitations of the analyses. We prefer the latter explanation. That 

is, with additional replications of the experiment (and more statistical power), the interaction might 

have been significant.  Indeed, one should note that the Ids when expressed alone did not modify 

reporter activity.  Instead, their actions were only observed in the presence of co-expressed SMAD3. 

In contrast, Ids failed to potentiate or modify SMAD3 induction of the SMAD3/4-responsive reporter, 

CAGA12-luc (data not shown) [455-456]. The data therefore suggest that SMAD3/Id cooperativity 

(either synergism or additivity) reflects a promoter-specific rather than a general phenomenon (i.e., 

that Ids to not generally modify SMAD3 activity).  

We next asked whether a physical interaction might underlie the cooperative actions of Ids 

and SMAD3. By co-immunoprecipitation, we observed interactions between all three Ids examined 

and SMAD3. We further mapped the interaction to the SMAD3 MH2 domain. To our knowledge, this 

is the first demonstration of SMAD3-Id interactions.  Ids are members of the helix-loop-helix (HLH) 

family of transcription factors.  Interestingly, SMAD3 was similarly shown to interact with MyoD, a 

basic helix-loop-helix (bHLH) transcription factor, via its MH2 domain [465]. Thus, though we did 

not map the interaction domain in the Ids, the observation that all three Ids and MyoD interact with 

SMAD3, suggests that the common HLH domain likely mediates the interaction. Given the 

conservation of the MH2 domain across the eight SMAD family members in mammals, we were 

surprised to see that SMAD8 was the only other SMAD to interact with Id2. The basis for this 

specificity is not yet known.  However, it may be important to note that we previously observed that 

over-expressed SMAD8, but not other BMP-regulated SMADs (1 and 5), potently stimulates murine 

Fshb promoter activity in BMP2-treated LβT2 cells [282].  

Though SMAD3 and Id proteins can physically interact, how this might lead to their 

functional interaction is not yet known. We examined whether co-expression of Ids impacted SMAD3 

nuclear localization, but observed no effect (data not shown). SMAD binding to DNA, which is weak 

on its own, is enhanced through protein-protein interaction.  That is, SMADs can interact with 

high(er) affinity DNA binding co-factors [250, 443, 466-473]. It is therefore tempting to speculate 

that Ids might increase SMAD3 affinity for the Fshb promoter; however, there is no evidence the Ids 
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bind directly to DNA.  Another possibility is that a bHLH family member might interact with 

SMAD3, inhibiting its activity at the Fshb promoter [474]. Ids might then compete for binding to 

SMAD3, relieving this repression. Future investigations aimed at identifying bHLH proteins 

interacting with SMAD3 in LβT2 cells will provide an important first step in testing this hypothesis.  

 In summary, we used global gene expression profiling to identify BMP2-regulated genes in 

LβT2 cells.  Among the up-regulated transcripts were the inhibitors of DNA binding (Id), which are 

known BMP-response genes in other cellular systems [380-388]. By RNAi-mediated knockdown, we 

demonstrate that Id2 and Id3 contribute to activin A and activinA/BMP2 regulation of Fshb 

expression. How the Ids produce their effects are not entirely clear. However, over-expression and 

co-immunoprecipitation data suggest that a physical interaction between Ids and SMAD3 may form 

part of the underlying mechanism.  
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Figure Legends 

Figure 3.1. LβT2 cells seeded in 10-cm dishes were treated with vehicle or 50 ng/ml BMP2 in SF-

DMEM containing 10 µM SB431542 for 24h. RNA was extracted and changes in expression of the 

indicated genes measured by qRT-PCR. Data (the mean+SEM of three independent experiments) are 

normalized to the housekeeping gene, Rpl19, and presented as fold change in mRNA expression 

relative to untreated cells. Bars with asterisks were statistically different from 1, Bonferroni 

adjustment (p < 0.05).  Up- and down-regulated genes are shown in panels A and B, respectively. 

Figure 3.2. LβT2 cells seeded in 24-well plates were transfected with murine -846/+1 Fshb-luc and 5 

nM of the control short interfering RNA (siRNA) or siRNAs for the indicated Ids and treated with 25 

ng/ml activin A, BMP2, or both for 24 h in serum-free medium. The data reflect the mean (+SEM) 

luciferase activity from three independent experiments and are presented relative to the control group, 

in which control siRNA was transfected but no ligands were included. Bars with asterisks are 

statistically different from their respective control with the same treatment conditions, Bonferroni 

adjustment (p < 0.05).  

Figure 3.3. LβT2 cells seeded in 24- or 48-well plates were transfected with -846/+1 Fshb-luc along 

with 50 or 25 ng/well respectively, of the indicated Id1, Id2, or Id3 expression constructs. Cells were 

then treated with 25 ng/ml activin A for 24 h. Data are the means (+SEM) of five independent 

experiments and are presented relative to untreated cells transfected with the empty expression vector. 

Bars with different symbols were statistically different, whereas those sharing symbols did not differ, 

Bonferroni adjustment (p < 0.05). 

Figure 3.4. A) LβT2 cells seeded in 24- or 48-well plates were transfected with -846/+1 Fshb-luc 

along with 50 or 25 ng/well respectively,  of the indicated Id1, Id2, and/or Id3 expression constructs 

and 100 or 50 ng/well respectively, of the SMAD3 expression construct. Cells were cultured in 

serum-free media 24 h before harvest. Data are the means (+SEM) of eleven independent experiments 

and are presented relative to cells transfected with the empty expression vectors. Statistical analysis 

was done with log-transformed data with Tukey adjustment. Bars with different symbols were 

statistically different, whereas those sharing symbols did not differ (p < 0.05). B) LβT2 cells seeded 

in 24-well plates were transfected with a porcine -326/+8 Fshb-luc reporter construct along with 

50ng/well of the indicated Id1, Id2, and/or Id3 expression constructs and 100 ng/well of the SMAD3 

expression construct. Cells were cultured in serum-free media 24 h before harvest. Data are the means 

(+SEM) of three independent experiments and are presented relative to cells transfected with the 

empty expression vectors. 
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Figure 3.5. A) CHO cells seeded in 10-cm dishes were transfected with 4 µg of HA-Id1, 2, or 3 and 4 

µg of FLAG-SMAD3 expression vector. Whole cell lysates were collected for FLAG-

immunoprecipitation (IP) analysis. Immunoprecipitated proteins were subjected to immunoblot (IB) 

analysis with FLAG and HA antibodies. B) CHO cells seeded in 10-cm dishes were transfected with 

4 µg of HA-Id2 and 4 µg of FLAG-SMAD3 (WT), FLAG-SMAD3N (N), FLAG-SMAD3NL (NL), 

FLAG-SMAD3LC (LC), or FLAG-SMAD3C (C) expression vectors. Cells were treated with 10 µM 

MG132 5 h prior to harvest. IP westerns were performed as in panel B.  

Figure 3.6. CHO cells seeded in 10-cm dishes were transfected with 4 µg of HA-Id2 and 4 µg of 

FLAG-SMAD1, 2, 3, 4, 5, 6, 7 or 8 expression vectors. IP westerns were performed as in Figure 3.5. 
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Supplementary Figure Legends 

Figure S3.1: LβT2 cells seeded in 10-cm plates were treated with 50 ng/ml BMP2 for 24 h in DMEM 

(containing 10 µM SB431542) before RNA was harvested. Using Affymetrix GeneChips (430 v. 2.0) 

changes in the expression of 30,000 probe sets were analyzed. A) The mean of two experiments 

represented as a scatter plot (n=2). B) Data were analyzed using EB statistical analysis software 

(Wright & Simon) and the results presented as a volcano plot. All the points above 4.32 on the y-axis 

represent genes that showed a change in expression with a p-value of 0.05 or less. All the points 

beyond +1 on the x-axis represent genes that showed a two-fold or greater increase in expression, and 

the points before -1 on the x-axis represent genes that showed a two-fold or more decrease in 

expression. Highlighted points represent genes later verified by qRT-PCR. 

Figure S3.2: CHO cells seeded in 6-well plates were transfected with 100-250 ng/well of murine HA-

Id1, HA-Id2 or HA-Id3 expression construct.  Cells were co-transfected with no siRNA or 10 nM 

control, Id1, Id2, or Id3 siRNAs.  Twenty-four h following transfection, whole cell protein lysates 

were collected and then subjected to immunoblot analyses with HA and β-actin (ACTB) antibodies. 
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Table 3.1: BMP2-regulated genes in LβT2 cells.  

Gene  qRT-PCR (fold 

change) 

Microarray (fold 

change) 

p-value (microarray) 

Inhibitor of DNA binding 

3 (Id3)  

10.1 15.6 5.5E-08 

Gastrokine 3 (Gkn3) * - 4.8 2.1E-05 

Inhibitor of DNA binding 

1 (Id1)  

9.1 4.7 5.8E-07 

Inhibitor of DNA binding 

2 (Id2)  

7.7 3.8 6.5E-07 

Troponin I, Cardiac 

(Tnni3) * 

- 3.7 1.0E-06 

TBC1 domain family, 

member 10A (Tbc1d10a)  

9.2 3.7 2.7E-06 

MAD homolog 6 

(Smad6)  

8.7 3.6 6.3E-07 

Antimicrobial peptide 

RYA3 (Rya3) * 

- 3.5 5.5E-07 

Ellis van creveld 

syndrome 2 homolog 

(Evc2) * 

- 3.3 9.2E-07 

Cholinergic receptor, 

nicotinic, alpha 

polypeptide 2 (Chrna2) * 

- 3.0 1.4E-06 

Troponin T1, skeletal, 

slow (Tnnt1) * 

- 2.4 1.1E-05 

ATPase, C++ 

transporting, type2C, 

member 2 (Atp2c2)  

1.2 2.4 1.8E-05 

Regulator of G-protein 

signaling 6 (Rgs6) 

25.9 2.3 2.3E-04 

Epoxide Hydrolase 2 

(Ephx2) * 

- 2.3 7.6E-06 
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Kallikrein 7 (Klk7) * - 2.2 2.0E-05 

Homeo box gene 

expressed in ES cells 

(Hesx1)  

3.1 2.1 1.2E-05 

Asialoglycoprotein 

receptor 1 (Asgr1) * 

- 2.1 1.8E-04 

Growth Differentiation 

factor 9 (Gdf9) 

3.7 2.1 1.6E-05 

Thyroglobulin (Tg) * - 0.5 2.9E-05 

Serine/Threonine kinase 

25 (Stk25)  

0.8 0.5 9.0E-04 

Matrilin 1 cartilage 

matrix protein 1 (Matn1) 

* 

- 0.5 1.5E-05 

Calcium/calmodulin-

dependent protein kinase 

IV (Camk4)  

0.7 0.5 4.8E-03 

Crystallin, Mu (Crym) * - 0.5 4.3E-05 

Carboxypeptidase a1 

(Cpa1) * 

- 0.5 1.8E-05 

Calbindin-28K (Calb1)  0.4 0.4 6.7E-05 

*Indicates genes not analyzed by qRT-PCR 
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Supplementary Table S3.1: Sequences of primers used in qRT-PCR analyses 

Gene Forward Reverse 

Rpl19 5‟CGGGAATCCAAGAAGATTGA3‟ 5‟TTCAGCTTGTGGATGTGCTC3‟ 

Id1 5‟GGTACTTGGTCTGTCGGAGC3‟ 5‟GCAGGTCCCTGATGTAGTCG3‟ 

Id2 5‟CTCCAAGCTCAAGGAACTGG3‟ 5‟ATTCAGATGCCTGCAAGGAC3‟ 

Id3 5‟TTAGCCAGGTGGAAATCCTG3‟ 5‟TCAGTGGCAAAAGCTCCTCT3‟ 

Rgs6 5‟TCTCTCCAAAATCCCCAGTG3‟ 5‟TTGCTTTGTTCTGCATCGTC3‟ 

Smad6 5‟ACGGTGACCTGCTGTCTCTT3‟ 5‟AGCGAGTACGTGACCGTCTT3‟ 

Gdf9 5‟GATGTGACCTCCCTCCTTCA3‟ 5‟GATGCTGTAAAGGCCTCCAG3‟ 

Hesx1 5‟ACAGACCCTGGACAGACACC3‟ 5‟GTCAATGCCAGGGTAGCAGT3‟ 

Tbc1d10a 5‟ACCCCAAGTGGCTAGATGTG3‟ 5‟AGCCAGGCAGGTACTTCTCA3‟ 

Atp2c2 5‟CACTCTGACAGCCAACGAAA3‟ 5‟GCAGTAGGACTTCTGCTGGG3‟ 

Stk25 5‟TGCACTGGACTTGCTGAAAC3‟ 5‟TTGGGAATCAGGAACAGGAC3‟ 

Camk4 5‟AGCTGGTCACAGGAGGAGAA3‟ 5‟GGGGTTCCACACACTGTCTT3‟ 

Calb1 5‟GACGGAAGTGGTTACCTGGA3‟ 5‟TTCCTCGCAGGACTTCAGTT3‟ 
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Chapter 4 

In Chapter 3, I identified inhibitors of DNA binding 2 and 3 (Id2 and Id3) as BMP2 target genes 

required for BMP2 and activin A to synergistically stimulate the Fshb reporter. Expression of the Ids, 

especially Id1, is often used as a marker of BMP activity. The mechanisms through which BMPs 

stimulate Id1 expression have been described [377, 475-483]. Conversely, the exact signaling cascade 

and response elements required for BMP-induced Id2 and Id3 expression have not yet been 

completely characterized. In Chapter 4, I determined the mechanism by which BMP2 regulates Id3 

expression in gonadotropes. Additionally, I showed that this mechanism is conserved in fibroblasts 

and likely applies to the regulation of the human ID3 gene expression as well.  



   

124 

 

Title: Mechanisms of bone morphogenetic protein 2 (BMP2) stimulated inhibitor of DNA 

binding 3 (Id3) transcription 

 

Abbreviated title: BMP2 regulation of Id3 expression 

 

Authors: Catherine C. Ho
1
, Xiang Zhou

1
, Yuji Mishina

2
, and Daniel J. Bernard

1 

 

Affiliation: 
1
Department of Pharmacology and Therapeutics, McGill University; 

2
Biologic and Materials Sciences, University of Michigan 

 

Corresponding author:  

Daniel J. Bernard, Ph.D. 

Department of Pharmacology and Therapeutics 

McGill University 

3655 Promenade Sir William Osler 

Montreal, Quebec (Canada) 

H3G 1Y6 

Ph: 514-398-2525 

Fx: 514-398-6705 

Email: daniel.bernard@mcgill.ca 

 

Keywords: BMP, FSH, Id, BMRP1A, BMPR2, SMAD1/5 

 

Support: This research was funded by operating grants from the CIHR (MOP-86626 to DJB) and NIH 

(R01 DE020843 to YM). CCH was a recipient of McGill Faculty of Medicine Internal Studentships 

and DJB holds a salary award from the FRSQ. 

 

Disclosures: The authors have nothing to disclose 

 

Published in Molecular and Cellular Endocrinology (2011) 332, 242-252

mailto:daniel.bernard@mcgill.ca


   

125 

 

Abstract 

Bone morphogenetic protein 2 (BMP) stimulates expression of the inhibitors of DNA binding (Id) 1, 

2, and 3 in a variety of cell types. Here, we examined mechanisms mediating BMP2-stimulated Id3 

transcription in murine gonadotropes. Using a combination of quantitative RT-PCR, promoter-

reporter analyses, over-expression, and RNA interference approaches, we demonstrate that BMP2 

signals via the BMPR2 and BMPR1A (ALK3) receptors and intracellular signaling proteins SMADs 

1 and 5 to stimulate Id3 transcription. We further define a novel 6-bp cis-element mediating BMP2- 

and SMAD-dependent transcription, though this site does not appear to bind SMADs directly. A 

specific DNA binding protein complex binds to this element, but its constituent protein(s) remain 

undetermined. Recently, a more distal enhancer was shown to mediate BMP4-induction of the human 

ID3 gene in ovarian cancer cells. This enhancer is conserved in the murine gene and we demonstrate 

its role in BMP2-induced Id3 promoter activity in gonadotropes. Conversely, the proximal cis-

element defined here is also conserved in human ID3 and we demonstrate its functional role in 

BMP2-induction of ID3 transcription.  Finally, we show that the two regulatory elements also 

mediate BMP2-induction of Id3 promoter activity in murine fibroblasts. Collectively, we have 

defined a general mechanism whereby BMP2 regulates Id3/ID3 transcription in different cell types 

and in different species.  
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Introduction 

Bone morphogenetic proteins (BMPs) were originally identified as factors that induce ectopic 

bone and cartilage formation when implanted into muscular tissue [350]. BMPs are now known to 

play diverse roles, for example, in osteoblast and chondrocyte differentiation, tooth development, 

kidney development, skin and hair development, myogenic differentiation, neural cell differentiation, 

and vascular homeostasis [223]. Over 20 BMP family members, all part of the larger transforming 

growth factor β (TGFβ) superfamily, have been identified and characterized [223]. Although BMPs 

exhibit highly conserved structures, they can be classified into several subgroups based on their 

structural homology. For example, BMP2 and BMP4 are highly similar and form one subgroup [228, 

240]. BMP2/4 signaling is initiated by binding to BMP type I serine/threonine receptors, ACVR1, 

BMPR1A and/or BMPR1B [436]. Type II receptors, such as BMPR2, are then recruited into the 

complex and phosphorylate the type I receptors [374, 435]. BMPs may also bind preassembled type 

I/type II receptor complexes [370-371]. BMP family members show some promiscuity in their 

receptor binding.  For example, BMP2/4 preferentially signal through the type II receptor, BMPR2, 

but can use ACVR2 in its absence [368]. The activated type I receptors phosphorylate intracellular 

signaling proteins, the most thoroughly characterized of which are the receptor-regulated SMADs (or 

R-SMADs), SMADs 1, 5, and 8. Once phosphorylated, R-SMADs form heteromeric complexes with 

the co-regulatory SMAD (SMAD4) and accumulate in the nucleus. SMADs then regulate target gene 

transcription by directly binding to DNA and interacting with different transcriptional co-activators or 

co-repressors [250, 374-375]. The amino-terminal Mad homology 1 (MH1) domains of SMAD1/5/8 

mediate their binding to GC-rich BMP response elements (BRE) in target genes [269].  

The inhibitors of DNA binding (Id) are well-characterized BMP response genes in a variety 

of cell types [223, 381-384, 387-388, 484-485]. Four Id sub-types (Id1-4), which exhibit similar, but 

not identical biological activities [381], have been identified. Ids belong to the helix-loop-helix 

(HLH) family of transcriptional regulators. Unlike other HLH proteins, which can bind E-box cis-

elements as homo- or hetero-dimers, Ids lack the basic amino acid domain necessary for DNA 

binding. Ids are instead conventionally thought to block transcriptional activity of bHLH proteins 

(such as Mash1, OLIG, NeruoD, and MyoD bHLH) by forming DNA-binding-deficient hetero-

dimers [384, 388, 484-485].  

Id proteins have been implicated as effectors of BMP signaling in a variety of cellular 

systems and have a role in neurogenesis, angiogenesis, and bone formation [381-384, 387-388, 484-

485]. Recently, we and others reported that BMPs are expressed in LβT2 cells, an immortalized 

murine gonadotrope cell line, and in adult murine pituitary. In the former, BMP2 can stimulate 
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follicle-stimulating hormone β subunit (Fshb) gene expression alone and in synergy with activins 

[282, 401, 405].  We have demonstrated in Chapter 3 that BMP2 also induces Id1, 2, and 3 mRNA 

expression in these cells and we demonstrated that BMP2 synergistically stimulates Fshb 

transcription with activins, at least in part, through the combined actions of Ids 2 and/or 3 and 

SMAD3, a major effector of activin signaling [297]. Here, we defined part of the mechanism whereby 

BMP2 regulates Id3 transcription; ultimately providing a more complete understanding of BMP 

regulated Fshb expression.  

 

Materials and Methods 

Reagents 

Human recombinant (rh-) BMP2 and activin A were purchased from R&D Systems 

(Minneapolis, MN, USA). Gentamycin, 1X phosphate buffered saline (PBS), and Dulbecco‟s 

Modified Eagle medium (DMEM) with 4.5 g/l glucose,
 
L-glutamine and sodium pyruvate were 

purchased from Wisent (St-Bruno, Quebec, Canada). Random primers, MMLV-reverse transcriptase, 

RNasin, and deoxynucleotide triphosphates (dNTPs), and 1X Passive Lysis Buffer (PLB) were from 

Promega (Madison, WI, USA). Protease inhibitor tablets (CompleteMini), and Expand Long 

Template PCR System were purchased
 
from Roche (Mississauga, ON, Canada). Aprotinin, leupeptin, 

pepstatin, phenylmethylsulphonylfluoride
 
(PMSF), SB431542, EZview Red ANTI-HA M2 Affinity 

Gel (Cat. # E6779), mouse monoclonal HA (#H9658), mouse monoclonal β-actin (#A5441), rabbit 

monoclonal FLAG (#F3165) antibody, cycloheximide, actinomycin D, pancreatin, and collagenase 

were from Sigma (St. Louis, MO, USA). Horseradish peroxidase (HRP) conjugated secondary 

antibodies were
 
from Bio-Rad (Hercules, California, USA) and enhanced chemiluminescence (ECL) 

Plus reagents
 

were from GE Healthcare (Piscataway, New Jersey, USA). Lipofectamine/Plus, 

Lipofectamine 2000, Media 199 (M199), Hanks‟ Balanced Salt Solution (HBSS), TRIzol Reagent, 

and SYBRgreen Supermix for qPCR were from Invitrogen (Burlington, ON, Canada). 

Oligonucleotides were purchased from IDT (Coralville, IA, USA).
 32

P-ATP
 
was from Perkin Elmer 

(Boston, MA, USA). Short-interfering (si) RNAs were purchased from Dharmacon (Lafayette, 

Colorado, USA): Control (Cat. # D-001210-05), Acvr1 (Cat. # D-042047-01); Bmpr1a (Cat. # D-

040598-01); Bmpr1b (Cat. # D-051071-01); Smad1 (Cat. # D-055762-01 and D-055762-02); Smad5 

(Cat. # D-057015-01); Smad8 (Cat. # D-046344-01 and D-046344-02); Acvr2 (Cat. # D-040676–01), 

Acvr2b (Cat. # D-040629–02), and Bmpr2 (Cat.# D-040599–01). Formaldehyde (37%) was from 

Fisher Scientific (Ottawa, ON, Canada). ChampionChIP One-Day kit was purchased from 

SABiosciences [distributed by Cedarlane; Burlington, ON, Canada]. Anti-SMAD1 (Cat# Sc-7965x) 
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was from Santa Cruz (Santa Cruz, CA, USA) and normal mouse IgG (Cat. # 12-371) was from 

Millipore [distributed by Cedarlane]. 

  

Constructs 

The expression constructs for rat ACVR1-HA, human FLAG-SMAD1, murine FLAG-

SMAD4, and rat SMAD5 were provided by Dr. Teresa Woodruff (Northwestern University, Chicago, 

IL, USA). The latter was sub-cloned into a pcDNA3.0 vector bearing an N-terminal FLAG tag. 

Human BMPR1A-HA (Q233D) and mouse BMPR1B-HA (Q203D) were provided by Dr. Mitsuyasu 

Kato (University of Tsukuba, Tsukuba, Japan). Rat myc-SMAD8 and murine FLAG-SMAD5 were 

provided by Dr. C.H. Heldin (Ludwig Institute for Cancer Research, Sweden) and Dr. T. Watanabe 

(Tokyo University, Tokyo, Japan), respectively. The rat FLAG-SMAD8 construct was generated in-

house by PCR using MYC-SMAD8 as template. The murine -1561/+15 Id2-luciferase and -886/+15 

Id3-luciferase promoter-reporters were provided by Dr. Yoshifumi Yokota (University of Fukui, 

Fukui, Japan) [486] and Dr. Robert W. Lim (University of Missouri-Columbia, Columbia, USA) 

[487], respectively, and their 5‟deletions generated by PCR as previously described [297] (see 

Supplemental Table S4.1 for primers). The murine -3740/+24 Id3-luciferase reporter was generated 

from wild-type C57BL6/J mouse genomic DNA using the Expand Long Template PCR kit (Roche) 

and the primers indicated in Supplementary Table S4.1 and ligated into the MluI and XhoI sites in 

pGL3-Basic (Promega). The human ID3 promoter-reporter constructs (-4104/+402, -1927/+402, -

653/+402, and +36/+402) and parental pGL2-Basic vector were provided by Dr. Trevor Shepherd 

(University of Western Ontario, ON, Canada). Note that the numbering of the constructs has been 

modified here relative to that reported in [379]. These changes were made based on our sequencing of 

the ends of the constructs and comparing them to the human ID3 mRNA and genomic sequences 

described in GenBank acc. #NM_002167 and NC_000001.10, respectively. Site-directed mutagenesis 

of the murine Id3 and human ID3 promoter-reporters as well as of the SMAD1 and SMAD8 siRNA-

sensitive expression constructs was performed using the Stratagene QuikChange protocol (Agilent 

Technologies, Mississauga, ON, Canada). The GATA4-HA and dominant-negative GATA4 

constructs were provided by Dr. Robert Viger (Université Laval, Québec City, Québec, Canada). 

 

Cell culture and transfections 

Immortalized murine gonadotrope LβT2 cells were provided by Dr. Pamela Mellon 

(University
 
of California, San Diego, CA, USA) and were cultured in 10% FBS/DMEM and 4 μg/ml 

gentamycin as described
 
previously [297]. For luciferase assays, cells were plated in 24-well plates 
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(2.5 x 10
5
 cells per well) approximately 36 h prior to transfection. Cells were transfected

 
with 450 ng 

reporter/well using Lipofectamine 2000 following the manufacturer‟s instructions (Invitrogen). 

Twenty-four h after transfection, cells were washed
 
in 1X PBS and then treated with ~1 nM (25 

ng/ml) BMP2 plus 10 μM SB431542 in DMEM or with 10 μM SB431542 in DMEM alone (control) 

for the indicated times.
 
The ALK4/5/7 inhibitor SB431542 [349] was included to block any potential 

effects of endogenous activin B. However, it should be noted that inclusion of the inhibitor was not 

required to observe BMP2-induced Id2 or Id3 expression, and that any effects of activins are likely to 

be modest and mediated via mechanisms distinct from those underlying BMP2 responses (data not 

shown). In time-course experiments, the introduction of ligand was staggered
 
so that protein lysates 

from different treatment groups were
 
collected at the same time. In over-expression experiments, 

LβT2 cells cultured in 24-well plates were transfected with the reporter as described above plus 100 

ng of each receptor or SMAD expression vector (or empty vector for controls) per well. Cells were 

changed to serum-free media and lysates collected 24 h later. In RNA interference (RNAi) 

experiments, siRNAs in 1X siRNA buffer (20 mM KCl, 6 mM HEPES-pH7.5, and 0.2 mM MgCl2) 

were transfected at a final concentration of 5 nM. Resulting data were normalized to cells transfected 

with the control siRNA. Twenty-four h after transfection, cells were washed
 
in 1X PBS and treated 

with BMP2 and SB431542 for 24 h as described above. Lysates were collected 24 h later to measure 

luciferase activity. LβT2 cells plated in 6-well plates (1 x 10
6
 cells per well) approximately 48 h prior 

to treatment were washed
 
in serum-free DMEM and then treated with 25 ng/ml BMP2 in DMEM 

with or without 5 μg/ml cycloheximide or 5 μg/ml actinomycin D for 1 h. Cells were washed with 1X 

PBS and total RNA was collected with TRIzol (Invitrogen) for qPCR analysis following the 

manufacturer‟s instructions. Nuclear extracts were collected from LβT2 cells cultured from 10 cm 

plates as previously described [296] and used for gel shift experiments. For chromatin 

immunopreciptitation (ChIP) analyses [see details below], approximately 5x10
6
 LβT2 cells cultured 

in 10-cm dishes for approximately 48 h were washed
 
with 1X PBS and treated for 1 h with ~2 nM (50 

ng/ml) BMP2 plus 10 μM SB431542 in DMEM. Cells were fixed and harvested following the 

manufacturer‟s instructions (SABiosciences).  

CHO and NIH3T3 cells were obtained from Dr. Patricia Morris (Population Council, New 

York, NY). CHO cells cultured in F-12/DMEM containing 10% FBS and 4 μg/ml gentamycin in 6-

well plates were transfected when 70–80% confluent with 100 ng of the indicated FLAG-SMAD 1, 5, 

or 8 expression constructs and 10 nM siRNA using Lipofectamine/Plus for 6 h and then changed to 

growth media. Cell lysates were then harvested the following day for western blot analysis. CHO 

cells grown in 10-cm dishes were transfected using Lipofectamine/Plus and 4 µg of the indicated HA-

tagged GATA4 and FLAG-tagged SMAD1 expression vectors. Protein lysates were harvested the 
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following day for use in immunoprecipitation analyses [see below]. NIH3T3 cells used for luciferase 

assays were cultured at 10
5
 cells per well in 10% FBS/DMEM and 4 µg/ml gentamycin. Transfection 

protocols were identical to those used for the LβT2 cells. 

 

Luciferase assays 

Cells were washed with 1X PBS and
 
lysed in 1X PLB. Luciferase assays were performed on 

an Orion II microplate luminometer (Berthold detection systems, Oak Ridge, TN, USA) using
 

standard reagents [297]. All treatments were performed in duplicate or triplicate as described in figure 

legends.
 
 Data are represented as means of means (+SEM or SD) from three or more independent 

experiments. 

 

Reverse transcription and qPCR 

Reverse transcription was performed on 1-2 µg of total RNA as previously described [282]. 

qRT-PCR was performed on the resulting cDNA using the SYBRgreen Supermix following the 

manufacturer‟s instructions with a Corbett Rotorgene 6000 qPCR machine (Corbett Life Science). As 

results from replicate qPCR experiments were qualitatively similar, but sometimes quantitatively 

different (in terms of fold effects), we presented data from one representative experiment out of three 

individual experiments (Figure 4.1 and 4.3C). The remaining two replicates in each experiment were 

presented as supplementary Figures S4.1 and S4.2. Expression of target genes was normalized 

relative to ribosomal protein L19 (Rpl19) in the same sample and presented relative to the no ligand 

control. Sequences of the qPCR primers for Rpl19, Id2, Id3, and Bmpr1a genes are shown in 

Supplementary Table S4.1. 

 

Primary pituitary cultures and adenoviral infection 

 Male Bmpr1a
flox/flox

 mice [488] were sacrificed at 8 weeks of age in accordance with 

institutional and federal guidelines. Pituitaries were extracted, quartered using scalpel blades, and 

digested with collagenase for 2 h in a 36°C shaking water bath. Cells were collected by centrifugation 

at 1000 x g for 5 min, resuspended in calcium free HBSS and further digested win 2X pancreatin for 

15 min. Cells were collected by centrifugation, washed in complete M199 media four times, and then 

passed through a 40 μm filter cloth to remove cell debris. 10
5
 cells were plated per well in 96-well 

dishes. Cells were cultured in 10% FBS/M199 medium for 36 h before infection with adenovirus 

expressing GFP or Cre-IRES-GFP (provided by Dr. Derek Boerboom, Université de Montréal, 
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Canada). Infection was verified 24 h later using Zeiss Axio Observer A1 fluorescent inverted 

microscope to detect GFP expression. Cultures were then pre-treated with 10 μM SB431542 in 10% 

FBS/M199 for 24 h. Cells were then washed with 1X PBS and treated (in the absence of SB431542) 

with 25 ng/ml activin A or 50 ng/ml BMP2 in 2% FBS/M199 for 24 h. Total RNA was extracted with 

TRIzol (Invitrogen) following the manufacturer‟s instructions for qPCR analysis. Genomic DNA was 

also prepared from the same extracts and subjected to genotyping analysis by PCR (to confirm 

recombination) using primer sets Fx1/4 or Fx2/4 shown in Table S4.1 with an annealing temperature 

of 55 C for 35 cycles. 

  

Immunoprecipitation 

 CHO cells were washed with 1X PBS and whole cell protein extracts (WCE) prepared with 

lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) and 

centrifuged at 10,000 x rpm for 15 min at 4°C to remove insoluble material. WCEs were subjected to 

immunoprecipitation using EZview Red ANTI-HA M2 Affinity Gel following the manufacturer‟s 

instructions. In brief, WCEs were incubated with the affinity gel on a rotating platform overnight at 

4°C to allow binding of HA-GATA4 to the ANTI-HA affinity gel. The affinity gel was then 

incubated in 1X HA peptide (Cat. # I2149) solution on a rotating platform for 45 min at 4°C to elute 

gel-bound proteins. The eluted proteins were then analyzed by western blot using anti-FLAG and 

anti-HA [see below]. 

 

Western blotting 

Cells were washed with 1X PBS and whole cell protein extracts (WCE) prepared with 1X 

RIPA buffer (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.15M NaCl, 0.01 M sodium 

phosphate pH 6.8, 2 mM EDTA, 50 mM sodium fluoride, and CompleteMini Protease Inhibitor 

Cocktail Tablets) and centrifuged at 13,000 × g for 0.5 h at 4ºC to remove insoluble material. WCEs 

were subjected to western blot
 
analyses as previously described [297]. Briefly, equivalent

 
amounts of 

protein were separated by SDS-PAGE
 
and transferred to Protran nitrocellulose filters (Schleicher

 
and 

Schuell, Keene, NH, USA). Blots were probed with the indicated
 

antibodies using standard 

techniques [293, 297].  
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Electrophoretic mobility shift assays 

Gel shift experiments were
 
performed as described [489], with minor

 
alterations to the 

protocol. Briefly, nuclear protein concentrations were determined by
 
Bradford assay (BioRad). 

Nuclear proteins (3–5 µg)
 
were incubated for 20 min at room temperature with 50 fmol of 

32
P-ATP 

end-labeled double-stranded DNA probes corresponding
 
to the indicated fragments (see Figs. 3.5B, 

3.5C, S3.6A) of the murine Id3 promoter in binding buffer (25 mM
 
HEPES pH 7.2, 150 mM KCl, 5 

mM dithiothreitol, 10% glycerol). Five hundred ng salmon sperm DNA or 0.5–1 μg poly(dI).poly(dC) 

was used in the binding buffer as non-specific competitor.
 
In competition experiments, reactions were 

assembled at room temperature and
 
incubated for 10 min with 100-fold molar excess unlabeled (cold) 

competitor
 
probes prior to the addition of the radio-labeled

 
probe. Reactions were then run on 5% 

polyacrylamide gels (44:0.8 acrylamide:bis-acrylamide)
 
in 40 mM Tris–HCl/195 mM glycine (pH 

8.5) at 200 volts
 
for 3–5 h at 4 °C. Gels were dried and exposed to X-ray film (Kodak). 

 

Chromatin immunoprecipitation (ChIP) assays 

Approximately 4-6 x10
6
 LβT2 cells per 10-cm culture dish were harvested for each 

experiment according to the manufacturer‟s guidelines (SABiosciences). In brief, crosslinking was 

performed for 10 min at room temperature with 1% formaldehyde diluted in 1X PBS. Cells were then 

quenched in 1X glycine for 5 min, washed twice with cold 1X PBS, and harvested with 1X  PBS 

containing protease inhibitor cocktail using a rubber policeman. Cells were then collected by 

centrifugation and lysed with the provided lysis buffer. Cell contents (DNA/protein complexes) were 

sonicated using a Misonix Sonicator 3000 (Mandel, Guelph, ON, Canada) to obtain chromatin 

fragments around 750 bp (35 sec; 5 sec ON, 10 sec OFF). Lysates were collected by centrifugation at 

high speed for 10 min at 4°C. Two-hundred µl aliquots of sheared chromatin were subjected to pre-

clearing using Protein A beads for 1 h at 4°C.  Ten µl aliquots of each sample were removed to be 

used as input control. The remaining chromatin fractions were subjected to immunoprecipitation 

using 4 µg of SMAD1 Ab or 4 µg of the control normal mouse IgG overnight at 4°C with rotation 

followed by 1 h incubation with Protein A beads. Beads were washed with the provided wash buffers 

(1-4) in five sequential steps at room temperature. Reverse crosslinking was performed in a 45°C 

shaking water bath with 20 g proteinase K diluted in the provided elution buffer for 30 min, 

followed by a 10 min incubation at 95°C. DNA purification was performed using the provided DNA 

spin columns and eluted with elution buffer. Quantitative real-time PCR was performed using 4-6 µl 

of the eluted DNA for 40 cycles using the SYBRgreen Supermix following the manufacturer‟s 

instructions with a Corbett Rotorgene 6000. Data were analyzed following SABiosciences ChIP 
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quantitative PCR analysis guidelines by normalizing against the input and samples 

immunoprecipitated with control IgG (equivalent to the ∆∆Ct method). The resulting data represent 

the mean of three independent experiments (N=1 per experiment). Sequences of the qPCR primers for 

the various Id3 promoter fragments are shown in Table S4.1. 

 

Data analyses 

In all cases, reporter assay data from three replicate experiments were highly similar. 

Therefore, means of treatment replicates within each experiment were calculated to generate a single 

value per treatment per experiment. The data from replicate (three or more) experiments were then 

used for statistical analyses. Figures shown for qPCR data are representative graphs, unless otherwise 

indicated; experiments were performed three times with results showing similar trends. Data are 

presented as fold-change from the control condition (no ligand and/or transfection with empty vector 

alone).  Differences between means were compared using one-, two-, or three-way analyses of 

variance followed by post-hoc pair-wise comparison with Bonferroni adjustment where appropriate 

(Systat 10.2, Richmond, CA, USA). Bars or values with different symbols were statistically different, 

whereas those sharing symbols did not differ. Significance was assessed relative to p < 0.05. 

 

Results 

BMP2 stimulates Id2 and Id3 transcription in gonadotropes 

We previously reported in Chapter 3 that BMP2 stimulates increases in Id1, Id2, and Id3 

mRNA levels in LβT2 cells. Here, we established that the increases in Id2 and Id3 mRNA levels 

reflect direct transcriptional responses. BMP2-stimulated Id2 and Id3 mRNA expression was 

completely blocked by pre-treatment with the transcriptional inhibitor actinomycin D (Figure 4.1 and 

Supplementary Figure S4.1). In contrast, pre-treatment with the translational inhibitor cycloheximide 

did not block BMP2-stimulated Id2 or Id3 expression. These data suggest that Id2 and Id3 are BMP2 

immediate-early response genes in LβT2 cells. 

  

The murine Id3 promoter is time- and dose-dependently stimulated by BMP2 

To uncover mechanisms mediating BMP2-induced Id2 and Id3 transcription, we turned to 

promoter-reporter assays. When transfected into LβT2 cells, the murine -1561/+15 Id2-luciferase 

reporter [486] was unresponsive to BMP2 (data not shown). It is possible that critical regulatory 

sequence was not present within the promoter fragments used. In contrast, a murine -886/+15 Id3-



   

134 

 

luciferase reporter [487] was time (Figure 4.2A) and concentration-dependently stimulated by BMP2 

(Figure 4.2B). Induction of reporter activity (Fig. 4.2A) showed slower kinetics than did induction of 

the endogenous gene (Fig. 4.1); however, differences in both the nature and sensitivity of the assays 

likely explains (at least in part) this apparent discrepancy. The empty vector, pGL3-Basic, was not 

regulated by BMP2. It should be noted that the promoter itself, in the absence of BMP2, conferred 

significant basal reporter activity (compare the open and closed symbols at time 0 or in the absence of 

BMP2 in Figs. 4.2A and 4.2B). Based on these observations, subsequent reporter assays were limited 

to the Id3 promoter and treatments were performed with 25 ng/ml BMP2 for 24 h. Next, 5‟ deletions 

were used to define the minimally responsive reporter. Truncations from -886 to -568 did not 

significantly modify fold BMP2 induction (Figure 4.2C and data not shown).  However, further 

deletion to -502 completely abrogated the BMP2 response, while maintaining basal reporter activity. 

The minimal promoter-reporter, -568/+15 Id3-luc, was used in subsequent experiments. 

 

BMP2 signals preferentially through BMPR1A and BMPR2 to regulate Id3 promoter activity 

To determine the relevant signaling receptor(s) in this system, we used siRNAs to knock 

down endogenous expression of each of the type I receptors for BMP2 in LβT2 cells, and measured 

the fold BMP2 stimulation of the minimal Id3 promoter-reporter. All the relevant BMP type I 

receptors are expressed in these cells [282, 405, 490]. The Bmpr1a siRNA abolished BMP2-

stimulated Id3 promoter activity, whereas the Acvr1 and Bmpr1b siRNAs were without effect (Figure 

4.3A). The sequence specificity and efficiency of all of the siRNAs were previously validated in 

Chapter 2. These data suggests that BMP2 preferentially signals through the type I receptor, 

BMPR1A, to stimulate Id3 expression in LβT2 cells.  In complementary assays, the Id3 promoter was 

transfected together with different constitutively active type I receptors (GlnAsp) [491]. Id3 

promoter activity was stimulated significantly by BMPR1A-QD, less so with BMPR1B-QD, and not 

at all by ACVR1-QD (Figure 4.3B). This is consistent with the idea that BMPR1A-mediated 

signaling induces Id3 transcription.  

To determine whether BMPR1A is important for BMP2-induced Id3 expression in a more 

physiological context, we prepared primary pituitary cultures from floxed Bmpr1a mice [488]. Cells 

were infected with adenoviruses expressing GFP (control) or Cre recombinase and GFP (from a bi-

cistronic mRNA). The cultures were then treated with activin A or BMP2 for 24 h.  In control cells, 

BMP2 (but not activin A) stimulated an increase in Id3 mRNA expression (Figure 4.3C and Figure 

S4.2), consistent with our results from LβT2 cells in Chapter 3 (Figure 4.1, and data not shown). In 

cells transduced with Cre expressing virus, the BMP2 effect was abrogated (Figure 4.3C and Figure 
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S4.2). Analysis of genomic DNA and RNA confirmed recombination of the Bmpr1a gene and the 

associated depletion of Bmpr1a mRNA in these cells (Figure S4.3). These data suggest that BMP2 

signals through BMPR1A to stimulate Id3 transcription in murine pituitary cells.  

Having established BMPR1A as the relevant type I receptor, we next sought to determine 

with which type II receptor it cooperates to mediate BMP2 activity. Knock down of Acvr2 or Acvr2b 

with specific siRNAs did not affect BMP2-induced Id3 transcription, whereas depletion of Bmpr2 

significantly diminished the BMP2 response (Figure 4.3D). Collectively, these data suggest that 

BMP2 preferentially signals through BMPR1A and BMPR2 to stimulate Id3 expression in 

gonadotropes. 

 

BMP2 signals through SMAD1/5 to regulate Id3 promoter activity 

To determine the relevant signal transducers in this system, we used siRNAs to knockdown 

expression of each of the BMP R-SMADs. Depletion of endogenous SMAD1 or SMAD5 

significantly reduced BMP2-stimulated Id3 promoter-reporter activity, whereas SMAD8 knockdown 

had little or no effect (Figure 4.4A). To confirm the efficacy of the siRNAs, we examined
 
the effects 

of the siRNAs on SMAD1/5/8 protein expression. Under
 
our assay conditions, transfection efficiency 

of LβT2 cells
 
is insufficient to obtain an accurate measure of the extent

 
of RNAi-mediated 

knockdown of mRNA/protein expression on a per
 
cell basis [297]. Therefore, to validate the Smad5 

siRNA, we over-expressed a murine FLAG-SMAD5 construct, which is sensitive to the siRNA, and a 

rat FLAG-SMAD5 construct, which is resistant to the siRNA, in CHO cells in the presence or 

absence of the Smad5 siRNA (Figure S4.4). We did not have a murine SMAD1 expression vector to 

validate the Smad1 siRNA. Therefore, we used an available human-SMAD1 construct and modified 

its nucleotide sequence to make it sensitive to the murine Smad1 siRNA. Two different targeting 

siRNAs were used; therefore, two siRNA resistant constructs were generated. This was similarly 

done with an available rat SMAD8 construct. The siRNA-resistant and -sensitive constructs were 

expressed in CHO cells in the presence or absence of their respective Smad siRNAs. Western blot 

analysis confirmed that each siRNA potently
 
inhibited protein expression of its siRNA-sensitive 

target, but not the siRNA-resistant form of the construct. BMP2-induced Id3 reporter activity, which 

was inhibited by the Smad5 siRNA, was rescued by over-expression of an siRNA-resistant rat 

SMAD5 (Figure S4.5). In complementary assays, the Id3 promoter-reporter was transfected together 

with different R-SMADs alone or in combination with SMAD4, and then treated with BMP2 (Figure 

4.4B). BMP2 induction of Id3 promoter activity was potentiated most robustly when SMAD4 was co-



   

136 

 

expressed with SMAD1 or SMAD5. Together, these data suggest that BMP2 signals through 

complexes of SMAD1/4 and/or SMAD5/4 to regulate murine Id3 transcription in gonadotrope cells. 

 

Identification of a novel BMP2 response element in the murine Id3 promoter  

Above, we defined a BMP2 responsive region of the murine Id3 promoter in the interval 

between -568 and -502 relative to the start of transcription (Figure 4.2C). Using additional 5‟ 

deletions, we further defined two BMP2 responsive regions; one between -568/-548 and the other 

between -528/-502 (Figure 4.5A). Several nuclear proteins from LβT2 cells could bind within these 

intervals as revealed by electrophoretic mobility shift assays (EMSAs) (Figure 4.5B, see lanes 2 and 

12). Specificity of complex binding was demonstrated by co-incubation with unlabeled competitor 

probes (compare lanes 2 and 3; and lanes 12 and 15). Complex formation was unaffected by BMP2 

treatment (data not shown). 

To identify the specific base pairs (bp) mediating protein complex binding, 3-bp scanning 

mutations were first introduced into -528/-502 competitor probes (Figure 4.5C). All four complexes 

(labeled A-D at left) were competed by the wild-type probe (lane 13). In contrast, probes bearing 

mutations 4 and 5 (lanes 6 and 7) failed to compete for complex D, suggesting that bp -519/-514 

mediate binding of the protein(s) in this complex. Results with the other competitors suggest that the 

protein(s) in complex C bind to bp -525/-514 (lanes 4-7), in complex B to bp -525/-517 (lanes 4-6), 

and in complex A to bp -516/-511 (lanes 7 and 8). Mut2 through Mut6 were next individually 

introduced into the murine -568/+15 Id3 promoter-reporter. None of the mutations affected basal 

reporter activity in LβT2 cells.  In contrast, Mut4 and Mut5 both impaired BMP2-stimulated promoter 

activity (Figure 4.5D). These data suggest that binding of the protein(s) in complex D [though not 

BMP2-regulated in these assays] may be required for BMP2-induced promoter activity. The same 

approach was used to identify the base pairs required for protein complex formation within the -568/-

542 interval; however, the competition data were less clear (Figure S4.6A) and introduction of the 

corresponding mutations into the Id3 promoter did not significantly impair reporter activity (Figure 

S4.6B).   

Supershift experiments in EMSA (data not shown), DNA affinity pull-down (DNAP; data not 

shown), and chromatin immunoprecipitation analyses (ChIP; Figure S4.7A) all failed to demonstrate 

SMAD1/5 binding to this element. Nonetheless, both Mut4 (Figure 4.5E) and Mut5 (data not shown) 

inhibited SMAD5/4 induction of promoter activity. Based on in silico analyses, the base pairs 

mediating complex D binding resembled a GATA factor binding site. Furthermore, both super-shift 

and DNAP analyses suggested that one or more GATA proteins could bind this element (data not 
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shown).  However, transfection of a dominant-negative GATA4 had no impact on basal or BMP2-

regulated promoter activity (data not shown) and we were unable to demonstrate an interaction 

between SMAD1 or 5 and GATA4, despite replicating previous work  showing that SMAD3 and 

GATA4 interact [492] (Figure S4.7B and data not shown). Although our data suggest that GATA 

proteins may be part of complex D, functional data did not corroborate a role for them, so the identity 

of the components of complex D mediating BMP responsiveness is unclear at present. 

 

Conservation of the BMP2 response element in the human ID3 promoter  

In the course of our investigations, a mechanism for BMP4-stimulated human ID3 expression 

in ovarian cancer cells (CaOV3) was described [379]. In that report, an enhancer was described 

upstream of the promoter region we investigated here in mouse. We obtained the reporter constructs 

used in [379] and examined their BMP2 induction in LβT2 cells (Figure 4.6A). The full-length 

human reporter (-4104/+402) was robustly stimulated by BMP2 and the fold-induction (though not 

basal activity) was diminished by truncation to -1927, which removes the distal enhancer. However, 

the -1927 and -653 reporters were still induced by BMP2 and the BMP2 response was lost only 

following further truncation to +36. The 6-bp (-519/-514) mediating BMP2 induction of the murine 

Id3 promoter (defined above) are perfectly conserved in the human gene (-188/-183) (Figure S4.8). 

To determine if these base pairs also play a role in BMP2 induction of the human ID3 promoter, we 

introduced mutations comparable to Mut4 and Mut5 in the murine Id3 promoter into the minimal 

hID3 promoter-reporter construct (-653/+402 ID3-luc) (Figure 4.6B). Similar to what we observed 

with the murine Id3 promoter, both mutations significantly impaired BMP2 induction of human ID3 

promoter activity. 

 

The BRE in the human distal enhancer is conserved in the murine Id3 promoter  

In silico analyses suggested that the upstream enhancer in the human ID3 gene might be 

conserved in murine Id3 (Figure S4.8). As the relevant sequence maps approximately 3.6 kb upstream 

of the transcriptional start site in the murine Id3 gene, it was not represented in the reporter constructs 

used in our initial analyses. We therefore generated a larger murine Id3 promoter-reporter and 

observed that it was more strongly induced by BMP2 in LβT2 cells than was the -568/+15 reporter 

used above (Figure 4.7A). The analysis of the human gene revealed a BMP response element (BRE) 

within a distal enhancer (-2632/-2625) that when mutated (TGGCGCC TGGTGCT) greatly 

reduced the fold BMP4 response [379]. We identified the same sequence in the murine gene (-3283/-

3276) (Figure S4.8) and observed through ChIP analysis that BMP2 stimulated recruitment of 
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SMAD1 to this region of the endogenous Id3 gene in LβT2 cells (Figure S4.7A).  Mutation of the 

distal BRE in the longer murine Id3 reporter greatly reduced, but did not abolish, BMP2 induction 

(Figure 4.7B). Introduction of Mut4 or Mut5 in the context of the longer reporter also reduced the 

BMP2 response, though to a lesser extent than the mutation to the distal BRE (Figure 4.7B). 

Importantly, the BRE and Mut4 mutations in combination almost completely blocked BMP2-

stimulated reporter activity, demonstrating that both the proximal and distal BREs work in concert to 

mediate the BMP2 response.  

 

The mechanism of BMP2-regulated Id3 transcription is conserved in fibroblasts  

The above analyses were conducted exclusively in LβT2 or primary pituitary cells. To 

determine whether or not the described mechanisms were cell-type specific, we examined BMP2-

stimulated promoter activity in NIH3T3 cells, the first cell type in which BMPs were shown to 

stimulate Id3 expression [493-494]. Both the 0.57 and 3.7 kb murine Id3 reporters were induced by 

BMP2 in NIH3T3 cells (Figure 4.7C). As in LβT2 cells, mutations made simultaneously to the distal 

and the proximal BREs abrogated BMP2 induction (Figure 4.7D), demonstrating conservation of the 

mechanism. 

 

Discussion 

In the current study, we determined that BMP2 signals preferentially through the type I 

receptor, BMPR1A, and type II receptor, BMPR2, to regulate Id3 transcription in LβT2 cells. 

BMPR1A also mediates BMP2-induced Id3 expression in primary pituitary cultures. Further, we 

showed that the BMP response in LβT2 cells is mediated through SMAD1/5 and requires a conserved 

promoter element (-519/-514 in mouse; -188/-183 in human). Finally, we found that Id3 transcription 

is further enhanced by a distal BRE first described in the human ID3 gene [379]. 

Ids are well-known BMP responsive genes. A mechanism for BMP-stimulated Id1/ID1 

expression has been described. Selective deletion of Bmpr1a in murine endocardium suggests that 

BMPs preferentially signal through BMPR1A to stimulate Id1 expression [476]. Depletion of Bmpr2 

in cultured cells by siRNA or via Cre-mediated recombination in mice suggests that BMPR2 plays a 

crucial role in the sustained induction of Id1 expression by BMP4 in vascular smooth muscle cells 

[480, 482]. The data reported here similarly define BMPR1A and BMPR2 as transducers of the 

BMP2 signal to the Id3 promoter in gonadotrope cells. Id3 mRNA expression is abolished in 

endocardium of conditional Bmpr1a knockout mice [476], suggesting that BMPR1A is likely 

necessary for Id3 expression in a variety of cell types. The type I receptors ACVR1 and BMPR1A are 
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widely expressed in various cell types, whereas BMPR1B shows more restricted expression [223, 

228, 363-365]. It was previously described that BMPR1B is endogenously expressed in LβT2 cells 

[282, 409]. The structure of BMPR1A and BMPR1B are highly similar. Moreover, BMP2 and BMP4 

bind to BMPR1A and BMPR1B with higher affinity than to ACVR1 [223, 228, 363]. It is therefore 

interesting that BMPR1A is uniquely required for BMP2 induction of Id3 transcription in LβT2 cells, 

and that its loss cannot be compensated for by BMPR1B. Perhaps the latter is expressed at too low a 

level to functionally compensate [405, 408] or the two receptors may function distinctly in this 

context [454, 495-496]. 

BMPs induce Id1/ID1 expression through the activation of SMADs 1, 5, and 4 [377, 475, 

477-479, 481]. Our data similarly implicate these SMADs in BMP2 induction of murine Id3 in 

gonadotropes whereas BMP4 induction of human ID3 in vascular smooth muscle cells and ovarian 

cancer cells is also SMAD1/5/4-dependent [379, 497]. Interestingly, the loss of SMAD1 in 

gonadotropes cannot be fully compensated for by SMAD5, and vice versa, suggesting that the two 

SMADs may assume different roles in Id3 regulation and/or that heteromers of SMAD1/5/4 may be 

most effective in stimulating Id3 transcription. 

Several BMP responsive elements have been described in the Id1/ID1 promoter. One study 

identified a GC-rich region between -985/-957 of human ID1 promoter as a necessary BRE [477]. A 

second study identified the same GC-rich element and three additional CAGAC boxes as cis-elements 

required for BMP2-mediated induction of a human ID1 reporter. Both sites were observed to bind 

SMAD1/4 and are located between -1046/-863 of the ID1 promoter [377]. In the murine Id1 

promoter, however, the BRE was localized between -1133/-1025 [483]. This region also contains a 

GC-rich BRE, specifically the GGCGCC palindrome, for binding SMAD5/4, and two CAGA(C) 

boxes for binding SMAD4. In contrast to the case for Id1/ID1, where there may be species diversity 

in BMP regulatory mechanisms, we identified a conserved BRE in the proximal murine Id3 promoter 

that is physically and functionally conserved in the human ID3 gene.   

Specifically, we identified a 6-bp element critical for BMP2-mediated Id3 transcription. 

Though a specific protein complex was shown to bind this site, its binding was BMP2-independent 

and its constituents remain undetermined. Furthermore, we were unable to demonstrate SMAD1 or 

SMAD5 as members of this complex, even though SMAD5/4 induction of Id3 transcription is 

dependent upon this cis-element. Collectively, the data suggest that SMAD1/5 requires the promoter 

element at -519/-514 (hereafter proximal BRE) to mediate the BMP2 response and that SMADs may 

produce their effects via protein-protein interaction rather than via direct DNA binding.  
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Though we identified this novel BRE, AAGATA, in the proximal murine Id3 promoter, 

Shepherd et al. recently reported that BMP4 stimulates human ID3 transcription in ovarian cancer 

cells via a more distal BRE, TGGCGCC, in the human ID3 promoter [379]. This observation led us to 

examine whether this latter element is also necessary for BMP2 induction of the murine Id3 gene in 

gonadotropes. Indeed, the distal BRE is conserved in the murine Id3 promoter and strongly 

contributes to BMP2 induction of both the human and murine ID3/Id3 reporters. As indicated above, 

the proximal BRE in the murine Id3 promoter is conserved in the proximal human ID3 promoter and 

contributes to BMP2 induction of both the human and murine ID3/Id3 reporters. When the two BREs 

were mutated in combination, the reduction in BMP2 activity was synergistic, suggesting that the 

proximal and distal BREs may cooperate in the regulation of human and murine ID3/Id3 

transcription. Shepherd et al. demonstrated the direct binding of SMAD1/5/4 to the distal BRE of the 

human ID3 promoter; here we also show that SMAD1 binds to the distal BRE of the murine Id3 

promoter. At present, similar efforts have been unsuccessful in demonstrating SMAD1 binding to the 

proximal BRE.  

BMPs regulate target gene expression through SMAD1/5/8 binding to GC-rich BREs, 

including GCCG elements [269, 498-500] and „bipartite elements‟, which are composed of the 

consensus sequence TGGCGCC with so-called „CAGAC boxes‟ found in close proximity [378]. 

These bipartite elements are conserved between many BMP target genes, including of all four of the 

Id genes [378]. The proximal and distal BREs are perfectly conserved across all of the examined 

mammalian ID3/Id3 promoters, including human, mouse, rat, cow, chimpanzee, and dog (Figure 

S4.8). Furthermore, a conserved CAGAC box is found in close proximity to both the proximal and 

distal BREs in all cases; hence, both the proximal and distal BREs are potential bipartite elements. It 

has been proposed that BMP-regulated SMADs bind to the BRE site, whereas the CAGAC box 

mediates SMAD4 binding [378]. Indeed, BMP2 and BMP4 activity was significantly reduced when 

mutations were made to either the distal BRE site or its accompanying CAGAC box ([379] and data 

not shown). The CAGAC box within the proximal candidate bipartite element may also play a role in 

directing BMP2 responsiveness by facilitating the actions of SMAD1/5 on the BRE; however, we 

have not yet studied this possibility. In addition to the distal site, Shepherd et al. also identified 

another bipartite element within the second intron of the ID3 gene. These two elements were found to 

independently and synergistically regulate BMP4 mediated ID3 expression in ovarian cancer cells 

[379]. Here, we identified a potential bipartite element in the proximal ID3/Id3 promoter, suggesting 

the possibility for a three-way interaction between the distal, proximal, and intronic elements to 

cooperatively regulate ID3/Id3 expression. The intronic BRE identified in the human ID3 promoter is 

also conserved in all the examined mammalian species (not shown); however, the closely associated 
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CAGAC box is only present in human and chimpanzee suggesting that conservation may be limited 

to primates. 

BMP stimulated Id3 expression was first identified in the NIH3T3 cells, a mouse embryonic 

fibroblast cell line [493-494]. We confirmed that both the distal and proximal BREs described here 

also mediate BMP2 induction of Id3 transcription in these cells. This suggests that BMP2 likely 

regulates Id3 expression through a mechanism common to most cell types, where the proximal and 

distal BREs act cooperatively to regulate Id3 transcription. 

Though we also demonstrated that BMP2 stimulates immediate-early induction of Id2 

transcription, we were unable to determine the underlying mechanisms because the murine -1561/+15 

Id2-luciferase reporter available to us was unresponsive to BMP2. Recent data suggest that this likely 

stemmed from the absence of critical regulatory sequence in this reporter. In C2C12 cells, a longer 

Id2 promoter-reporter (-3000/+80) was induced by BMP6 via a bipartite element at approximately -

2.7 kb relative to the transcription start site [501]. Whether the same cis-element mediates BMP2 

induction of Id2 in gonadotrope cells remains to be determined. 

In summary, we have determined relevant signaling components BMP2 employs to regulate 

Id3 transcription. We have also identified a novel BMP2 response element in the proximal ID3/Id3 

promoter, which functions cooperatively with a distal element to regulate human and murine ID3/Id3 

expression. The mode of BMP2-mediated Id3 expression we described here is likely a general 

mechanism conserved across cell types and mammalian species. Results from the present study may 

also contribute a more complete understanding of mechanisms controlling FSH synthesis as Id3 has 

been implicated in BMP2-induced Fshb transcription. 
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Figure Legends 

Figure 4.1. LβT2 cells seeded in 6-well plates were pre-treated with 5 µg/ml cycloheximide or 

actinomycin D for 15 min prior to 25 ng/ml BMP2 treatment for 1 h. Changes in Id2 and Id3 mRNA 

expression were measured by qRT-PCR. Data are normalized to the housekeeping gene, Rpl19, and 

presented as fold change in mRNA expression relative to untreated cells. The figure shown is 

representative of three replicate experiments (see Supplemental Fig. S1 for the other replicates). Id2 

and Id3 mRNA transcripts were analyzed separately. Here and in subsequent figures, bars with 

different symbols were statistically different, whereas those sharing symbols did not differ. 

 

Figure 4.2. A) LβT2 cells seeded in 24-well plates were transfected with murine -886/+15 Id3-luc and 

treated with 25 ng/ml BMP2 for 0, 4, 8, or 24 h in serum-free medium containing 10 µM SB431542.  

B) LβT2 cells seeded and transfected as above were treated with 0, 10, 25, or 50 ng/ml of BMP2 for 

24 h in serum-free medium containing 10 µM SB431542. In both panels, treatments were performed 

in triplicate, the data reflect the mean (+SEM) luciferase activity of three independent experiments 

and are presented relative to the control group, in which the cells were transfected with the pGL3-

Basic vector and no ligand was applied. C) LβT2 cells seeded in 24-well plates were transfected with 

the indicated 5‟ deletions of the murine Id3 promoter-reporter and treated with 25 ng/ml BMP2 for 24 

h in serum-free medium containing 10 µM SB431542. Treatments were performed in duplicate. The 

data reflect the mean (+SEM) of three independent experiments and are presented relative to pGL3-

Basic transfected cells in the absence of ligand. Values beside the bars represent the fold stimulation 

by BMP2 for each reporter. 

 

Figure 4.3. A) LβT2 cells seeded in 24-well plates were transfected with murine -568/+15 Id3-luc and 

5 nM of the control short interfering RNA (siRNA) or siRNAs for the indicated BMP type I 

receptors. Cells were then treated with 25 ng/ml BMP2 for 24 h in serum-free medium containing 10 

µM SB431542. Treatments were performed in triplicate. The data reflect the mean (+SEM) of three 

independent experiments and are presented relative to the control group, in which control siRNA was 

transfected but no ligand was added. Values above the bars represent the fold stimulation by BMP2. 

B) LβT2 cells seeded in 24-well plates were transfected with 100 ng/well of the indicated 

constitutively active type I receptor constructs and murine -568/+15 Id3-luc. Cells were starved in 

serum-free medium for 24 h prior to analysis. Treatments were performed in triplicate. The data 

reflect the mean (+SEM) of three independent experiments and are presented relative to the control 

group, in which the empty vector was transfected. C) Pituitary cultures from transgenic Bmpr1a
flox/flox
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mice infected with adenovirus expressing GFP or Cre recombinase and GFP were pre-treated with 10 

µM SB431542 and then treated with 25 ng/ml activin A or 50 ng/ml BMP2. Changes in Id3 mRNA 

expression were measured by qRT-PCR. Data are presented relative to untreated cultures infected 

with GFP-expressing virus. Treatments were performed in triplicate. The figure shown is from a 

representative experiment. Results of the replicate experiments are presented in Supplemental Fig.S2. 

D) LβT2 cells seeded in 24-well plates were transfected with murine -568/+15 Id3-luc and 5 nM of 

the control siRNA or siRNAs for the indicated BMP type II receptors and treated with 25 ng/ml 

BMP2 for 24 h in serum-free medium containing 10 µM SB431542. Treatments were performed in 

triplicate. The data reflect the mean (+SEM) of three independent experiments and are presented 

relative to the control group, in which no siRNAs or ligands were included. Values above the bars 

represent the fold stimulation by BMP2.  

 

Figure 4.4. A) LβT2 cells seeded in 24-well plates were transfected with murine -568/+15 Id3-luc and 

5 nM of the indicated siRNAs and treated with 25 ng/ml BMP2 for 24 h in serum-free medium 

containing 10 µM SB431542. Treatments were performed in triplicate. The data reflect the mean 

(+SEM) of three independent experiments and are presented relative to the control group, in which no 

siRNAs or ligand were included. Values above the bars represent the fold stimulation by BMP2. B) 

LβT2 cells seeded in 24-well plates were transfected with 100 ng/well of the indicated SMAD 

expression constructs and murine -568/+15 Id3-luc. Cells were treated with 25 ng/ml BMP2 in 

serum-free medium for 24 h. Treatments were performed in triplicate. The data reflect the mean 

(+SEM) of three independent experiments and are presented relative to the control group (pcDNA3, 

no ligand). BMP2 treated and untreated groups were analyzed separately. 

 

Figure 4.5. A) LβT2 cells seeded in 24-well plates were transfected with different lengths of murine 

Id3 promoter-reporters and treated with 25 ng/ml BMP2 for 24 h in serum-free medium containing 10 

µM SB431542. Treatments were performed in duplicate. The data reflect the mean (+SEM) of three 

independent experiments and are presented relative to untreated cells transfected with the empty 

vector, pGL3-Basic. Values beside the bars represent the fold stimulation by BMP2 for each reporter. 

B) EMSAs were performed with the indicated radio-labeled (*) probes corresponding to -568/-502 of 

the murine Id3 promoter.  Nuclear extracts were prepared from LβT2 cells treated with 10 µM 

SB431542 in serum-free medium. In competition experiments, unlabeled probes were included at 

100X higher concentration than the radio-labeled probes. The figure shown is representative of three 

experiments. Free probes are not pictured. C) EMSAs were performed as in panel B with the -528/-

502 radio-labeled probe. Here, competitions were performed with 3-bp scanning mutants of the -528/-
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502 probe (Mut1-9, shown at top). The schematic at the top reflects the relative positions of the 

nucleotides mediating binding of complexes A through D. D) Mut2 through Mut6 defined in panel C 

were introduced into the -568/+15 Id3 reporter and the constructs transfected into LβT2 cells seeded 

in 24-well plates. Cells were treated with BMP2 as described in panel A. Treatments were performed 

in duplicate. The data reflect the mean (+SEM) of three independent experiments and are presented 

relative to untreated cells transfected with pGL3-Basic. Values beside the bars represent the fold 

stimulation by BMP2 for each reporter. E) LβT2 cells seeded in 24-well plates were transfected with 

wild-type or Mut4 -568/+15 Id3-luc and 100 ng/well of each SMAD5 and SMAD4. Cells were then 

treated with 25 ng/ml BMP2 in serum-free medium containing 10 µM SB431542 for 24 h. 

Treatments were performed in triplicate. The data reflect the mean (+SEM) of three independent 

experiments and are presented relative to untreated cells transfected with the wild-type reporter and 

pcDNA3. 

 

Figure 4.6. A) LβT2 cells seeded in 24-well plates were transfected with different lengths of human 

ID3 promoter-reporters and treated with 25 ng/ml BMP2 for 24 h in serum-free medium containing 

10 µM SB431542. Treatments were performed in duplicate. The data reflect the mean (+SEM) of 

three independent experiments and are presented relative to untreated cells transfected with the empty 

vector, pGL2-Basic. B) The equivalents of Mut4 and Mut5 (each represented as an X on the 

promoter) in the murine Id3 promoter were introduced into the human -653/+402 ID3 promoter-

reporter and the constructs transfected into LβT2 cells seeded in 24-well plates. Cells were then 

treated as in panel A. Treatments were performed in triplicate. The data reflect the mean (+SEM) of 

three independent experiments and are presented relative to untreated cells transfected with pGL2-

Basic.  

 

Figure 4.7. A) LβT2 cells seeded in 24-well plates were transfected with varying lengths of murine 

Id3 promoter-reporters and treated with 25 ng/ml BMP2 for 24 h in serum-free medium containing 10 

µM SB431542. Treatments were performed in triplicate. The data reflect the mean (+SEM) of nine 

independent experiments and are presented relative to the untreated cells transfected with the empty 

vector, pGL3-Basic. B) Mutations were introduced to the distal or proximal BRE in the murine -

3740/+24 Id3-luc alone or together, and the constructs transfected into LβT2 cells seeded in 24-well 

plates. The X in the dBRE represents the mutation TGGCGCC TGGTGCT, whereas the X in 

pBRE represents Mut4 (left X) or Mut5 (right X) as described in Figure 5C. Cells were then treated 

as in panel A. Treatments were performed in duplicate. The data reflect the mean (+SEM) of three 

independent experiments and are presented relative to untreated cells transfected with pGL3-Basic. 
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C) NIH3T3 cells seeded in 24-well plates were transfected and treated as in panel A. Treatments were 

performed in triplicate. The data reflect the mean (+SEM) of four independent experiments and are 

presented relative to untreated cells transfected with pGL3-Basic. D) NIH3T3 cells seeded in 24-well 

plates were transfected and treated as in panel B. Treatments were performed in duplicate. The data 

reflect the mean (+SEM) of four independent experiments and are presented relative to untreated cells 

transfected with pGL3-Basic. 
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Supplemental Figure Legends 

Figure S4.1. Panels A and B represent replicates of the experiment presented in text Figure 4.1.  

 

Figure S4.2. Panels A and B represent replicates of the experiment presented in text Figure 4.3C. 

 

Figure S4.3. A) Primary pituitary cultures from transgenic Bmpr1a
flox/flox

 mice infected with GFP or 

Cre- GFP recombinase expressing adenovirus. Representative images of cells (10X magnification) 

under brightfield and fluorescence conditions. B) PCR was performed on genomic DNA extracted 

from control cultures infected with adenovirus expressing GFP or GFP/Cre recombinase. Fx2 and 

Fx4 primers were designed to detect the intact floxed Bmpr1a allele, with an expected PCR product 

of 230 bp. Fx1 and Fx4 primers were designed to detect the recombined Bmpr1a allele, with an 

expected PCR product of 180 bp. The figure shown is a representative of three experiments, all of 

which produced comparable results.  C) The cDNA used in text Figure 4.3C was used to detect 

changes in Bmpr1a expression by qRT-PCR. Treatments were performed in triplicate. The data 

reflect the mean (+SEM) of three independent experiments and are presented relative to the control 

group, in which the cultures were infected with GFP alone and no ligand was included. 

 

Figure S4.4. A) CHO cells seeded in 6-well plates were transfected with FLAG-human SMAD1 

(SMAD1-resistant) or the SMAD1 construct modified to contain sequence targeted by the murine 

Smad1 siRNA1 or 2 (SMAD1-sensitive1 and SMAD1-sensitive2, respectively).  Cells were co-

transfected with no siRNA, 10 nM control siRNA, or one of the two Smad1 siRNAs.  Whole cell 

protein lysates were collected after 24 h and subjected to western blot analyses. Antibodies for FLAG 

were used to detect SMAD1 expression; β-actin was used as the loading control. B) CHO cells seeded 

in 6-well plates were transfected with FLAG- murine SMAD5 or the FLAG-rat SMAD5 expression 

constructs together with no siRNA, 10 nM control, or murine Smad5 siRNA. Whole cell protein 

lysates were collected and subjected to western blot analyses as in panel A. C) CHO cells were 

transfected as in panel A with rat FLAG-SMAD8 (SMAD8-resistant) or the SMAD8 construct 

modified to contain the sequence targeted by the murine Smad8 siRNA1 or 2 (SMAD8-sensitive1 and 

SMAD8-sensitive2 respectively). Whole cell protein lysates were collected and subjected to western 

blot analyses as in panel A. 

 

Figure S4.5. LβT2 cells seeded in 24-well plates were transfected with the murine -568/+15 Id3-luc, 5 

nM Smad5 siRNA, and 100 ng/well rat SMAD5 expression construct (resistant to Smad5 siRNA). 
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The cells were then treated with 25 ng/ml BMP2 for 24 h in serum-free medium containing 10 µM 

SB431542. Treatments were performed in triplicate. The data reflect the mean (+SEM) of three 

independent experiments and are presented relative to the control group (pcDNA3, no siRNA). 

Values above the bars represent the fold stimulation by BMP2; values with different symbols were 

statistically different, whereas those sharing symbols did not differ. 

 

Figure S4.6. A) EMSAs were performed as in text Figure 4.5C with the -568/-542 radio-labeled 

probe. Competitions were performed with 3-bp scanning mutants of the -568/-542 probe (Mut1-9, 

shown at top). The schematic at the top reflects the relative positions of the nucleotides mediating 

binding of complexes A and B. B) Mut2 through Mut5 defined in panel A were introduced into the -

568/+15 Id3 reporter and the constructs transfected into LβT2 cells seeded in 24-well plates. Cells 

were treated with 25 ng/ml BMP2 for 24 h in serum-free medium containing 10 µM SB431542. 

Treatments were performed in duplicate. The data reflect the mean (+SEM) of three independent 

experiments and are presented relative to untreated cells transfected with pGL3-Basic.  

 

Figure S4.7. A) LβT2 cells seeded in 10-cm dishes were treated with 50 ng/ml BMP2 for 1h. 

Chromatin was subjected to ChIP analysis using SMAD1 Ab or a control mouse IgG. DNA obtained 

from ChIP was analyzed by qRT-PCR. Primers were designed against the distal or proximal BREs, as 

well as a non-specific (NS) region located between the two response elements. Data normalized 

against input fraction and control mouse IgG (2
-∆∆Ct

) are plotted as fold enrichment. The data reflect 

the mean (+SEM) of three independent experiments. B) CHO cells seeded in 10-cm dishes were 

transfected with 4 µg of HA-GATA4, 4 µg of FLAG-SMAD1, or both expression vectors together. 

Cells were treated overnight with 25 ng/ml BMP2 before whole cell lysates were collected for HA-

immunoprecipitation (IP) analysis. Immunoprecipitated proteins were subjected to immunoblot (IB) 

analysis with FLAG and HA antibodies. 

 

Figure S4.8. Sequence alignment of proximal and distal ID3/Id3 promoters in human (NM_002167.3, 

NC_000001.10), mouse (NM_008321.2, NC_000070.5), rat (NM_013058.2, NC_005104.2), cow 

(NM_001014950.1, NC_007300.4), chimpanzee (XM_001165695.1,NC_006468.2), and dog 

(NM_001003025.2 ,NC_006584.2). Defined cis-elements are labeled and boxed. Nucleotides are 

numbered relative to the transcription start site. Nucleotides not conserved across species are marked 

with an asterisk (*). Accession numbers provided above correspond to mRNA and genomic 

sequences, respectively. mRNA sequences were used to define the start of transcription. 
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Supplementary Table S4.1. Primers  

Target Forward Primer Reverse Primer Template DNA 

-3740/+24 Id3-
luc  

GCGACGCGTATAGCTTACAGTTCTGCCAGCTC GATCTCGAGGACACCTAAAGCAGCAAACAGTG Mouse genomic 
DNA 

FLAG-SMAD8 CGGAATTCCACCCCAGCACCCCCATCAGC GCTCTAGATTAAGACACTGAAGAAATAGG Myc-SMAD8 

-738/+15 Id3-luc GCGACGCGTGTTCTCGGTGGAAACGGTCCATG GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

-691/+15 Id3-luc GCGACGCGTGCTGGGTCCAGACTGCTCTTA GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

-622/+15 Id3-luc GCGACGCGTGTGTTCTCTGCTTAGACCTCC GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

-568/+15 Id3-luc GCGACGCGTCATTGTAACCTCAGCTTCACCGC GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

-548/+15 Id3-luc GCGACGCGTGCGAATTAATCTTTTCCCCCTCTGGTC GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

-528/+15 Id3-luc GCGACGCGTTCTGGTCACAAGATAATTCCTGACGCC GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

-502/+15 Id3-luc GCGACGCGTAGTGAGTCTGGAGGTCAGACGAG GATCTCGAGCCCCTAGAAGTCG -886/+15 Id3-luc 

Rpl19 CGGGAATCCAAGAAGATTGA3 TTCAGCTTGTGGATGTGCTC3 LβT2/Bmpr1aflox/flox 
pituitary cultures 
cDNA 

Id2 CTCCAAGCTCAAGGAACTGG3 ATTCAGATGCCTGCAAGGAC3 LβT2 cDNA 

 

Id3 TTAGCCAGGTGGAAATCCTG3 TCAGTGGCAAAAGCTCCTCT3 LβT2/Bmpr1aflox/flox 
pituitary cultures 



165 

 

cDNA 

Bmpr1a ACGCTTGCGGCCAATCGTGT AGCTGTGAGTCTGGAGGCTGGA Bmpr1aflox/flox 
pituitary cultures 
cDNA 

Non-Specific 
Region 

CTCCGAGACTGGCTTACCTG CCAGATACCACGGCTTTGAT LβT2 ChIP DNA 

Proximal BRE GCCTAGCCCAAATCTGTTTTC ATTTGCTGCTCGTCTGACCT LβT2 ChIP DNA 

Distal BRE ATTGGTGGGAGAGGCAGTC GTTGAGGAATCCGCTCCTTT LβT2 ChIP DNA 

floxed exon2 Fx2: GCAGCTGCTGCTGCAGCCTCC Fx4: TGGCTACAATTTGTCTCATGC Bmpr1aflox/flox 
pituitary cultures 
genomic DNA 

∆exon2 Fx1: GGTTTGGATCTTAACCTTAGG Fx4: TGGCTACAATTTGTCTCATGC Bmpr1aflox/flox 
pituitary cultures 
genomic DNA 
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Chapter 5: General Discussion 

Activins are specific and potent stimulators of Fshb transcription, thus allowing for differential 

regulation of FSH and LH expression. We and other groups have shown that BMPs are also specific 

modulators of Fshb expression in rodents [282, 401, 405, 409]. Conversely, BMP4 inhibits Fshb 

expression in sheep [408]. Despite the difference, BMPs seem to play a bona fide role in regulating 

Fshb transcription. Further studies suggest that BMPs can act synergistically with activin A to 

stimulate Fshb expression in mice. BMP-mediated Fshb transcription is a novel area of study, and the 

underlying mechanisms remain to be fully determined. In my thesis, I have elucidated part of the 

mechanism by which BMP2 regulates Fshb transcription in conjunction with activin A (Figure 5.1). I 

first demonstrated in the LβT2 gonadotrope cell line that BMP2 acts preferentially through BMPR1A 

and BMPR2 to potentiate the activin A response on Fshb transcription, and that their loss cannot be 

compensated for by other BMP receptors (Chapter 2).  My data suggest that the direct effects of 

BMP2 on FSH synthesis are modest relative to their synergistic effects with activins. This synergism 

appears to depend on BMP-stimulated gene expression. Using cDNA microarray analyses (Chapter 

3), I identified Id proteins as BMP2 targets in LβT2 cells. This is the first time Ids were found to be 

expressed and regulated by BMPs in gonadotrope cells. Furthermore, Id2 and Id3 are indispensable 

for BMP2 to stimulate Fshb transcription synergistically with activin A. BMP2 stimulates Id2 and Id3 

expression in gonadotrope cells, which act cooperatively with activins to stimulate Fshb expression. 

Indeed, Id2 and Id3 can physically interact with SMAD3, a major downstream transducer of activin 

signaling. However, the exact mechanism by which Id2/3 and SMAD3 act to stimulate Fshb 

transcription remains to be determined. Finally, in light of the new found role for Id2 and Id3 in 

gonadotrope cells, the last part of my thesis describes the transcriptional regulation of the Id3 gene 

(Chapter 4). Similar to Fshb, BMP2 acts through BMPR1A and BMPR2 to stimulate Id3 expression. 

I confirmed in primary pituitary cultures that Bmpr1a is required to mediate BMP2-induced Id3 

expression. I also identified a novel BMP2 responsive element (BRE) in the proximal Id3 promoter. 

SMAD1, 5, and 4 are necessary for BMP2 to stimulate Id3 expression; however, I could not detect 

their binding to the Id3 proximal BRE. Conversely, a specific protein complex can to bind the 

proximal BRE of the Id3 promoter, though its exact composition is yet to be determined. In addition, 

I demonstrated that this proximal BRE acts synergistically with a previously identified bipartite 

element in the distal Id3 promoter to stimulate Id3 expression. These observations were further 

extended to show that the mechanisms through which BMP2 regulates the Id3 gene are likely 

conserved across cell types and in humans. Apart from their role in the gonadotropes, Ids are also 

expressed in multiple cell types. Id proteins are mainly involved in controlling the balance between 
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proliferation and differentiation, and thus identifying the transcriptional mechanism regulating the 

expression of Id proteins may aid in comprehending proliferative diseases such as pulmonary arterial 

hypertension (PAH) [481]. Understanding the mechanistic basis of diseases may aid in highlighting 

new drug targets.  

5.1 Role of BMP2 receptors in regulating Fshb expression in LβT2   

In Chapter 2, I demonstrated that BMP2 preferentially signals through BMPR1A and BMPR2 to 

stimulate Fshb transcription. Although BMP2 can also signal through BMPR1B, which is expressed 

in gonadotropes, the loss of BMPR1A cannot be compensated by BMPR1B. However, it is critical to 

establish roles for these receptors in gonadotrope function and FSH regulation in vivo (See Sections 

5.5 and 5.6).  

We considered the possibility that BMP2 may directly regulate Fshb gene expression through R-

SMADs. However, BRE sequences are not present in the Fshb promoter, suggesting that BMP R-

SMADs may not directly bind to the Fshb promoter to regulate transcription. Another possibility is 

that BMPs may act through SMAD-independent pathways to modulate Fshb expression [317, 419-

421, 502-504]. Previous studies failed to detect an increase in p38 phosphorylation in response to 

BMP2 [282]; however, the involvement of other BMP-regulated MAP kinases has not yet been 

examined. To determine the involvement of SMAD-independent pathways, for example, the JNK 

pathway, we may first treat LβT2 cells with BMP2 and probe for the phosphorylation/activation of 

JNK. Provided that JNK is activated by BMP2, we may then treat LβT2 cells with SP600125, a small 

molecule inhibitor of the JNK pathway, and assess Fshb reporter activity in response to BMP2 alone 

or together with activin A.  

Alternatively, Fshb transcriptional regulation may occur by an indirect mechanism. Previous studies 

in our lab suggest that BMP2 may indirectly affect Fshb transcription through the expression of other 

genes.  

5.2 Ids as mediators of BMP2-stimulated Fshb expression 

To identify BMP2 target genes in gonadotrope cells, I used cDNA microarray technology. Several Id 

genes, Id1, Id2, and Id3, appeared to be direct targets of BMP2. Although all three Ids when over-

expressed can act with activin A or SMAD3 to regulate Fshb transcription (Chapter 3), only 

endogenous Id2 and Id3 are required to mediate the activin A and BMP2 synergism.  
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The Ids are known BMP responsive genes in a variety of cell types [223, 381-384, 387-388, 484-485] 

and have important roles in neurogenesis, angiogenesis, and bone formation [381-384, 387-388, 484-

485]. The four Id sub-types (Id1-4) are located on different chromosomes, and exhibit similar, but not 

identical biological functions [381]; however, Id proteins display some functional redundancy in vivo. 

Although Id1-, Id2-, or Id3- knockout mice are viable, Id1 and Id3 double knockout mice die at day 

13.5 of embryonic development [461]. These embryos exhibit small brain size, premature neuronal 

differentiation, and vascular abnormalities. This suggests that Id proteins are crucial for maintaining 

cell proliferation and differentiation, particularly in neuronal and vascular tissues. Ids are small 

proteins (13-20kDa) belonging to the helix-loop-helix (HLH) family of transcriptional regulators. 

bHLH transcription factors typically form homo- or hetero-dimers through their conserved HLH 

domains and regulate gene transcription by binding to their target promoter sequences through E-box 

cis-elements. Unlike other HLH proteins, Ids lack the basic amino acid domain necessary for DNA 

binding. Instead, Ids are conventionally observed to block transcriptional activity of bHLH proteins 

(such as Mash1, OLIG, NeuroD, and MyoD) by physically interacting with their HLH domains, 

forming DNA-binding-deficient hetero-dimers [384, 388, 484-485]. Many bHLH transcription factors 

are positive regulators of cell differentiation; therefore, in such cases, Id proteins serve as inhibitors 

of differentiation. For example, the E2A protein dimerizes with MyoD to activate genes promoting 

myoblast differentiation. BMPs stimulate Id1 protein expression, which competes with MyoD for 

heteodimerization with E2A. The lack of functional E2A-MyoD heterodimers favors an 

undifferentiated myoblast phenotype [505]. Similarly, in pancreatic AR42J cells, BMP4 stimulates 

Id2 expression, which binds to the bHLH transcription factor NeuroD. NeuroD is required for the 

differentiation of pancreatic islet cells; therefore, by blocking the differentiation pathway of these 

cells, Id2 promotes their expansion [485]. Conversely, BMP4-stimulated Id1 protein expression has 

been found to have antiproliferative effects in pulmonary arterial smooth muscle cells (PASMC) 

[481]. The exact mechanism by which Id1 inhibits cell proliferation has not yet been elucidated, but 

nonetheless emphasizes the cell-specific effects of Id proteins. Collectively, studies from different 

cell types show that Id proteins are important regulators of cell-specific biological functions by 

creating a balance between proliferation and differentiation [385, 387-388, 484-485, 506].  

I demonstrated that SMAD3 and Id proteins can physically interact. Instead of blocking 

transcriptional activation, Ids seem to facilitate SMAD3‟s effect on Fshb transcription. The fact that 

Id proteins can bind to a non-bHLH transcription factor and promote its action rather than impair it, 

supports a mechanism that is divergent from Id‟s typical mode of action. The precise mechanism 

through which Ids produce their effects on Fshb transcription has not yet been elucidated; however, 
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several speculations can be made about their mechanisms of action. SMADs on their own bind 

weakly to DNA, but their affinity for DNA can be enhanced through interactions with specific co-

factors [250, 443, 466-473]. Therefore, Ids might increase the affinity of SMAD3 for the Fshb 

promoter. Most SMAD-interacting co-factors have relatively high DNA binding affinities [250, 443, 

466-473]. Although there is no evidence that Ids bind directly to DNA, they may be involved in the 

recruitment of additional transcription factors to the Fshb promoter, thus forming larger protein 

complexes to facilitate SMAD3-DNA binding without binding DNA directly. Another possibility is 

that a bHLH family member might interact with SMAD3, tonically inhibiting its activity at the Fshb 

promoter [474]. BMP2-mediated up-regulation of Id2 and Id3 might then compete for binding to 

SMAD3, relieving its repression. In future studies, we can use techniques such as yeast two-hybrid 

screening [507-508] or tandem affinity purification (TAP) [509-512] to identify bHLH proteins that 

may interact with SMAD3 in LβT2 cells.  

5.3 Mechanisms mediating Id1/2/3/4 expression 

A mechanism for BMP-stimulated Id1/ID1 expression has been described. Collectively, BMPs may 

act through BMPR1A, BMPR2 and SMAD1/5/4 to regulate Id1 expression in murine endocardium 

and vascular smooth muscle cells [377, 475-482]. BMP responsive elements have also been described 

in the Id1/ID1 promoter. Many BMP responsive genes are regulated through bipartite elements, 

consisting of a consensus BRE sequence, typically (T)GGCGGC, closely associated with one or more 

CAGA(C) boxes [378]. BMP-regulated R-SMADs can bind the BRE site, whereas the CAGA(C) box 

can bind SMAD4. These bipartite elements are conserved between all four of the Id genes. Two 

bipartite elements exist in the Id1/ID1 gene and promoter [378]. One at ~-1kb which was previously 

described by Lopez-Rovira et al. and Korchynskyi et al. as a necessary response element for BMP2 to 

induce murine and human Id1/ID1 transcription [377, 477, 483]. The second one, however, found at 

+3.3kb has not yet been examined.  

Less is known about BMP-mediated Id3 transcriptional regulation. We and others have shown that 

BMPs preferentially acts through BMPR1A, BMPR2, and the intracellular signaling proteins 

SMAD1, 5, and 4 to stimulate Id3 expression ([476, 497] and Chapter 4). Two bipartite elements 

exist in the Id3/ID3 gene body and promoter [378]. One at ~-3.0kb was shown to be essential for 

BMP4-stimulated human Id3 transcription in ovarian cancer cells [379]. The other bipartite element 

located at ~+1kb in the Id3 gene also contributes to Id3 transcriptional regulation by acting 

synergistically with the distal bipartite element [379]. The region between -184 and -34 of the murine 

Id3 promoter is essential in maintaining basal Id3 promoter-reporter activity in C2C12 cells [487]. 
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Results from my work in gonadotrope cells complement this study by showing that the region 

between -568 and -528 of the murine Id3 promoter is required to confer minimal BMP2 

responsiveness. In addition, I identified a novel six base-pair (bp) BRE, AAGATA, in the proximal 

murine Id3 promoter that is essential for BMP2 to elicit Id3 transcription in LβT2 cells. Although 

SMAD1 and SMAD5 do not seem to bind directly to this cis-element, SMAD5/4 induction of Id3 

transcription is dependent upon it. This six bp BRE is followed closely by a CAGA box, qualifying it 

as a potential bipartite element. However, I did not examine a role for this CAGA box. Finally, I 

demonstrated that this proximal bipartite element in the Id3 promoter can regulate Id3 transcription 

synergistically with the distal bipartite element at ~-3.0kb (see Chapter 4). The involvement of 

several BREs or bipartite elements may serve to fine-tune Id3 transcriptional expression.  

An unknown protein complex can bind to the proximal six bp BRE of the murine Id3 promoter in 

vitro and mutations made to this site impair BMP2-responsivness in the Id3 promoter-reporter. 

Though I did not identify the component proteins in my analysis, future experiments can be 

conducted to this end using a variety of methods. For example, one could employ an affinity 

chromatography approach [513], coupled with EMSAs and DNA precipitation (DNAP) assays to 

isolate this unknown protein complex from LβT2 nuclear extracts. The proteins within this complex 

can then be identified by mass spectrometry [514]. Alternatively, because the protein complex of 

interest was identified in EMSAs as a distinct band, we can directly excise this band from the gel and 

identify the proteins by mass spectrometry [515]. Finally, we may also use a yeast one-hybrid screen 

to identify proteins that may interact with our sequence of interest [507, 516]. Although we can 

identify the binding of this protein complex to the Id3 promoter in EMSAs, it may not necessarily 

bind in LβT2 cells. Further, it is unknown whether the binding of this complex is required for the 

BMP response to occur. Therefore, upon identification of possible protein candidates, we must 

confirm their association with the predicted region of the Id3 promoter in LβT2 cells by ChIP 

analyses and validate their importance in BMP2-stimulated Id3 transcription in LβT2 cells by siRNA-

mediated depletion of the endogenous protein(s). 

Considerably less is known about Id2 regulation than Id3 regulation. A bipartite element was 

identified at ~-3.0kb of the Id2/ID2 promoter a few years ago [378]. Recent studies in C2C12 cells 

showed that a -3.0kb Id2 promoter-reporter is responsive to BMP6 [501], indicating that the Id2 gene 

is transcriptionally regulated by BMPs. Through mutational analysis, Nakahiro et al. demonstrated 

that this bipartite element is required for BMP6 to induce Id2 transcription. In addition, they showed 

direct binding of SMADs to this site [501]. These new data may help explain my experience with the 

Id2 promoter. Because our Id2 promoter-reporter construct only contained -1.5kb of the promoter, it 
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lacked the essential bipartite element, and thus it was inadequate to confer BMP2 responsiveness. In 

future experiments, we may obtain a longer Id2 promoter-reporter and test if the mechanisms 

identified in the C2C12 cells are conserved in LβT2 cells. Early analysis of the Id2 promoter 

identified several putative transcription factor binding sites within -1.0kb of the AUG initiation 

codon, including E-boxes and Sp1 consensus sequences [517]. My work with the proximal Id2 

promoter suggests that these sites are not sufficient for the induction of Id2 transcription by BMP2. 

However, these sites may be necessary for maintaining basal Id2 expression. The receptors through 

which BMPs induce Id2 transcription have not yet been described; however, unlike Id1 and Id3, Id2 

expression does not seem to be dependent on BMPR1A [476]. 

Id4 is the least studied of the four Id genes. Id4 expression, together with Id1, Id2, and Id3, is up-

regulated by BMP2 and BMP6 in several cell types [518-520]. However, in gonadotrope cells Id4 

was the only Id transcript not affected by BMP2 treatment (Chapter 3) suggesting that its expression 

and/or regulation in gonadotropes is distinct from the other Id genes. Indeed, bipartite elements are 

not present in the Id4 promoter, although one exists within the Id4 gene body itself [378]. Similar to 

Id2, initial analysis of the Id4 promoter identified several putative transcription factor binding sites 

within -2.0kb upstream of the AUG initiation codon.  These sites include E-boxes, a CREB binding 

site, an E2F site, and Sp1 sites [517]. The -48 to +32 region of the Id4 promoter is the minimum 

sequence required to maintain basal Id4 expression in HeLa cells [521]. Although BMPs can 

upregulate Id4 expression in several cell types [518-520, 522], it has not yet been examined whether 

the Id4 promoter is responsive to BMPs. 

5.4 BMP2 and activin A synergism in primary pituitary and purified gonadotrope 

cultures 

BMP2, 4, 6, and 7 stimulate Fshb transcription either alone or in synergy with activins [282, 401, 

409]. Whereas Bmp6 and Bmp7 are readily detectable both in murine pituitaries and LβT2 cells [282, 

401, 405], Bmp2 and Bmp4 are only detected in murine pituitaries [282]. This suggests that BMP2 

and 4 are expressed in gonadotropes at very low levels, or are not expressed at all. Nonetheless, 

BMP2 and 4 stimulate Fshb transcription more potently than BMP6 and 7 in LβT2 cells. 

Furthermore, BMP2 and 4 can synergize with activins to regulate Fshb expression [282]. This 

suggests that BMP2 and 4 may act in a paracrine fashion to regulate Fshb expression. There are 

studies suggesting that BMP2 and BMP4 are produced endogenously in corticotropes [523] and 

somatotropes [524], which may then be secreted and thereby stimulate Fshb transcription in 

neighbouring gonadotropes. In future studies, this hypothesis can be tested by co-culturing LβT2 cells 
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together with AtT20 cells (a corticotrope cell line) or GH3 cells (a somatotrope cell line), and 

examining the Fshb reporter activity in the presence or absence of activin A treatment. To confirm 

the expression of BMP2 and 4 in corticotropes and somatotropes, and to examine their expression in 

other anterior pituitary cell types, such as thyrotropes and lactotropes, immunofluorescence can be 

performed on the anterior pituitary to co-localize the expression of BMP2 or 4 with cells expressing 

markers specific for the different anterior pituitary cell lineages. Interestingly, it was observed that 

BMP2/7 and BMP4/7 heterodimers can act more potently and effectively than their respective 

homodimers in certain contexts [354-355]. Because Bmp2, Bmp4, and Bmp7 mRNA expression was 

detected in murine pituitaries, it is possible that such heterodimers of BMP may be an endogenous 

and more potent source of FSH stimulus [354-355, 401]. 

Based on the observation that BMP2 and activin A synergistically stimulate Fshb reporter activity in 

LβT2 cells, my thesis was designed to dissect BMP2‟s signaling pathway in these cells. As most, if 

not all, of my experiments were conducted in the immortalized gonadotrope cell line, I wished to 

confirm that the same phenomena exist in primary gonadotrope cells. Although the effects of BMP6 

and BMP7 on Fshb mRNA expression were first reported in murine primary pituitary cultures, the 

corresponding effects of BMP2 and BMP4 have not been determined. I therefore treated primary 

murine pituitary cultures with activin A, BMP2, or both and measured Fshb mRNA expression by 

quantitative real-time PCR (qPCR) (Figure 5.2). As expected, activin A stimulated Fshb expression 

(~3-fold). BMP2 alone had no effect; but this may be due to the ligand concentrations used in my 

assays. Huang et al. detected an increase in Fshb mRNA transcripts in response to 1 µg/ml of BMP6 

or BMP7 [401], whereas I only used 25 ng/ml of BMP2. Nonetheless, BMP2 and activin A together 

synergistically stimulated Fshb transcription (6-fold). Unfortunately, results from these experiments 

were generally inconsistent. That is, BMP2 enhanced the activin A response 43% of the time (3/7 

individual experiments), inhibited the activin A response 14% of the time (1/7), or had no effect in 

43% (3/7) of cases. The cause of these inconsistencies is not yet clear. The activin A and BMP2 

synergism is evident in LβT2 cells; however, the appearance of this synergism in primary cultures is 

inconsistent. Recall that LβT2 cells represent a homogeneous population of immortalized 

gonadotropes, whereas primary pituitary cultures represent a mixture of various cell types. Thus, in 

addition to BMPs, Fshb transcription can be regulated by numerous paracrine regulators secreted 

from these cells. BMP antagonists, such as noggin, may be up-regulated in pituitary cultures to 

neutralize the effects of BMP2. BMPs can also act on other anterior pituitary cell types, for example, 

corticotropes and somatotropes, which also express BMP receptors [523-524]. It is not clear how 

gonadotropes respond to BMP2 stimulation in the presence of different neighbouring pituitary cells. 
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Exogenous BMP2 may act on any BMP-receptor-expressing pituitary cell, and change their secretion 

profile. This in turn may affect the balance of hormones and paracrine acting factors available in the 

extracellular space, thus affecting gonadotrope signaling and Fshb transcriptional regulation. Another 

area of future investigation could include determining which other cell types BMPs can act on in the 

anterior pituitary, how BMPs affect the secretion of different signaling factors from these cells, and 

whether these signaling factors have an effect on gonadotropes and Fshb expression. Currently 

however, inconsistent results prevent me from drawing any conclusions from primary pituitary 

culture experiments.  

To determine the effect of BMP2 on primary gonadotropes in isolation, I performed several 

experiments in purified H2Kk gonadotropes (see Chapter 1, Section 3.1.5) (Figure 5.3). The 

stimulatory effect of exogenous ligands was greatly amplified in the purified gonadotropes. Activin A 

stimulated Fshb mRNA expression by 40-fold, BMP2 alone had no effect, but BMP2 together with 

activin A stimulated Fshb mRNA expression by 60-fold. Nonetheless, the synergism between BMP2 

and activin A was similarly inconsistent in these cells. BMP2 enhanced the activin A response 40% 

(2/5) of the time, inhibited it 20% (1/5) of the time, and had no effect the remaining 40% (2/5) of the 

time. This variability in the BMP2 and activin A synergism is difficult to explain. Furthermore, the 

synergistic effects of BMP2 and activin A in primary cultures are not as potent as those seen in LβT2 

cells. Overall, this suggests that additional studies are required to determine whether BMP2 is an 

important regulator of Fshb expression in gonadotrope cells. 

5.5 The importance of endogenous activins and BMPs in Fshb expression 

To test the importance of endogenous BMPs and activins in Fshb transcription, I cultured mixed 

(Figure 5.4) and purified gonadotrope primary cultures (Figure 5.5) with several physiological and 

pharmacological inhibitors. Because activins are known regulators of Fshb expression and FSH 

secretion [12-13], it was anticipated that SB431542, a small molecule inhibitor of ACVR1B, 

TGFBR1, and ACVR1C, would be a very potent inhibitor of basal Fshb expression. At 1 µM, Fshb 

expression was reduced to 10% of control (untreated cells), and with 10 µM of SB431542, Fshb 

expression was no longer detectable in mixed pituitary cultures. The inhibitory effect of SB431542 

was also observed in purified gonadotropes. Follistatin, a physiological antagonist of activin, 

similarly reduced Fshb expression in mixed pituitary cultures. At 200 ng/ml follistatin, Fshb 

expression was reduced to 15% of control. Compound C, a small molecule inhibitor of ACVR1, 

BMPR1A, and BMPR1B (i.e., the BMP type I receptors), also inhibited basal Fshb expression. With 

2 µM of Compound C, Fshb expression was reduced to 20% of control in mixed cultures. The 
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inhibitory effect of Compound C was also observed in purified gonadotropes. Finally noggin, a 

physiological antagonist of BMPs, was also found to inhibit Fshb expression in mixed pituitary 

cultures. The effects of exogenous inhibitors were consistent, and suggested that Fshb expression is 

tonically regulated by endogenous BMPs and activins. Although the synergism between exogenous 

BMP2 and activin A was neither confirmed nor refuted in primary cultures, I demonstrated a role for 

endogenous BMPs in the regulation of basal Fshb expression in both whole pituitary and purified 

gonadotrope cultures. It is possible that Fshb expression may be more effectively stimulated by BMP 

subtypes other than BMP2, perhaps BMPs that are endogenously expressed in gonadotropes. Future 

studies should include testing the effect of activin A with BMP6 or BMP7 on Fshb expression in 

whole pituitary or purified gonadotrope primary cultures. 

5.6 Knocking out BMPR1A in primary pituitary cultures 

In Chapter 2, I demonstrated that BMP2 acts through BMPR1A to regulate Fshb transcription, and in 

Chapter 4, I showed that BMP2 acts through the same receptor to induce Id3 expression. To 

determine the importance of Bmpr1a in murine gonadotropes, I examined the effects of Bmpr1a 

ablation using the Cre/loxP system. The Cre/loxP system allows one to study the effect of gene 

deletion in a specific tissue or cell type. The introduction of two consensus loxP sequences in a target 

gene should not affect its function. However, when Cre recombinase is expressed, it recognizes the 

two loxP sites in the same orientation and excises the sequences in between them, thus inactivating 

the target gene [525-526]. Bmpr1a
flox/flox 

mice, provided by Dr. Yuji Mishina (University of Michigan, 

Michigan, USA) [488], were generated such that exon 2 of their Bmpr1a gene is flanked with loxP 

sites. Whole pituitary primary cultures from these mice were infected with adenovirus expressing 

GFP or Cre-IRES-GFP. After 24 hrs of infection, cells were treated with activin A, BMP2, or both. 

Cells were then harvested after 24 hrs and Fshb mRNA levels measured by qPCR. As shown in 

Chapter 4, analysis of genomic DNA confirmed successful recombination of the Bmpr1a gene, with 

an associated decrease of Bmpr1a mRNA levels in primary pituitary cultures (Figure S4.3). The 

knockdown of Bmpr1a abrogated BMP2-induced Id3 expression (Chapter 4), suggesting a crucial 

role for this receptor in BMP2-mediated Id3 induction. However, the knockdown of Bmpr1a had no 

effect on Fshb expression in response to activin A, BMP2, or activin A plus BMP2 (data not shown). 

As in primary cultures from wild-type mice, BMP2 had no effect on Fshb mRNA expression in 

primary cultures from Bmpr1a 
flox/flox 

mice. Importantly, the BMP2 and activin A synergism could not 

be detected in these cultures. This suggests that BMP2 may not stimulate Fshb expression in pituitary 

cultures from Bmpr1a 
flox/flox 

mice. It may therefore not be surprising that the knockout of Bmpr1a in 

these cultures had no effect on Fshb expression in response to BMP2. That is, there is no effect to 
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antagonize. Whether this lack in activin A and BMP2 synergism is specific to Bmpr1a 
flox/flox 

mice is 

still undetermined.  

Discrepancies between cell lines and primary cultures may be due to differences in the intracellular 

milieu between immortalized cells grown over many passages and normal cells extracted from 

animals. The process of immortalization may also change the physiology of the cell. Furthermore, as 

mentioned previously, gonadotropes in primary cultures are grown together with other cell types that 

may secrete factors modulating the functions of gonadotropes which may change the way they 

respond to different stimuli and the way Fshb transcription is controlled.  

5.7 Conditional ablation of BMPR1A in gonadotropes of mice 

To definitively determine a role for BMPR1A in Fshb expression, we must knock out Bmpr1a in the 

gonadotropes of mice, and examine the effect on Fshb expression and fertility in vivo. We have 

already generated these gonadotrope-specific Bmpr1a knockout mice by crossing the 

Bmpr1a 
flox/flox 

mice [488] with the Gnrhr-Cre (GRIC) transgenic mice [527], and confirmed by PCR 

that recombination has occurred in the pituitaries. Next, Bmpr1a and Fshb expression in the 

pituitaries of these animals will be assessed by qPCR, and circulating levels of FSH will be measured 

by enzyme-linked immunosorbent assay (ELISA). The reproductive parameters of Bmpr1a ablation 

in vivo will also be assessed, including the ovary weight, the litter size, the frequency of pregnancy, 

and the number of maturing follicles in the ovaries of these female mice. If BMPs act specifically 

through BMPR1A to stimulate Fshb transcription one would expect the knockout of Bmpr1a to 

hinder BMP signaling in gonadotropes, resulting in decreased pituitary Fshb mRNA and circulating 

FSH protein levels. Depending on the extent of Fshb transcriptional inhibition, ovarian functions of 

these mice may be affected leading to a decrease in the numbers of mature follicles, which will 

ultimately decrease the litter size and frequency of litter production. Because knocking out the Fshb 

gene itself does not have a dramatic impact on spermatogenesis or fertility in male mice [114], one 

would not predict the Bmpr1a deletion, even if it does affect Fshb production, to have much impact 

on the male reproductive capacity. However, if the knockout of Bmpr1a significantly reduces Fshb 

mRNA/FSH protein expression in males, one may observe a decrease in testis weight, Sertoli cell 

number, and sperm count. Although these are important of experiments being conducted in the lab, 

the generation of these mice is beyond the scope of my thesis, and I will not be assessing the 

phenotypes of these mice. 

In vivo knockout of Bmpr1a may determine the importance of Bmpr1a in the regulation of Fshb 

expression once and for all. However, if the knockout of Bmpr1a has no effect on Fshb expression we 
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cannot completely rule out the involvement of BMPs in Fshb transcriptional regulation. We must 

then examine whether other BMP receptors can compensate for the loss of BMPR1A. BMP2 has a 

high affinity for both BMPR1A and BMPR1B [363]. However, the expression of Bmpr1b is 

considerably lower than Bmpr1a in gonadotropes [282, 409], which may explain the lack of 

compensation by BMPR1B during the transient knockdown of Bmpr1a in LβT2 cells (Chapter 2). 

Long-term knockdown of Bmpr1a in vivo may allow enough time for gonadotropes to up-regulate 

Bmpr1b expression and compensate for the loss of Bmpr1a and thereby preserve Fshb expression. In 

vitro analysis suggests that Bmpr1a mediates BMP2-stimulated Id3 expression in gonadotrope cells 

(Chapter 4). In addition to examining the effects of Bmpr1a ablation on Fshb expression, we may 

similarly determine the importance of this receptor on Id3 transcriptional regulation by measuring Id3 

mRNA and Id3 protein expression in the pituitaries of these mice.  

Conclusion 

Unveiling of the mechanisms controlling Fshb transcription has been a slow and challenging process. 

For a long time, the lack of appropriate models and tools, including homologous cell lines, made it 

difficult to study the transcriptional regulation of the Fshb subunit. Although the recent development 

of LβT2 cells has greatly advanced our knowledge of Fshb transcriptional regulation, it remains the 

only homologous cell line available. The development of a human immortalized gonadotrope cell line 

would be ideal, particularly because Fshb/FSHB transcriptional regulation seems to vary greatly 

between species. Experiments using current protocols for purifying gonadotropes still face some 

difficulties; for example, the amount of extracted gonadotropes from these mice is still relatively 

small, making them difficult to work with. The development of transgenic mice which can further 

improve the yield of pure gonadotropes may provide future possibilities in advancing our 

understanding of Fshb regulation. Nevertheless, animal models will be required to validate the 

models generated from in vitro data. In comparison to a few decades ago, the understanding of Fshb 

transcriptional regulation has advanced considerably; however, the field is still young and many 

questions still remain unanswered. Continuing development of tools and cell lines will further help us 

understand how Fshb is regulated.  

The results I present here contribute to knowledge in the field of Fshb transcriptional regulation. My 

thesis describes, in part, the mechanisms by which BMP2 regulates Fshb expression in synergy with 

activin A. I have demonstrated that BMPR1A is the required BMP-type I receptor for BMP2 to 

stimulate Fshb expression synergistically with activin A in LβT2 cells. However, ablation of Bmpr1a 

in gonadotropes of primary pituitary cultures was unable to confirm this model because the BMP2 
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and activin A synergism was not observed in primary cultures from these animals. In fact, the BMP2 

and activin A synergism was inconsistent even in primary cultures from wild-type animals, and thus it 

is possible that the requisite conditions for culturing primary cells still require optimization. 

Nonetheless, primary pituitary cultures from wild-type mice and gonadotrope cultures from H2Kk 

mice suggest that endogenous BMPs may tonically regulate Fshb expression, similar to endogenous 

activin B. The involvement of BMPR1A and BMPs will become clearer with the analysis of 

gonadotrope-specific Bmpr1a knockout mice.  

I identified the Id proteins as BMP2 targets in gonadotropes and found that Id2 and Id3 have a role in 

stimulating Fshb expression cooperatively with activin A. BMP2 and activin A synergism may 

integrate at the level of Id2/3 and SMAD3, as a physical interaction was observed between them. 

However, the exact mechanism by which Id2/3 regulates Fshb transcription has yet to be determined. 

The increase in Id3 transcription in response to BMP2 is dependent on the BMP receptors BMPR1A 

and BMPR2. BMP2-mediated Id3 expression is also dependent on a proximal BRE and the 

intracellular signaling proteins SMAD1/5/4, though SMAD1/5/4 does not appear to bind this BRE. A 

protein complex was observed to bind the proximal BRE; however, its composition has not been 

determined and a necessary role for it in BMP2-mediated transcriptional activation has not been 

confirmed. Nonetheless, maximal Id3 promoter activation is dependent on both the proximal BRE 

and a previously identified distal BRE; the findings of which were consistently observed between 

species and cell types. 

In summary, FSH is crucial for controlling gametogenesis and steroidogenesis, and its expression is 

tightly regulated by a variety of endocrine, paracrine, and autocrine factors. The novel observation 

that BMPs may be involved in Fshb transcriptional regulation sparked much attention among those 

studying the TGFβ superfamily ligand signaling in the pituitary. The addition of yet another level of 

Fshb transcriptional regulation may allow more precise fine-tuning of Fshb expression. Furthermore, 

BMPs specifically regulate Fshb transcription, while not affecting Lhb expression, suggesting that in 

addition to activins, BMPs may be additional factors contributing to differential regulation of FSH 

and LH expression. The understanding of the mechanisms mediating BMP-induced Fshb 

transcription is important. As such, further in vivo investigation into the roles and mechanisms of 

BMPs in regulating Fshb transcription is required.  
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Figure legends 

Figure 5.1: Summary of findings. Partial mechanism by which BMP2 regulates Fshb transcription in 

conjunction with activin A. 

Figure 5.2: Pituitary cultures from wild-type mice were pre-treated with 10 µM SB431542 and then 

treated with 25 ng/ml activin A, 50 ng/ml BMP2, or both ligands. Cells were harvested after 24 h and 

changes in Fshb mRNA expression were measured by qRT-PCR. Data are presented relative to 

untreated cultures. Treatments were performed in triplicate but cells were pooled for analysis, n=1. 

Figure shows one experiment.  

Figure 5.3: Gonadotropes purified from H2Kk transgenic mice were pre-treated with 10µM 

SB431542 and then treated with 25 ng/ml activin A, 50ng/ml BMP2, or both ligands. Cells were 

harvested after 24 h and changes in Fshb mRNA expression were measured by qRT-PCR. Data are 

presented relative to untreated cultures. Treatments were performed in triplicate but cells were pooled 

for analysis, n=1. Figure shows one experiment. 

Figure 5.4: A) Pituitary cultures from wild-type mice were treated with increasing concentrations of 

SB431542 or follistatin. B) Pituitary cultures from wild-type mice were treated with increasing 

concentrations of Compound C or noggin. In both panels, cells were harvested after 24 h and changes 

in Fshb mRNA expression were measured by qRT-PCR. Data are presented relative to untreated 

cultures. Each treatment was performed in 9 wells, but cells from 3 wells were pooled for analysis, 

n=3. Figure shows one experiment. 

Figure 5.5: Gonadotropes purified from H2Kk transgenic mice were treated with 10 µM SB431542, 

10µM Compound C, or 25 ng/ml activin A. Cells were harvested after 24 h and changes in Fshb 

mRNA expression were measured by qRT-PCR. Data are presented relative to untreated cultures. 

Treatments were performed in triplicate but cells were pooled for analysis, n=1. Figure shows one 

experiment. 
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ABSTRACT

Follicle-stimulating hormone beta subunit (Fshb) expression is
regulated by transforming growth factor beta superfamily
ligands. Recently, we demonstrated that bone morphogenetic
proteins (BMPs) stimulate Fshb transcription alone and in
synergy with activins. Also, transfection of the BMP type II
receptor (BMPR2) and constitutively active forms of the type I
receptors (activin A receptor type I [ACVR1] or BMP receptor
type IA [BMPR1A]) in immortalized gonadotroph cells (LbetaT2)
stimulated murine Fshb promoter-reporter activity. A third type
I receptor (BMP receptor type IB [BMPR1B]) is also expressed in
LbetaT2 cells, but we did not previously assess its functional
role. A point mutation in BMPR1B (Q249R) is associated with
increased ovulation rates and elevated FSH levels in Booroola
(FecB) sheep. Herein, we assessed whether BMPR1B can
regulate Fshb transcription in LbetaT2 cells and whether its
ability to do so is altered by the Q249R mutation. As with
ACVR1 and BMPR1A, coexpression of BMPR1B with BMPR2
increased Fshb promoter-reporter activity in BMP2-dependent
and BMP2-independent fashions. Unexpectedly, the BMPR1B-
Q249R mutant was equivalent to the wild type in its ability to
stimulate SMAD1/5 phosphorylation and Fshb transcription.
Pharmacological inhibition of ACVR1, BMPR1A, and BMPR1B
confirmed that one or more of these receptors are required for
BMP2-stimulated SMAD1/5 phosphorylation and Fshb reporter
activity. Knockdown of endogenous BMPR1A, but not ACVR1 or
BMPR1B, significantly impaired the synergism of BMP2 with
activin A. Collectively, these data suggest that BMPR1A is the
preferred BMP2 type I receptor in LbetaT2 cells and that neither
ACVR1 nor BMPR1B compensates for its loss. The specific
mechanism(s) through which the Booroola FecB mutation alters
BMPR1B function remains to be determined.

ALK3, ALK6, anterior pituitary, BMP, BMPR2, Booroola, FecB,
follicle-stimulating hormone, FSH, gonadotroph, pituitary, signal
transduction, SMAD, TGFB

INTRODUCTION

The gonadotropins, follicle-stimulating hormone (FSH) and
luteinizing hormone (LH), are essential reproductive hormones.
Both are secreted from gonadotrophs of the anterior pituitary,

but the two act to regulate different aspects of gonadal
function. The gonadotropins are heterodimeric glycoproteins
(a/b), with their b subunits determining rates of mature
hormone synthesis and biological specificity. Both FSH and
LH are regulated by gonadotropin-releasing hormone secreted
from the hypothalamus and gonadal sex steroids; however,
endocrine-paracrine transforming growth factor beta (TGFB)
superfamily ligands such as activins and inhibins act to
selectively regulate FSH synthesis. Activins signal via a
combination of type II receptors (ACVR2 or ACVR2B), type
I receptors (ACVR1B and ACVR1C, also known as activin
receptor-like kinase [ALK] 4 and ALK7), and downstream
signaling effectors (SMAD2 and SMAD3) to up-regulate FSH
beta subunit (Fshb) transcription [1–5]. In contrast, inhibins
suppress Fshb expression by blocking the actions of activins
through a competitive binding mechanism [6].

Recently, other members of the TGFB superfamily, the bone
morphogenetic proteins (BMPs), were shown to stimulate Fshb
transcription alone and in synergy with activins [7–10]. The
BMPs are expressed in LbT2 cells (an immortalized murine
gonadotroph cell line) and in adult murine pituitary [7–9] and
might regulate FSH synthesis in vivo. We previously reported
[7] that BMP6 and BMP7, although endogenously expressed in
LbT2 cells, only modestly regulate Fshb transcription. In
contrast, BMP2 and BMP4 stimulate Fshb transcription more
potently, but their expression in LbT2 cells is very low.
However, BMP2 and BMP4 are highly expressed in the murine
pituitary and may act as paracrine regulators of gonadotroph
function. Relative to equimolar activins, BMP2 and BMP4 only
weakly stimulate Fshb transcription, but they are nonetheless
potent synergistic regulators when applied in combination with
the activins. Physiologically, BMPs may be more important in
terms of their cooperative rather than independent actions.

BMP2 and BMP4 signaling is initiated by the interaction of
the ligands with BMP type I receptors such as BMPR1A and
BMPR1B (also known as ALK3 and ALK6). A type II receptor
such as BMP type II receptor (BMPR2) is then recruited into
the complex and phosphorylates the type I receptors [11, 12].
The activated type I receptors then phosphorylate intracellular
signaling proteins, the most thoroughly characterized of which
are the receptor-regulated SMADs (R-SMADs) SMAD1,
SMAD5, and SMAD8. Once phosphorylated, R-SMADs form
heteromeric complexes with the coregulatory SMAD
(SMAD4), accumulate in the nucleus, and act as transcription
factors, either activating or repressing gene expression [11, 13,
14]. Activins stimulate FSH synthesis by up-regulating Fshb
subunit gene transcription at least in part through the SMAD2
and SMAD3 signaling proteins [2–4, 15]. The available data
suggest that BMP2 might preferentially signal through SMAD8
to regulate the Fshb gene [7].

The BMP family members show some promiscuity in their
binding to type I and type II receptors within the TGFB
superfamily. For example, BMP2 and BMP4 preferentially
signal through the type II receptor BMPR2 but can use
ACVR2A in its absence [16]. Similarly, BMPs can bind to
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several type I receptors, including ACVR1, BMPR1A, and
BMPR1B [17]. Each of these type I receptors is expressed in
LbT2 cells [7, 9, 18]; however, our previous overexpression
data suggested a preferred role for ACVR1 in mediating BMP2
responses [7]. Nonetheless, a role for BMPR1B was not
assessed, and the data with wild-type and constitutively active
BMPR1A yielded conflicting results.

A potential role for BMPR1B in FSH regulation is
particularly intriguing in light of the phenotype of so-called
Booroola (FecB) sheep. These animals show increased
ovulation rates, leading to multiple births [19–21], and FSH
levels are elevated in some Booroola flocks [22]. The FecB
mutation was mapped to the Bmpr1b locus and a missense
point mutation (CAG!CGG [Q249R]) discovered in the
highly conserved intracellular serine-threonine kinase domain
of the receptor [23–25]; however, the specific alteration in
receptor function, at a mechanistic level, has not been
determined. Some data suggest that the mutation leads to a
partial loss of receptor function, particularly at the ovarian level
[26, 27], but alterations at the pituitary level have not been
ruled out definitively. In fact, recent data show differences in
BMP signaling in pituitary cultures from Booroola and wild-
type sheep [28]. These effects may not be mediated directly at
the gonadotroph level, as previous investigators failed to detect
BMPR1B expression in ovine gonadotrophs by immunofluo-
rescence [29]. Nonetheless, one cannot rule out the possibility
of low-level expression in these cells that evaded detection by
this method. Indeed, Bmpr1b mRNA is expressed at low levels
in LbT2 cells [7, 18]. Herein, we assessed the relative roles of
endogenous ACVR1, BMPR1A, and BMPR1B in BMP2-
regulated Fshb transcription in LbT2 cells and examined
potential functional changes in the mutant BMPR1B receptor
(Q249R) at the level of the gonadotroph.

MATERIALS AND METHODS

Reagents

Human recombinant activin A and BMP2 were purchased from R&D
Systems (Minneapolis, MN). Wisent (St-Bruno, QC) was the supplier of
gentamycin, 13 PBS, and Dulbecco modified Eagle medium (DMEM) with 4.5
g/l glucose, L-glutamine, and sodium pyruvate. We obtained 13 passive lysis
buffer (PLB) from Promega (Madison, WI). Protease inhibitor cocktail tablets
(CompleteMini) were purchased from Roche (Nutley, NJ). Aprotinin,
leupeptin, pepstatin, PMSF, SB431542, mouse monoclonal b-actin (No.
A5441), mouse monoclonal HA (No. H9658) and MYC (No. 9E10) antibodies,
and rabbit monoclonal FLAG (No. F3165) antibody were from Sigma (St.
Louis, MO). The pSMAD1/5/8 rabbit polyclonal antibody (No. 9511) was from
Cell Signaling Technology, Inc. (Danvers, MA). Horseradish peroxidase-
conjugated secondary antibodies were from Bio-Rad (Hercules, CA), and
enhanced chemiluminescence Plus reagent was from GE Healthcare (Piscat-
away, NJ). Compound C (No. 171261) was purchased from Calbiochem (San
Diego, CA). The following short-interfering (si) RNAs were purchased from
Dharmacon, Inc. (Lafayette, CO): control (catalog No. D-001210–05), ACVR1
(catalog No. D-042047–01), BMPR1A (catalog No. D-040598–01), BMPR1B
(catalog No. D-051071–01), ACVR2 (catalog No. D-040676–01), ACVR2B
(catalog No. D-040629–02), and BMPR2 (catalog No. D-040599–01). Sodium
bisulfite was purchased from Fisher Scientific (Fair Lawn, NJ) (catalog No.
S654–500), and quinol hydroquinone was purchased from BDH AnalaR
(Poole, England) (catalog No. 10312).

Constructs

The expression constructs for rat ACVR1-HA, FLAG-ACVR2, and FLAG-
ACVR2B and for human FLAG-SMAD1 were provided by Dr. Teresa
Woodruff (Northwestern University, Evanston, IL). Human BMPR1A-HA
(Q233D) and murine BMPR1B-HA (Q203D) were provided by Dr. Mitsuyasu
Kato (University of Tsukuba, Tsukuba, Japan). The following variants were
constructed by site-directed mutagenesis using the QuikChange protocol
(Stratagene, La Jolla, CA) and the primers listed in Supplemental Table S1
(available at www.biolreprod.org): constitutively active and siRNA-sensitive

ACVR1-HA (Q207D); wild-type and siRNA-sensitive BMPR1A-Q233D-HA;
wild-type BMPR1B-HA, BMPR1B-Q249R-HA, BMPR1B-Q249R/Q203D-
HA, and BMPR1B-Q203D/D265A-MYC; methylated BMPR1B-Q249R-HA;
and siRNA-resistant BMPR1B-Q203D-HA. In the case of methylated
BMPR1B-Q249R, primers containing methylated cytosines (Supplemental
Table S1) were used, and the resulting PCR products were purified by ethanol
precipitation following DpnI digestion of the parental plasmid and utilized
directly in transfection experiments. Methylation was confirmed by bisulfite
sequencing [30, 31]. All BMPR1A and BMPR1B constructs were subcloned
into pcDNA4 (Invitrogen, San Diego, CA). This removed the HA tag and
replaced it with a C-terminal MYC-HIS tag. Human FLAG-SMAD5 was
provided by Dr. Tetsuro Watabe (Tokyo University, Tokyo, Japan). The human
BMPR2 expression construct [32] and BREX4-luc [33] were provided by Dr.
Joan Massague (Memorial Sloan-Kettering Cancer Center, New York, NY).
The murine Fshb promoter-reporter constructs were described previously [4].

Cell Cultures and Transfections

Immortalized murine gonadotroph LbT2 cells were provided by Dr. Pamela
Mellon (University of California, San Diego, CA) and were cultured in 10%
fetal bovine serum (FBS)/DMEM and 4 lg/ml gentamycin as described
previously [2]. For luciferase assays, cells were plated in 24-well plates (2.5 3

105 cells/well) approximately 36 h before transfection. Cells were transfected
with Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen). Twenty-four hours after transfection, cells were washed in 13
PBS and then treated with 1 nM (25 ng/ml) activin A and/or BMP2 in DMEM
or with DMEM alone (control) for the indicated times. In overexpression
experiments, 450 ng of the reporter and 100 ng of each receptor and/or effector
were used per well. Cells were placed into serum-free media 24 h after
transfection. In some experiments, 10 lM SB431542, an ACVR1B/ACVR1C/
TGFBRI inhibitor [34], was included to block the effects of endogenous activin
B (or other ligands signaling through these receptors). In RNA interference
(RNAi) experiments, siRNAs were transfected at 5 nM. Resulting data were
calibrated to cells transfected with the 13 siRNA buffer only (20 mM KCl, 6
mM HEPES [pH 7.5], and 0.2 mM MgCl

2
) or to cells transfected with the

control siRNA. Lysates were collected 24 h after transfer to serum-free
medium. CHO cells were obtained from Dr. Patricia Morris (Population
Council, New York, NY) and were cultured in F-12/DMEM containing 10%
FBS and 4 lg/ml gentamycin. Except for the BMPR1B/D265A experiment
(where 4 lg FLAG-SMAD1 and 4 lg of receptor were transfected in CHO cells
seeded in 10-cm plates), CHO cells in 6-well plates were transfected when
70%–80% confluent using Lipofectamine reagent, 300 ng of the indicated
receptor expression vectors, and 1 lg FLAG-SMAD1 or FLAG-SMAD5 for 6
h and were then placed in growth media. The repeat of this experiment in LbT2
cells in 6-well plates was performed in a similar fashion, except that Plus
reagent and 1200 ng of the indicated receptor expression vectors were included.
Cell lysates were then harvested the following day. HepG2 cells (No. HB-8065)
were purchased from ATCC (Manassas, VA) and were cultured in 10% FBS/
Eagle minimum essential medium (modified by ATCC) and 4 lg/ml
gentamycin. Transfection protocols were identical to those used for the LbT2
cells.

Luciferase Assays

Cells were washed with 13 PBS and lysed in 13 PLB. Luciferase assays
were performed on an Orion II microplate luminometer (Berthold Detection
Systems, Oak Ridge, TN) using standard reagents. All treatments were
performed in duplicate or triplicate as described in the text or figure legends.
Data presented are from at least 2–3 independent experiments.

Immunoblots

Cells were washed with 13 PBS, and whole-cell protein extracts (WCEs)
were prepared with 13 RIPA (1% NP-40, 1% sodium deoxycholate, 0.1% SDS,
0.15 M NaCl, 0.01 M sodium phosphate [pH 6.8], 2 mM edetic acid, 50 mM
sodium fluoride, and CompleteMini tablets) and centrifuged at 13 000 3 g for
0.5 h at 48C to remove cellular debris. The WCEs were subjected to
immunoblot analyses as previously described [2]. Briefly, equivalent amounts
of protein were separated by SDS-PAGE and were transferred to Protran
nitrocellulose filters (Schleicher and Schuell, Keene, NH). Blots were probed
with the indicated antibodies using standard techniques.

Statistical Analysis

Data from three replicate experiments were highly similar, and their means
were pooled for statistical analyses. Data are presented as fold change from the
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control condition in each experiment. Differences between means were
compared using one-way, two-way, or three-way ANOVAs, followed by post
hoc pairwise comparison with Bonferroni or Tukey adjustment where
appropriate (SYSTAT 10.2; Systat Software, Inc., Richmond, CA), as indicated
in the figure legends. Significance was assessed relative to P , 0.05.

RESULTS

Transfected BMPR1A and BMPR1B Can Mediate BMP2
Signaling in Gonadotrophs

Results of previous transfection investigations in our
laboratory suggested that ACVR1 might be the preferred type
I receptor mediating the regulation of Fshb transcription by

BMP2 [7]. Although we and others [18] observed Bmpr1b
mRNA expression in the murine pituitary and LbT2 cells, we
did not previously assess its role in BMP2 signaling. In
addition, we discovered that the wild-type BMPR1A expres-
sion vector we had used previously [7] harbored an unwanted
frameshift mutation that truncated the receptor within the
kinase domain. This potentially invalidated the interpretation of
our previous results [7] using this reagent. Therefore, we
transfected LbT2 cells with the �846/þ1 mouse Fshb-luc
reporter and validated wild-type BMPR1A or BMPR1B
receptor expression vectors alone or together with the type II
receptor BMPR2. As observed previously with ACVR1 [7],
either BMPR1A or BMPR1B with BMPR2 conferred height-
ened BMP2-independent and BMP2-dependent Fshb promoter
activity (Fig. 1A). These effects were only observed when
BMPR1A or BMPR1B was expressed in conjunction with

FIG. 1. A) LbT2 cells seeded in 24-well plates were transfected with
�846/þ1 mouse Fshb-luc and the indicated receptor expression vectors.
Cells were then treated in duplicate with 25 ng/ml BMP2 in the presence
of 10 lM SB431542 (to remove the effects of endogenous activin B
signaling). B) LbT2 cells were transfected and treated as in A with the
indicated receptor expression vectors. Cells were then treated in duplicate
with 25 ng/ml BMP2 in the serum-free medium. In both panels, the data
are the mean 6 SEM of three independent experiments and are presented
relative to the control group, in which no receptors or ligands were
included. Bars with different symbols were statistically different, whereas
those sharing symbols did not differ.

FIG. 2. A) LbT2 cells seeded in 24-well plates were transfected with
�846/þ1 mouse Fshb-luc and the indicated receptor expression vectors.
B) HepG2 cells seeded in 24-well plates were transfected with BREX4-luc
and the indicated receptor expression vectors. In both panels, cells were
starved in serum-free medium for 24 h before analysis. The data are the
mean 6 SEM of three independent experiments and are presented relative
to the control group, in which no receptors were transfected. QD indicates
a Glu to Asp mutation at position 233 (BMPR1A) or 203 (BMPR1B). Bars
with an asterisk are significantly different from bars without an asterisk but
are not significantly different from one another.
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BMPR2 and not when either was expressed alone. Similarly,
constitutively active forms of BMPR1A (Q233D) and
BMPR1B (Q203D) when expressed together with BMPR2,
but not alone, stimulated Fshb promoter activity (Fig. 2A).
Collectively, these results suggest that overexpressed ACVR1
(as shown previously [7]), BMPR1A, and BMPR1B can all
regulate Fshb transcription in conjunction with BMPR2.

BMPR1B Harboring the Booroola Mutation Is Fully
Functional in LbT2 Cells

A missense mutation, Q249R, was mapped to the kinase
domain of BMPR1B in Booroola (FecB) sheep [23–25]. Given
that Bmpr1b is expressed in the pituitary and may mediate
BMP2 effects on Fshb (Figs. 1A and 2A), we investigated the
effects of the BMPR1B-Q249R mutation on BMP2 signaling
in gonadotroph cells. We introduced the mutation in the
context of a murine BMPR1B expression vector. As already
observed, expression of type I or type II receptors alone in
LbT2 cells had no effect, whereas BMPR1B with BMPR2 up-
regulated Fshb transcription, and this effect was further
potentiated in the presence of BMP2 (Fig. 1B). Unexpectedly,
the BMPR1B-Q249R mutant produced results equivalent to
those of the wild-type BMPR1B receptor. Next, we examined
potential functional differences between constitutively active
forms of BMPR1B and BMPR1B-Q249R. The advantage of
this approach is that it allowed us to examine functional
changes in BMPR1B-Q249R that were independent of the
particular ligand used in our experiments. As shown in Figure
2A, BMPR1A-QD, BMPR1B-QD, and BMPR1B-QD/Q249R
all stimulated Fshb reporter activity when cotransfected with
BMPR2 and did so to comparable extents.

To determine whether the results in LbT2 cells were cell
specific, we assessed functionality of the constitutively active
BMPR1A and BMPR1B receptors in HepG2 cells. Because
Fshb reporters are inactive in nongonadotrophs, we used a
validated BMP-responsive reporter, BREX4-luc [33]. We
previously observed that constitutively active ACVR1 and
BMPR1A regulated this reporter in these cells without the need
for BMPR2 coexpression (data not shown). BMPR1A-QD,
BMPR1B-QD, and BMPR1B-QD/Q249R all stimulated
BREX4-luc activity in HepG2 cells and did so equivalently
(Fig. 2B). Therefore, no obvious functional impairment in
BMPR1B-Q249R was noted in two distinct cellular contexts.

BMPR1B-Q249R Can Stimulate SMAD1/5 Phosphorylation

In LbT2 and HepG2 cells, we failed to detect functional
changes in BMPR1B-Q249R. One study [23] used molecular
modeling to predict the effects of the Q249R mutation on
receptor function, and the results suggested that the mutated
receptor might more stably interact with the inhibitory protein

FIG. 3. A) CHO cells seeded in 6-well plates were transfected with the
indicated constitutively active MYC-tagged type I receptors in conjunction
with FLAG-tagged SMAD1 or SMAD5. Whole-cell protein lysates were
subjected to Western blot analyses and were sequentially probed with
pSMAD1/5/8, FLAG, MYC, and b-actin (ACTB) antibodies. B) LbT2 cells
seeded in 6-well plates were transfected with the indicated constitutively
active type I receptors in conjunction with FLAG-tagged SMAD5. Whole-

3

cell lysates were subjected to Western blot analyses and were sequentially
probed with pSMAD1/5/8, FLAG, and ACTB antibodies. C) CHO cells
seeded in 10-cm plates were transfected with the indicated constitutively
active MYC-tagged type I receptors in conjunction with FLAG-tagged
SMAD1. Whole-cell lysates were subjected to Western blot analysis and
were sequentially probed with pSMAD1/5/8, FLAG, MYC, and ACTB
antibodies. D) CHO cells seeded in 6-well plates were transfected with
the indicated amounts of methylated or unmethylated BMPR1B-QD/
Q249R DNA constructs obtained directly from site-directed mutagenesis
PCR reactions. Whole-cell protein lysates were subjected to Western blot
analyses and were sequentially probed with MYC and ACTB antibodies.
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FKBP12. This would be predicted to impair signaling by the
receptor to its downstream effectors, including SMAD1 and
SMAD5 [11, 13, 14]. Therefore, we examined the relative
abilities of BMPR1A-QD, BMPR1B-QD, and BMPR1B-QD/
Q249R to stimulate SMAD1 and SMAD5 phosphorylation.
Use of constitutively active forms of the receptors obviated the
need for exogenous ligand treatment. CHO cells were
transfected with combinations of the indicated receptors and
FLAG-SMAD1 or FLAG-SMAD5. Western blots using a
phospho-SMAD1/5/8 antibody showed that all three receptors
were equivalent in their abilities to stimulate SMAD1 and
SMAD5 phosphorylation (Fig. 3A, top panel [compare lanes 5,
6, 8, 9, 11, and 12 vs. lanes 2 and 3]). Reprobing of the blots
with FLAG (second panel) and MYC (third panel) antibodies
confirmed equivalent expression of the SMADs and receptors,
respectively. Similar results were observed in LbT2 cells (Fig.
3B). Thus, the BMPR1B-Q249R receptor seemed capable of
stimulating SMAD1/5 phosphorylation to the same extent as
the wild-type BMPR1B.

To confirm that point mutations can, in fact, impair
BMPR1B function in these assays, we generated a novel
mutation in BMPR1B, D265A. The aspartic acid at position
265 is only 16 amino acids C-terminal to Q249R and is located
within the L45 loop of the receptor. This receptor subdomain
has been implicated in SMAD activation by type I receptors
[35–37]. The analogous mutation in TGFBR1 (also known as
ALK5), D266A, has been reported to impair the ability of the
receptor to stimulate SMAD2 phosphorylation [38]. Whereas
BMPR1B-QD and BMPR1B-QD/Q249R stimulated SMAD1
phosphorylation, BMPR1B-QD/D265A was incapable of
doing so (Fig. 3C). All three receptors were expressed at
equivalent levels. Thus, our assays are able to detect
impairments in receptor function.

BMPR1B-Q249R Is Expressed at Wild-Type Levels

Given that our analyses failed to show impairments in
BMPR1B-Q249R function, we next examined whether the
mutation affects receptor expression. Our initial analyses
revealed equivalent expression of wild-type and Q249R forms
of BMPR1B (Fig. 3, A–C, and data not shown). We noted that
the mutation itself (CAG!CGG) introduces a novel CpG
dinucleotide (underlined) that may be a substrate for DNA
methylation. Although gene silencing is usually associated
with methylation of cytosines in CpGs within promoter or
enhancer regions, CpGs within coding regions might also be
methylated and therefore have an effect on gene expression
through their abilities to bind methyl DNA-binding proteins
[39]. Although there was no apparent effect of the mutation on
expression in transfected cells (Fig. 3, A–C), the DNA used
was propagated in Escherichia coli and would not be
methylated at this or other CpGs. Therefore, we introduced
methylated cytosines on both strands of the BMPR1B-Q249R
construct by site-directed mutagenesis using primers methyl-
ated specifically at the sites of interest. The same procedure
was followed using identical primers that lacked methylcyto-
sines. The resulting PCR products were then purified and
transfected directly into CHO cells, and their relative

FIG. 4. A) LbT2 cells in 6-well plates were treated with 0, 1, or 10 lM
compound C for 30 min, followed by treatment with 25 ng/ml BMP2 (top)
or activin A (bottom) for 1 h. Whole-cell lysates were analyzed by Western
blot for phospho-SMAD1/5/8 or phospho-SMAD2 as indicated. B) LbT2
cells were transfected with the indicated Fshb reporter and were treated
with combinations of activin A (ActA) and BMP2 in the presence or
absence of 10 lM compound C for 24 h. Data are the mean 6 SEM of
three independent experiments. Data were log transformed before
analysis. Bars with different symbols were statistically different, whereas
those sharing symbols did not differ.

FIG. 5. LbT2 cells seeded in 24-well plates were transfected with�846/
þ1 mouse Fshb-luc and 5 nM of the indicated siRNAs for each of the three
BMP type I receptors and were treated with 25 ng/ml BMP2 with or
without 25 ng/ml activin A (ActA) in serum-free medium. The data are the
mean 6 SEM of three independent experiments and are presented relative
to the control group, in which no siRNAs or ligands were included. Bars
with different symbols were statistically different, whereas those sharing
symbols did not differ.
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expression was measured by Western blot. Methylation of the
amplified DNA was confirmed by bisulfite sequencing (data
not shown). The methylated and unmethylated BMPR1B-
Q249R constructs were expressed to equivalent extents (Fig.
3D); therefore, methylation at this site alone did not seem to
affect receptor expression.

Endogenous BMPR1A Mediates BMP2 Signaling
in Gonadotroph Cells

Although the data presented herein and previous findings
[7] indicated that Acvr1, Bmpr1a, and Bmpr1b are expressed in
LbT2 cells and can augment BMP2 actions when overex-

pressed in this cell line, the data did not definitely show
whether BMP2 preferentially signals through one or more of
these receptors. To confirm that ACVR1, BMPR1A, and/or
BMPR1B is required for BMP2 signaling, we treated cells with
compound C (also known as dorsomorphin), a small-molecule
inhibitor of these three receptors [40]. We treated LbT2 cells
with 1 lM or 10 lM compound C 30 min before treatment
with 25 ng/ml BMP2 or activin A for 1 h. At 1 lM and 10 lM,
the inhibitor significantly impaired BMP2-stimulated SMAD1/
5 phosphorylation but did not affect activin A-stimulated
SMAD2 phosphorylation (Fig. 4A). Increasing the concentra-
tion to 20 lM antagonized the BMP2 effect more significantly
but also had a small inhibitory effect on activin A (data not
shown). Therefore, in subsequent analyses, we used 10 lM
compound C. We next transfected cells with a murine Fshb
reporter and treated them with BMP2 with or without activin A
in the presence or absence of compound C. The inhibitor
significantly impaired the independent and synergistic actions
of BMP2 on Fshb transcription but did not significantly alter
the activin A response or basal reporter activity (Fig. 4B).
These data suggested a role for endogenous ACVR1,
BMPR1A, and/or BMPR1B in BMP2 signaling in LbT2 cells.

We next knocked down expression of ACVR1, BMPR1A,
and/or BMPR1B by RNAi to determine which might be the
preferred receptor in this system. LbT2 cells were transfected
with �846/þ1 mouse Fshb-luc and siRNAs for ACVR1,
BMPR1A, or BMPR1B, and they were then treated with 25 ng/
ml BMP2 with or without 25 ng/ml activin A. We observed the
synergistic actions of BMP2 and activin A under control
conditions and in the presence of the ACVR1 or BMPR1B
siRNAs (Fig. 5). In contrast, the BMPR1A siRNA significantly
inhibited the synergistic actions of BMP2 and activin A on
Fshb reporter activity but did not impair the independent
activin A response. The BMPR1A siRNA did not significantly
diminish the independent BMP2 effect in the context of this
analysis, although the trend was in this direction. These data
suggested that BMPR1A is the preferred BMP2 type I receptor
in LbT2 cells.

We confirmed the functionality and specificity of the
siRNAs used in these experiments. LbT2 cells were transfected
with epitope-tagged expression vectors for ACVR1, BMPR1A,
or BMPR1B that were predicted to be sensitive or resistant to
their respective siRNAs based on sequence match or mismatch.
That is, we introduced mutations that rendered the expression
constructs perfect matches (in rat ACVR1 and human
BMPR1A) or created mismatches (in murine BMPR1B)
relative to the murine siRNAs used in the experiment shown
in Figure 5. In all cases, mutations altered the nucleotide but
not the amino acid sequences. As shown in Supplemental
Figure S1, the siRNAs specifically impaired expression of their
sequence-matched (‘‘sensitive’’) targets. The siRNAs directed
against one receptor did not inhibit expression of the other
receptors, and sequence-mismatched targets were resistant to
their corresponding siRNAs. These data confirmed that the
siRNA effects on receptor expression were sequence specific
and did not reflect nonspecific or off-target effects.

Although the BMPR1A siRNA specifically impaired
murine BMPR1A expression in LbT2 cells, we performed an
additional control to show that decreases in Fshb reporter
activity associated with the BMPR1A siRNA were attributable
to receptor knockdown and not to some other off-target effect.
We cotransfected LbT2 cells with �846/þ1 mouse Fshb-luc
and combinations of BMPR2 and siRNA-sensitive BMPR1A-
QD or siRNA-resistant BMPR1A-QD along with control,
BMPR1A, or BMPR1B siRNAs. The two forms of BMPR1A-
QD equivalently stimulated reporter activity with BMPR2

FIG. 6. A) LbT2 cells seeded in 24-well plates were transfected with
�846/þ1 mouse Fshb-luc and the indicated receptor expression vectors.
Cells were starved in serum-free medium for 24 h before analysis. The
data are the mean 6 SEM of three independent experiments and are
presented relative to the control group, in which no receptors were
transfected. B) LbT2 cells were transfected with�846/þ1 mouse Fshb-luc
and 5 nM of the indicated siRNAs for each of the three BMP type II
receptors and were treated with 25 ng/ml BMP2. The data are the mean 6

SEM of three independent experiments and are presented relative to the
control group, in which the control siRNA and no ligands were included.
Bars with different symbols were statistically different, whereas those
sharing symbols did not differ.
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(Supplemental Fig. S2). The BMPR1A, but not BMPR1B,
siRNA inhibited the stimulatory effect of the sensitive, but not
resistant, BMPR1A-QD expression vector, confirming that the
BMPR1A siRNA effect was sequence specific.

Endogenous BMPR2 and ACVR2 Mediate BMP2 Signaling
in Gonadotroph Cells

Finally, having established BMPR1A as the relevant
endogenous type I receptor in LbT2 cells, we examined with
which endogenous type II it cooperates to mediate BMP2
activity. BMP2 can bind BMPR2, ACVR2, and ACVR2B [41–
43], and we showed previously that all three of these receptors
are expressed in LbT2 cells and in adult murine pituitary [7].
We coexpressed BMPR1A-QD along with BMPR2, ACVR2,
or ACVR2B expression vectors. None of the type II receptors
had effects on their own, but all synergized with BMPR1A-QD
to stimulate Fshb promoter activity (Fig. 6A). BMPR2 and
ACVR2B had more pronounced effects than AVCR2. Next, we
knocked down expression of the endogenous type II receptors
using siRNAs. We cotransfected cells with the Fshb reporter
and the indicated siRNAs, and we then treated them with 25
ng/ml BMP2 in the presence of the activin type I receptor
inhibitor SB431542. Because we showed previously [7] that
exogenous BMPs can synergize with endogenous activins in
these cells, we needed to remove the potential confounding
effects of activin signaling through ACVR2 or ACVR2B.
Knockdown of BMPR2 or ACVR2 inhibited basal activity and
the small (although not statistically significant) induction of
Fshb transcription by BMP2 (Fig. 6B). The ACVR2B siRNA
had no effect.

DISCUSSION

We reported previously that activin A and BMP2 synergis-
tically regulate murine Fshb transcription [7]. We postulated
that BMP2 might signal preferentially through the type I
receptor ACVR1 to mediate its effects. This was based on the
observation that transfection of wild-type ACVR1, but not
BMPR1A, with the type II receptor BMPR2 stimulated
promoter-reporter activity alone and in the presence of
BMP2. In contrast, constitutively active forms of ACVR1
and BMPR1A both synergized with BMPR2 to stimulate Fshb
transcription. We subsequently discovered that our presump-
tive wild-type BMPR1A expression vector possessed a
frameshift mutation, which prematurely truncated the kinase
domain of the receptor. When we repeated the analysis using a
validated full-length receptor, we observed that BMPR1A
functioned similarly to ACVR1 (Fig. 1A). A third BMP type I
receptor, BMPR1B, is also expressed in LbT2 cells [7, 18] and
can similarly act in synergy with BMPR2 to regulate Fshb
transcription. These observations suggest that one or more type
I receptors may mediate BMP signaling in gonadotroph cells.
Indeed, inhibition of ACVR1, BMPR1A, and BMPR1B with
compound C confirmed a role for at least one of these receptors
in BMP2-regulated SMAD1/5 phosphorylation and Fshb
reporter activity (Fig. 4).

To more definitely establish which receptor(s) might be
most critical, we used siRNAs to deplete endogenous
expression of ACVR1, BMPR1A, or BMPR1B. Although all
of the siRNAs were effective in depleting expression of their
targets in sequence-specific fashion (Supplemental Figs. S1
and S2), only BMPR1A knockdown blocked the synergistic
actions of BMP2 and activin A on Fshb transcription (Fig. 5).
The BMPR1A siRNA did not hinder activin A signaling by
itself. These observations suggest that the effect of the

BMPR1A siRNA is principally through antagonism of BMP2
signaling. BMP2 can signal through multiple type I and type II
receptors [16, 44], and there is evidence for functional
redundancy of the different receptors. For example, in the
absence of BMPR2, BMP2 and BMP4 can signal through
ACVR2 [16]. Herein, BMPR2 and ACVR2, but not ACVR2B,
seemed to mediate the BMP2 response. Therefore, it is possible
that ACVR1 and/or BMPR1B might compensate for the loss of
BMPR1A, especially in light of the ability of these receptors to
modulate Fshb transcription in overexpression experiments.
However, the almost complete abrogation of BMP2-activin A
synergism in the presence of the BMPR1A siRNA (Fig. 5) and
the efficacy of ACVR1 and BMPR1B siRNAs in depleting
their targets (Supplemental Fig. S1) suggest that neither
ACVR1 nor BMPR1B compensates for the loss of BMPR1A
in LbT2 cells, at least in these transient transfection assays. In
light of these data and those with the type I receptor inhibitor
(Fig. 4), we conclude that BMPR1A is the endogenous signal-
propagating BMP2 receptor in these cells. Moreover, because
overexpression of BMPR1B can potentiate the BMP2 response
but knockdown of the endogenous receptor has no effect, we
postulate that BMPR1B may be expressed at insufficient levels
to propagate BMP2 signals in these cells.

Some Booroola (FecB) sheep that harbor a missense
mutation (Q249R) in BMPR1B have increased FSH levels
[22, 45, 46] in association with increased ovulation rates.
Therefore, we hypothesized a priori that altered BMPR1B
function might contribute to these phenotypes. The data
presented herein failed to confirm this hypothesis on multiple
levels. First (as already described), although it is expressed in
gonadotroph cells, endogenous BMPR1B does not mediate
BMP2 signaling. Second, the BMPR1B-Q249R receptor was
functionally equivalent to the wild type in multiple assays. That
is, the wild-type and mutant receptors stimulated two different
reporters (Fshb-luc and BREx4-luc) in two different cell lines
(LbT2 and HepG2) to equivalent extents (Figs. 1 and 2).
Moreover, the receptors similarly stimulated SMAD1 and
SMAD5 phosphorylation in CHO and LbT2 cells and were
expressed at equivalent levels (Fig. 3, A–C). Most important,
mutation of a nearby residue, D265A, completely abrogated
BMPR1B-regulated SMAD1 phosphorylation (Fig. 3C), dem-
onstrating the sensitivity of our experimental approach.

We also examined whether the Q249R mutation might
affect receptor expression, perhaps through DNA methylation
(Fig. 3D). However, the methylated and unmethylated Q249R
receptors were expressed at equivalent levels, which is
consistent with a previous study [23] showing equivalent
Bmpr1b mRNA levels in wild-type and Booroola sheep
ovaries.

In conclusion, the data presented herein show that BMP2
regulates murine Fshb subunit transcription independently and
synergistically with activin A by signaling through the type I
receptor BMPR1A and the type II receptors BMPR2 and
ACVR2. Although ACVR1 and BMPR1B are expressed in
LbT2 cells and in murine pituitary and both can act with
BMPR2 to regulate Fshb promoter activity in overexpression
analyses, neither seems necessary for BMP2 action, nor does
either compensate for the loss of BMPR1A. We further show
that the Q249R mutation observed in BMPR1B of Booroola
sheep does not alter the ability of the receptor to stimulate
SMAD1/5 phosphorylation or to activate target gene transcrip-
tion in different cellular contexts. Future investigations will be
required to confirm a role for BMPR1A in FSH regulation in
vivo and to determine the nature of altered BMPR1B function
in Booroola (FecB) sheep.
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Bone Morphogenetic Protein 2 Acts via Inhibitor of
DNA Binding Proteins to Synergistically Regulate
Follicle-Stimulating Hormone � Transcription with
Activin A

Catherine C. Ho and Daniel J. Bernard

Department of Pharmacology and Therapeutics, McGill University, Montreal, Quebec, Canada H3G 1Y6

We recently reported that bone morphogenetic proteins (BMPs) 2 and 4 can stimulate FSH�-
subunit (Fshb) transcription alone and in synergy with activins. We further showed that BMP2
signals via the BMP type IA receptor (or activin receptor-like kinase 3) to mediate its effects.
However, the intracellular mechanisms through which BMP2 regulates Fshb are unknown. In the
current study, we used cDNA microarray analyses (and validation by real-time quantitative RT-PCR)
to identify BMP2 target genes in the murine gonadotrope cell line, L�T2. Short-interfering RNA-
mediated knockdown, overexpression, and coimmunoprecipitation experiments were used to
examine the potential functional roles of selected gene products. Quantitative RT-PCR analysis
largely confirmed the results of the array analyses, and inhibitors of DNA binding 1, 2, and 3 (Id1,
Id2, and Id3) were selected for functional analyses. Knockdown of endogenous Id2 or Id3, but not
Id1, diminished the synergistic effects of BMP2 and activin A on Fshb transcription. Overexpression
of Id1, Id2, or Id3 alone had no effect, but all three potentiated activin A or mothers against
decapentaplegic homolog (SMAD)3 induction of Fshb transcription. Though the precise mecha-
nism through which Ids produce their effects are not yet known, we observed physical interactions
between Id1, Id2, or Id3 and SMAD3. Collectively, the data suggest that BMP2 synergistically
regulates Fshb transcription with activins, at least in part, through the combined actions of Ids 2
or 3 and SMAD3. (Endocrinology 151: 3445–3453, 2010)

The pituitary gonadotropins, FSH and LH, play essen-
tial roles in reproductive physiology. Perturbations in

either the expression or activity of these hormones or their
receptors lead to infertility in females and oligospermia or
infertility in males (1–4). Both hormones are secreted from
gonadotropes of the anterior pituitary and stimulate
gonadal steroidogenesis and gametogenesis. The gonadotro-
pins are heterodimeric glycoproteins (�/�), sharing a com-
mon �-subunit and unique �-subunits. The latter determine
both rates of mature hormone synthesis and biological spec-
ificity. FSH and LH are regulated by gonadotropin-releasing
hormone 1, secreted from the hypothalamus, as well as go-
nadal sex steroids. FSH synthesis is also regulated by the
activins and inhibins, members of the transforming growth

factor � (TGF�) superfamily (5–9). Recently, other TGF�

ligands, the bone morphogenetic proteins (BMPs), were
shown to stimulate murine Fshb transcription alone and in
synergy with activins in vitro (10–13). In contrast, BMP4
was shown to block the stimulatory effect of activins on FSH
secretion from sheep pituitary cultures (14), suggesting po-
tential interspecies variation in BMP action.

Several BMP subtypes are expressed in adult murine
pituitary and in immortalized gonadotropes, L�T2 (10–
12). However, the in vivo role, if any, for these proteins in
FSH regulation has not yet been established. Although
BMP6 and BMP7 are endogenously expressed in L�T2
cells, they regulate Fshb transcription with low potency. In
contrast, BMP2 and BMP4, which are expressed at low
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levels in these cells, are able to stimulate Fshb transcription
with greater potency (10). Because BMP2 and BMP4 are
highly expressed in theadultmurinepituitary (presumably
by other cell types), they may act as paracrine regulators
of gonadotrope function.

BMP2 and BMP4 are less potent than activins in their
induction of Fshb transcription. However, BMPs and ac-
tivins have strong synergistic actions (10–13). Therefore,
for Fshb regulation, BMPs may be more important for
their cooperative than independent actions. In neither
case, however, do we have a clear mechanistic understand-
ing of BMP’s effects. We previously demonstrated that
BMP2 signals via the BMP type IA receptor [also known
as activin receptor-like kinase (ALK)3] to stimulate Fshb
transcription in L�T2 cells (15). Overexpression ap-
proaches also implicated the signaling protein, mothers
against decapentaplegic homolog (SMAD)8, in BMP2-
stimulated Fshb expression. However, a role for the en-
dogenous SMAD8 has not yet been established nor do we
know how overexpressed SMAD8, directly or indirectly,
produces its effects. To gain greater insight into how
BMP2 may regulate Fshb in gonadotropes, we used cDNA
microarrays to identify BMP2 target genes in L�T2 cells.
Under our experimental conditions, a relatively limited
number of genes were regulated by BMP2. However, fol-
low-up analyses implicate the inhibitors of DNA binding
2 and 3 (Id2 and Id3) in BMP2/activin A synergistic in-
duction of murine Fshb transcription.

Materials and Methods

Reagents
Human recombinant activin A and BMP2 were purchased

from R&D Systems (Minneapolis, MN). Gentamycin, 1� PBS,
and DMEM with 4.5 g/liter glucose, L-glutamine, and sodium
pyruvate were purchased from Wisent (St. Bruno, Quebec, Can-
ada). F-12/DMEM with 2.5 mM L-glutamine, 15 mM HEPES
buffer, and 1.2 g/liter sodium bicarbonate was purchased from
HyClone Laboratories (South Logan, UT). Random primers,
Moloney murine leukemia virus-reverse transcriptase, RNasin,
and deoxynucleotide triphosphates, and 1� passive lysis buffer
was from Promega (Madison, WI). Protease inhibitor tablets
(Complete Mini) were purchased from Roche (Mississauga, On-
tario, Canada). EZview Red ANTI-FLAG M2 Affinity Gel (cat-
alog no. F2426), SB431542, mouse monoclonal �-actin (no.
A5441), mouse monoclonal hemagglutinin (HA) (no. H9658),
and rabbit monoclonal FLAG (no. F3165) antibodies were from
Sigma (St. Louis, MO). Horseradish peroxidase conjugated sec-
ondary antibodies were from Bio-Rad (Hercules, CA) and en-
hanced chemiluminescence Plus reagent was from GE Health-
care (Piscataway, NJ). Short-interfering RNAs (siRNAs) were
purchased from Dharmacon (Lafayette, CO): Control (catalog
no. D-001210-05), IDB1 (ID1, catalog no. D-040701-17), IDB2
(ID2, catalog no. D-060495-02), IDB3 no. 2 (ID3, catalog no.
D-046495-02), and IDB3 no. 3 (ID3, catalog no. D-046495-03).

Lipofectamine/Plus, Lipofectamine 2000, TRIzol Reagent, and
SYBRgreen Supermix for quantitative PCR (qPCR) were from
Invitrogen (Carlsbad, CA). In solution, MG132 proteasome in-
hibitor was purchased from Calbiochem (San Diego, CA) (cat-
alog no. 474791).

Constructs
The murine and porcine Fshb promoter-reporter constructs

were described previously (16, 17). The SMAD3-responsive
CAGA12-luc reporter was described previously (18) and by
Dennler et al. (19). HA-tagged murine Id1, Id2, and Id3 expres-
sion constructs were generously provided by Nacksung Kim
(20). Human FLAG-SMAD1, human FLAG-SMAD3, and mu-
rine FLAG-SMAD4 were provided by T. Woodruff (Northwest-
ern University, Chicago, IL). Human FLAG-SMAD2 and human
FLAG-SMAD3 were provided by E. Robertson (University of
Oxford, Oxford, UK). Murine FLAG-SMAD5 and FLAG-
SMAD6 were provided by T. Watanabe (Tokyo University, To-
kyo, Japan). Murine FLAG-SMAD7 and rat myc-SMAD8 were
provided by C. H. Heldin (Ludwig Institute for Cancer Research,
Uppsala, Sweden). The rat FLAG-SMAD8 construct was gener-
ated in-house by PCR using myc-SMAD8 as template. Human
FLAG SMAD3 N-terminal only (N), N-terminal plus linker
(NL), linker plus C-terminal (LC), and C-terminal only (C) were
purchased from Addgene (Cambridge, MA).

Cell cultures and transfections
Immortalized murine gonadotrope L�T2 cells were provided

by P. Mellon (University of California, San Diego, CA) and were
cultured in 10% fetal bovine serum/DMEM and 4 �g/ml gen-
tamycin as described previously (21). For gene array experiments
and quantitative RT-PCR (qRT-PCR) analyses (see details be-
low), L�T2 cells cultured in 10-cm dishes for approximately 48 h
were washed with serum-free DMEM and then treated for 24 h
with 2 nM (50 ng/ml) BMP2 in DMEM. The ALK4/5/7 inhibitor
SB431542 (22) was included (final concentration 10 �M) to
block the effects of endogenous activin B. Cells were washed with
1� PBS and total RNA extracted with TRIzol (Invitrogen) fol-
lowing the manufacturer’s instructions.

For luciferase assays, cells were plated in 24-well plates (2.5 �
105 cells per well) or in 48-well plates (0.8 � 105 cells per well)
approximately 36 h before transfection. Cells were transfected
with 450 or 225 ng of the reporter/well, respectively, using Li-
pofectamine 2000 following the manufacturer’s instructions (In-
vitrogen). In Id1, Id2, or Id3 overexpression experiments, L�T2
cells cultured in 24- or 48-well plates were transfected with 50 or
25 ng of expression plasmid per well, respectively. In both cases,
cells were treated with 1 nM activin A and lysates collected 24 h
after treatment. In SMAD3 and Id1, Id2, or Id3 overexpression
experiments, L�T2 cells cultured in 24- or 48-well plates were
transfected with 100 or 50 ng of the SMAD3 expression plasmid
per well. Cells were changed to serum-free media and lysates
collected 24 h later. In RNA interference (RNAi) experiments,
siRNAs in 1� siRNA buffer [20 mM KCl, 6 mM HEPES (pH7.5),
and 0.2 mM MgCl2] were transfected at a final concentration of
5 nM. Resulting data were normalized to cells transfected with the
control siRNA. Twenty-four hours after transfection, cells were
washed in1�PBSandtreatedwith1nM (25ng/ml)activinAand/or
BMP2inDMEMorwithDMEMalone(noligandcontrol) for24h.

CHO cells were obtained from P. Morris (Population Coun-
cil, New York, NY) and cultured in F-12/DMEM containing
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10% fetal bovine serum and 4 �g/ml gentamycin. CHO cells in
six-well plates were transfected when 70–80% confluent using
Lipofectamine/Plus and 100–250 ng of the indicated Id expres-
sion vectors and 10 nM of the indicated control or Id siRNAs for
6 h and then changed to growth media. Cell protein lysates were
harvested the day after for use in immunoblot analyses (see be-
low). CHO cells grown in 10-cm dishes were transfected in the
same manner as in the six-well plates using Lipofectamine/Plus
and 4 �g of the indicated HA-tagged Id and FLAG-tagged SMAD
expression vectors. Cell protein lysates were harvested the day
after for use in immunoprecipitation (IP) analyses (see below). In
one experiment (as indicated), 10 �M MG132 in growth media
was included 5 h before harvest.

Gene array
Affymetrix GeneChips (430 version 2.0; Affymetrix, Santa

Clara, CA) were used to identify BMP2 target genes in L�T2
cells. Total RNA was collected from cells treated as described
above and submitted to The Rockefeller University Genomics
Resource Center for processing (The Rockefeller University,
New York, NY). Two sets of raw chip data (n � 2) from the
microarrays were analyzed using FlexArray (version 1.3 from
GenomeQuébec) first by background correction then by data
normalization. The average difference for each gene between
treated and untreated cells was calculated and the fold change in
gene expression determined. Supplemental Fig. 1A published on
The Endocrine Society’s Journals Online web site at http://
endo.endojournals.org shows the mean of two different arrays
represented as a scatter plot. Data points that stray furthest from
the identity line represent genes that showed the greatest fold
change in response to BMP2 treatment. Data were then analyzed
using EB Wright & Simon statistical analysis, and the results
presented as a Volcano Plot (Supplemental Fig. 1B). Cluster anal-
ysis of the microarray data was performed with the DAVID online
functional annotation tool (available at david.abcc.ncifcrf.gov/).
The protein products of the regulated genes can be broadly cate-
gorized into functional groups implicated in TGF� signaling, tran-
scriptional regulation, cardiac development, muscle contraction,
negative regulation of cellular metabolic process, and one gene en-
coded a protein of unknown function.

RT and qRT-PCR
RT was performed on 1–2 �g of total RNA as previously

described (21). qRT-PCR was performed on the resulting cDNA
using the SYBRgreen Supermix following manufacturer’s in-
structions with the Corbett Rotorgene 6000 qPCR machine
(Corbett Life Science, San Francisco, CA). Data represent the
mean of three independent experiments (n � 1 per experiment).
Expression of target genes was normalized relative to ribosomal
protein L19 (Rpl19) in the same sample. Results were analyzed
using the 2���Ct method (23, 24), and the data presented relative
to the no ligand control. Sequences of the qPCR primers for the
various target genes are shown in Supplemental Table 1.

Luciferase assays
Cells were washed with 1� PBS and lysed in 1� passive lysis

buffer. Luciferase assays were performed on an Orion II micro-
plate luminometer (Berthold Detection Systems, Oak Ridge, TN)
using standard reagents. All treatments were performed in trip-
licate as described in the text or figure legends. Data are repre-

sented as means of means from three or more independent
experiments.

IP
Cells were washed with 1� PBS and whole-cell protein ex-

tracts (WCE) prepared with lysis buffer [50 mM Tris HCl (pH
7.4), 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100] and
centrifuged at 10,000 rpm for 15 min at 4 C to remove insoluble
material. WCEs were subjected to IP using EZview Red ANTI-
FLAG M2 Affinity Gel following the manufacturer’s instruc-
tions. In short, WCEs were incubated with the affinity gel on a
rotating platform overnight at 4 C to allow binding of FLAG-
SMAD3 to the Anti-FLAG affinity gel. The affinity gel was then
incubated in 1� FLAG peptide (catalog no. F4799) solution on
a rotating platform for 45 min at 4 C to elute gel-bound proteins.
The eluted proteins were then analyzed by immunoblot (see
below).

Immunoblotting
Cells were washed with 1� PBS and WCEs prepared in 1�

radioimmunoprecipitation assay buffer [1% Nonidet P-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 0.15 M

NaCl, 0.01 M sodium phosphate (pH 6.8), 2 mM EDTA, 50 mM

sodium fluoride, and Complete Mini Protease Inhibitor Cocktail
Tablets] and centrifuged at 13,000 rpm for 0.5 h at 4 C to remove
insoluble material. WCEs (or eluted proteins from IPs) were sub-
jected to immunoblot analyses as previously described (21).
Briefly, equivalent amounts of protein were separated by SDS-
PAGE and transferred to Protran nitrocellulose filters (Schlei-
cher and Schuell, Keene, NH). Blots were probed with the indi-
cated antibodies using standard techniques.

Data analysis
Reporter assay and qPCR data from three replicate experi-

ments were highly similar. Therefore, means of treatment repli-
cates within each experiment were calculated to generate a single
value per treatment per experiment. The data from replicate
(three or more) experiments were then used for statistical anal-
yses. Data are presented as fold change from the control condi-
tion (no ligand and/or transfection with empty vector alone).
Differences between means of untransformed or log-trans-
formed data were compared using one-, two-, or three-way
ANOVA followed by post hoc pair-wise comparison with
Bonferroni or Tukey adjustment where appropriate (Systat
10.2; Systat, Richmond, CA). Significance was assessed rela-
tive to P � 0.05.

Results

Identification of BMP2-regulated genes by
microarray analysis

cDNA microarrays were used to identify BMP2 target
genes in L�T2 cells. These cells synthesize activin B (10,
25). Therefore, to remove effects derived from synergistic
actions of exogenous BMP2 and endogenous activin B, we
blocked the latter with the small molecule inhibitor,
SB431542 (22). BMP2 (2 nM for 24 h) stimulated an in-
crease in mRNA levels of 18 genes (Id1, Id2, Id3, Asgr1,
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Atp2c2, Chrna2, Ephx2, Evc2, Gdf9, Gkn3, Hesx1,
Klk7, Rgs6, Rya3, Smad6, Tbc1d10a, Tnni3, and Tnnt1)
(Supplemental Fig. 1 and Table 1), with the magnitude of
change ranging from 2- to 15-fold. BMP2 also down-reg-
ulated seven transcripts (Calb1, Camk4, Cpa1, Crym,
Matn1, Stk25, and Tg) (Supplemental Fig. 1 and Table 1)
by greater than 2-fold.

qRT-PCR was used to validate the results from the mi-
croarray analysis. L�T2 cells were treated with BMP2 and
SB431542 in the same manner as for the microarray anal-
ysis. RNA was collected after 24 h, and relative expression
levels of nine up-regulated (Fig. 1A) and three down-reg-
ulated genes (Fig. 1B) were examined by qRT-PCR. These
12 genes were selected based on our interest in their pu-
tative functions. The changes in gene expression observed
in qRT-PCR mirrored qualitatively those observed with
the microarray, although the overall magnitude of the re-
sponse differed between the two methods. One gene that
differed on the array, Atp2c2, showed no change in re-
sponse to BMP2 treatment by qRT-PCR. The correct iden-
tity of the PCR products was verified by restriction digest
or direct sequencing (data not shown). Although Fshb ex-
pression in L�T2 cells (BMP2 treated or untreated) was
below the threshold of detection on the microarray, we
observed a BMP2-stimulated increase by qRT-PCR (data
not shown). However, because the Fshb mRNA expres-

sion level in cells not treated with BMP2 (i.e. control cells)
was at or below the detection limit of the qRT-PCR assay, it
was difficult to accurately assess the precise fold induction.

Depletion of endogenous Id2 or Id3 inhibits both
activin A and activin A/BMP2 regulation of Fshb
transcription

Id1, Id2, and Id3 were among the genes most up-reg-
ulated by BMP2 (Supplemental Fig. 1 and Fig. 1A and
Table 1). Id proteins have previously been implicated as
effectors of BMP signaling in a variety of cellular systems
(26–33). To determine a potential role for endogenous Id
proteins in BMP2 regulation of Fshb transcription, we
used siRNAs to deplete their expression in L�T2 cells.
Cells were transfected with a murine Fshb promoter-re-
porter and the indicated siRNAs. After 24 h, cells were
then treated with 1 nM BMP2 � 1 nM activin A. Knock-
down of Id2 or Id3, but not Id1, diminished both activin
A and activinA/BMP2-stimulated reporter activity (Fig.
2). To confirm the efficacy of the siRNAs, we examined
the effects of the siRNAs on ID1/2/3 protein expression.
Under our assay conditions, transfection efficiency of
L�T2 cells is insufficient to obtain an accurate measure of
the extent of RNAi-mediated knockdown of mRNA/pro-
tein expression on a per cell basis (21). Therefore, to val-
idate the siRNAs, we overexpressed murine HA-Id1/2/3

TABLE 1. BMP2-regulated genes in L�T2 cells

Gene
qRT-PCR

(fold change)
Microarray

(fold change) P (microarray)

Inhibitor of DNA binding 3 (Id3) 10.1 15.6 5.5E-08
Gastrokine 3 (Gkn3)a – 4.8 2.1E-05
Inhibitor of DNA binding 1 (Id1) 9.1 4.7 5.8E-07
Inhibitor of DNA binding 2 (Id2) 7.7 3.8 6.5E-07
Troponin I, Cardiac (Tnni3)a – 3.7 1.0E-06
TBC1 domain family, member 10A (Tbc1d10a) 9.2 3.7 2.7E-06
MAD homolog 6 (Smad6) 8.7 3.6 6.3E-07
Antimicrobial peptide RYA3 (Rya3)a – 3.5 5.5E-07
Ellis van creveld syndrome 2 homolog (Evc2)a – 3.3 9.2E-07
Cholinergic receptor, nicotinic, � polypeptide 2 (Chrna2)a – 3.0 1.4E-06
Troponin T1, skeletal, slow (Tnnt1)a – 2.4 1.1E-05
ATPase, C2� transporting, type2C, member 2 (Atp2c2) 1.2 2.4 1.8E-05
Regulator of G-protein signaling 6 (Rgs6) 25.9 2.3 2.3E-04
Epoxide Hydrolase 2 (Ephx2)a – 2.3 7.6E-06
Kallikrein 7 (Klk7)a – 2.2 2.0E-05
Homeo box gene expressed in ES cells (Hesx1) 3.1 2.1 1.2E-05
Asialoglycoprotein receptor 1 (Asgr1)a – 2.1 1.8E-04
Growth Differentiation factor 9 (Gdf9) 3.7 2.1 1.6E-05
Thyroglobulin (Tg)a – 0.5 2.9E-05
Serine/Threonine kinase 25 (Stk25) 0.8 0.5 9.0E-04
Matrilin 1 cartilage matrix protein 1 (Matn1)a – 0.5 1.5E-05
Calcium/calmodulin-dependent protein kinase IV (Camk4) 0.7 0.5 4.8E-03
Crystallin, � (Crym)a – 0.5 4.3E-05
Carboxypeptidase a1 (Cpa1)a – 0.5 1.8E-05
Calbindin-28K (Calb1) 0.4 0.4 6.7E-05

E, Exponent; –, not measured.
a Genes not analyzed by qRT-PCR.
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constructs in CHO cells in the presence or absence of the
Id1/2/3 siRNAs (Supplemental Fig. 2). Each siRNA potently
inhibited protein expression of its target. Collectively, these
data suggest that Id2 and Id3 may mediate BMP2’s syner-
gistic but not independent effects on Fshb transcription.

Id proteins potentiate the stimulatory effect of
activin A on Fshb transcription

The data in Fig. 2 suggested that Id protein expression
under both untreated and BMP2-stimulated conditions
modulates activin A induction of Fshb transcription. To
determine whether Ids can substitute for BMP2 to regulate
Fshb transcription, we transfected L�T2 cells with a mu-
rine Fshb promoter-reporter along with Id1, Id2, or Id3
expression constructs. Cells were then treated with 1 nM

activin A for 24 h. Id1, Id2, or Id3 expression alone did not

significantly alter Fshb reporter activity (Fig. 3). However,
expression of Id1, Id2, or Id3 significantly potentiated the
stimulatory effect of activin A. These data suggest that Id
regulation of Fshb transcription is activin dependent.

Id proteins functionally interact with SMAD3 to
stimulate Fshb transcription

Activins stimulate Fshb transcription, at least in part,
via SMAD3 in L�T2 cells (21, 34, 35). We therefore ex-
amined whether Ids cooperate with SMAD3 to regulate
Fshb. We transfected L�T2 cells with a murine Fshb pro-
moter-reporter along with Id1, Id2, or Id3 expression con-
structs in the presence or absence of a SMAD3 expression
construct. As expected, SMAD3 alone strongly up-regu-
lated murine Fshb transcription, whereas Id1, 2, or 3 alone
did not (Fig. 4A). However, transfection of Ids in combi-
nation with SMAD3 significantly potentiated the stimu-

FIG. 1. L�T2 cells seeded in 10-cm dishes were treated with vehicle or
50 ng/ml BMP2 in SF-DMEM containing 10 �M SB431542 for 24 h.
RNA was extracted, and changes in expression of the indicated genes
were measured by qRT-PCR. Data reflect the mean (�SEM) from three
independent experiments and are normalized to the housekeeping
gene, Rpl19, and presented as fold change in mRNA expression
relative to untreated cells. Bars with asterisks were statistically different
from 1, Bonferroni adjustment (P � 0.05). Up- and down-regulated
genes are shown in A and B, respectively.

FIG. 2. L�T2 cells seeded in 24-well plates were transfected with
murine �846/�1 Fshb-luc and 5 nM of the control siRNA or siRNAs for
the indicated Ids and treated with 25 ng/ml activin A (ActA), BMP2, or
both for 24 h in serum-free medium. The data reflect the mean (�SEM)
luciferase activity from three independent experiments and are
presented relative to the control group, in which control siRNA was
transfected, but no ligands were included. Bars with asterisks are
statistically different from their respective control with the same
treatment conditions, Bonferroni adjustment (P � 0.05).

FIG. 3. L�T2 cells seeded in 24- or 48-well plates were transfected
with �846/�1 Fshb-luc along with 50 or 25 ng/well, respectively, of
the indicated Id1, Id2, or Id3 expression constructs. Cells were then
treated with 25 ng/ml activin A (ActA) for 24 h. Data are the means
(�SEM) of five independent experiments and are presented relative to
untreated cells transfected with the empty expression vector. Bars with
different symbols were statistically different, whereas bars sharing
symbols did not differ, Bonferroni adjustment (P � 0.05). m, Murine.
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latory effect of SMAD3. The same pattern of results was
observed with a porcine Fshb promoter-reporter (Fig. 4B).
Although there was a significant main effect of Id over-
expression, the SMAD3 � Id interaction was not signifi-
cant (P � 0.358), precluding pair-wise comparisons. In
contrast, Ids failed to potentiate SMAD3 induction of the
SMAD3/4-responsive reporter CAGA12-luc (data not
shown). These data suggested that the combined actions of
Id proteins and SMAD3 are promoter specific.

Id proteins physically interact with SMAD3
We next asked whether the functional interaction be-

tween Ids and SMAD3 might reflect physical interactions
between the proteins. FLAG-SMAD3 and HA-Id1, HA-
Id2, or HA-Id3 were cotransfected in CHO cells. Whole-

cell lysates were harvested, SMAD3-containing com-
plexes were immunoprecipitated with FLAG affinity gel,
and interacting Ids assessed by immunoblot with an HA
antibody. All three Id proteins were pulled down with
FLAG-SMAD3 (Fig. 5A), suggesting that the proteins are
part of the same complex.

Next, we assessed the SMAD3 subdomain(s) mediating
the interaction with Ids. SMAD3 has three functional do-
mains: the N-terminal MH1 domain (N), a linker domain
(L), and the C-terminal MH2 domain (C) (36). Given that
all three Ids physically interacted with SMAD3, we used
Id2 as a reference to determine the interacting domain in
SMAD3. CHO cells were cotransfected with HA-Id2
and the FLAG-tagged full-length SMAD3, SMAD3N,
SMAD3NL, SMAD3LC, or SMAD3C expression vectors.
Whole-cell lysates were collected and subjected to IP/im-
munoblot analysis as in Fig. 5A. The data show a prefer-
ential interaction between Id2 and SMAD3 MH2 domain
(Fig. 5B). The identities of the multiple bands in the
SMAD3LC and SMAD3C lanes were not determined.
However, the original paper describing these constructs
reported the same banding pattern (37).

Id2 selectively interacts with SMAD3 and SMAD8
To determine whether the interaction between Id and

SMAD proteins is general or specific, we examined Id2’s
interaction with all eight mammalian SMAD proteins. CHO
cells were cotransfected with HA-Id2 and FLAG-SMAD1,
FLAG-SMAD2, FLAG-SMAD3, FLAG-SMAD4, FLAG-
SMAD5, FLAG-SMAD6, FLAG-SMAD7, or FLAG-
SMAD8 expression vectors. As in the foregoing analysis,
whole-cell lysates were subjected to IP/immunoblot analysis.
Although all SMADs were expressed to roughly equivalent
levels, Id2 interacted exclusively with SMAD3 and SMAD8
(Fig. 6).

Discussion

We previously demonstrated that BMP2 potentiates ac-
tivin A-induction of Fshb transcription in immortalized
murine gonadotropes (10). In addition, we identified
ALK3 (BMP type IA receptor) as the preferred type I re-
ceptor mediating BMP2 actions (15). In the current study,
we further dissected the downstream pathway(s) through
which BMP2 may act to modulate activin A-induction of
Fshb transcription. We used cDNA microarrays as a
search tool for candidate regulators. To our surprise, rel-
atively few genes were BMP2-regulated. This may be at-
tributable to the inclusion of the ALK4/5/7 inhibitor,
SB431542, to remove the confounding effects of endoge-
nous activin B. Moreover, we only examined a single time

FIG. 4. A, L�T2 cells seeded in 24- or 48-well plates were transfected
with �846/�1 Fshb-luc along with 50 or 25 ng/well, respectively, of
the indicated Id1, Id2, and/or Id3 expression constructs and 100 or 50
ng/well, respectively, of the SMAD3 expression construct. Cells were
cultured in serum-free media 24 h before harvest. Data are the means
(�SEM) of 11 independent experiments and are presented relative to
cells transfected with the empty expression vectors. Statistical analysis
was done with log-transformed data with Tukey adjustment. Bars with
different symbols were statistically different, whereas bars sharing
symbols did not differ (P � 0.05). m, Murine. B, L�T2 cells seeded in
24-well plates were transfected with a porcine �326/�8 Fshb-luc
reporter construct along with 50 ng/well of the indicated Id1, Id2, and/
or Id3 expression constructs and 100 ng/well of the SMAD3 expression
construct. Cells were cultured in serum-free media 24 h before
harvest. Data are the means (�SEM) of three independent experiments
and are presented relative to cells transfected with the empty
expression vectors.

3450 Ho and Bernard BMP2 Regulation of FSH� via Id Proteins Endocrinology, July 2010, 151(7):3445–3453



point and dose of BMP2 treatment. Nonetheless, known
BMP-response genes Id1, Id2, Id3, and Smad6 were
among the up-regulated transcripts (26–33, 38), validat-
ing our results. Importantly, the qRT-PCR analysis largely
confirmed the results of the array analyses. Because Id
proteins have been implicated as effectors of BMP signal-
ing in other contexts (28), we explored their potential roles
in Fshb transcription.

We suppressed endogenous Id1, Id2, and Id3 expres-
sion with siRNAs. Depletion of Id2 or Id3 attenuated both
activin A and activin A plus BMP2-induction of Fshb tran-
scription but did not affect the BMP2 response. In con-

trast, Id1knockdownwaswithouteffect.
These data suggest that BMP2 may syn-
ergize with activins, at least in part, via
up-regulating Id2 and/or Id3 production,
but that BMP2’s independent effects on
Fshb transcription do not require stimu-
lated Id expression. Consistent with this
hypothesis, Id1, Id2, or Id3 overexpres-
sion potentiated the activin A response,
while having no effect on their own. Be-
cause Id2 or Id3 knockdown also antag-
onized the independent activin A re-
sponse,basal levelsof Id2or Id3mayplay
previously unappreciated roles in activin-
induced Fshb transcription. It is interest-
ing to note that Id1 overexpression, but
not knockdown, potentiated the activin
A response. We do not currently know
the cause of these apparently discrepant
results. One possibility is that neither
basal nor BMP2-stimulated Id1 protein
levelsaresufficientlyhightomodulateac-
tivin A’s effects. Alternatively, Id2 or Id3
might compensate for the absence of Id1.
Data from knockout models are consis-

tent with this latter possibility (28, 39–42).
Activins regulate Fshb via SMAD proteins, in particular

SMAD3 (21, 34, 35). Indeed, SMAD3 overexpression is
sufficient to stimulate Fshb transcription in L�T2 cells.
We therefore asked whether Ids modulate SMAD3 activ-
ity. SMAD3 potently stimulated murine Fshb promoter
activity, and this effect was potentiated by all three Id
proteins, which again had no effect on their own. These
data are consistent with our previous observation that
BMP2 potentiates the effects of overexpressed SMAD3
(10). We examined Id modulation of SMAD3 induction of
two additional reporters: porcine Fshb-luc and CAGA12-
luc. As with the murine reporter, the porcine Fshb pro-
moter is SMAD3 responsive and synergistically regulated
by activin A and BMP2 (10, 17). The pattern of results
with the porcine promoter was highly similar to that with
the murine promoter. We observed significant main effects
of both SMAD3 and Id overexpression. Unlike the case
with the murine promoter, however, the SMAD3 � Id
interaction was not statistically significant, suggesting
that the combined actions of the proteins were additive
rather than synergistic. This could reflect interspecies dif-
ferences or perhaps limitations of the analyses. We prefer
the latter explanation. That is, with additional replica-
tions of the experiment (and more statistical power), the
interaction might have been significant. Indeed, one should
note that the Ids when expressed alone did not modify re-

FIG. 5. A, CHO cells seeded in 10-cm dishes were transfected with 4 �g of HA-Id1, HA-Id2,
or HA-Id3 and 4 �g of FLAG-SMAD3 expression vector. Whole-cell lysates were collected for
FLAG-IP analysis. IP proteins were subjected to immunoblot (IB) analysis with FLAG and HA
antibodies. B, CHO cells seeded in 10-cm dishes were transfected with 4 �g of HA-Id2 and 4
�g of FLAG-SMAD3 (wild type), FLAG-SMAD3N (N), FLAG-SMAD3NL (NL), FLAG-SMAD3LC
(LC), or FLAG-SMAD3C (C) expression vectors. Cells were treated with 10 �M MG132 5 h
before harvest. IP/immunoblots were performed as in B.

FIG. 6. CHO cells seeded in 10-cm dishes were transfected with 4 �g of
HA-Id2 and 4 �g of FLAG-SMAD1, FLAG-SMAD2, FLAG-SMAD3, FLAG-
SMAD4, FLAG-SMAD5, FLAG-SMAD6, FLAG-SMAD7, or FLAG-SMAD8
expression vectors. IP/immunoblots were performed as in Fig. 5.
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porter activity. Instead, their actions were only observed in
the presence of coexpressed SMAD3. In contrast, Ids failed
to potentiate or modify SMAD3 induction of the SMAD3/
4-responsive reporter, CAGA12-luc (data not shown) (18,
19).Thedatathereforesuggest thatSMAD3/Idcooperativity
(either synergism or additivity) reflects a promoter-specific
rather than a general phenomenon (i.e. that Ids to not gen-
erally modify SMAD3 activity).

We next asked whether a physical interaction might
underlie the cooperative actions of Ids and SMAD3. By
co-IP, we observed interactions between all three Ids ex-
amined and SMAD3. We further mapped the interaction
to the SMAD3 MH2 domain. To our knowledge, this is the
first demonstration of SMAD3-Id interactions. Ids are mem-
bers of the helix-loop-helix (HLH) family of transcription
factors. Interestingly, SMAD3 was similarly shown to inter-
act with myogenic differentiation antigen 1, a basic HLH
(bHLH) transcription factor, via its MH2 domain (43).
Thus, althoughwedidnotmap the interactiondomain in the
Ids, the observation that all three Ids and myogenic differ-
entiation antigen 1 interact with SMAD3 suggests that the
commonHLHdomain likelymediates the interaction.Given
theconservationof theMH2domainacross theeightSMAD
family members in mammals, we were surprised to see that
SMAD8 was the only other SMAD to interact with Id2. The
basis for this specificity is not yet known. However, it may be
important to note that we previously observed that overex-
pressed SMAD8, but not other BMP-regulated SMADs (1
and 5), potently stimulates murine Fshb promoter activity in
BMP2-treated L�T2 cells (10).

Although SMAD3 and Id proteins can physically inter-
act, how this might lead to their functional interaction is
not yet known. We examined whether coexpression of Ids
impacted SMAD3 nuclear localization but observed no
effect (data not shown). SMAD binding to DNA, which is
weak on its own, is enhanced through protein-protein in-
teraction. That is, SMADs can interact with high(er) af-
finity DNA binding cofactors (36, 44–52). It is therefore
tempting to speculate that Ids might increase SMAD3 af-
finity for the Fshb promoter. However, there is no evi-
dence the Ids bind directly to DNA. Another possibility is
that a bHLH family member might interact with SMAD3,
inhibiting its activity at the Fshb promoter (53). Ids might
then compete for binding to SMAD3, relieving this repres-
sion. Future investigations aimed at identifying bHLH
proteins interacting with SMAD3 in L�T2 cells will pro-
vide an important first step in testing this hypothesis.

In summary, we used global gene expression profiling
to identify BMP2-regulated genes in L�T2 cells. Among
the up-regulated transcripts were the Ids which are known
BMP-response genes in other cellular systems (26–33, 38).
By RNAi-mediated knockdown, we demonstrate that Id2

and Id3 contribute to activin A and activinA/BMP2 reg-
ulation of Fshb expression. How the Ids produce their
effects arenot entirely clear.However, overexpressionand
co-IP data suggest that a physical interaction between Ids
and SMAD3 may form part of the underlying mechanism.
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Bone morphogenetic protein 2 (BMP2) stimulates expression of the inhibitors of DNA binding (Id) 1, 2, and
3 in a variety of cell types. Here, we examined mechanisms mediating BMP2-stimulated Id3 transcription
in murine gonadotropes. Using a combination of quantitative RT-PCR, promoter-reporter analyses, over-
expression, and RNA interference approaches, we demonstrate that BMP2 signals via the BMPR2 and
BMPR1A (ALK3) receptors and intracellular signaling proteins SMADs 1 and 5 to stimulate Id3 transcrip-
tion. We further define a novel 6-bp cis-element mediating BMP2- and SMAD-dependent transcription,
though this site does not appear to bind SMADs directly. A specific DNA binding protein complex binds
to this element, but its constituent protein(s) remain undetermined. Recently, a more distal enhancer
MPR1A
MPR2
MAD1/5
ituitary

was shown to mediate BMP4-induction of the human ID3 gene in ovarian cancer cells. This enhancer
is conserved in the murine gene and we demonstrate its role in BMP2-induced Id3 promoter activity in
gonadotropes. Conversely, the proximal cis-element defined here is also conserved in human ID3 and we
demonstrate its functional role in BMP2-induction of ID3 transcription. Finally, we show that the two
regulatory elements also mediate BMP2-induction of Id3 promoter activity in murine fibroblasts. Collec-
tively, we have defined a general mechanism whereby BMP2 regulates Id3/ID3 transcription in different

spec
cell types and in different

. Introduction

Bone morphogenetic proteins (BMPs) were originally identified
s factors that induce ectopic bone and cartilage formation when
mplanted into muscular tissue (Urist, 1965). BMPs are now known
o play diverse roles, for example, in osteoblast and chondrocyte
ifferentiation, tooth development, kidney development, skin and
air development, myogenic differentiation, neural cell differen-
iation, and vascular homeostasis (Derynck and Miyazono, 2008).
ver 20 BMP family members, all part of the larger transforming
rowth factor � (TGF�) superfamily, have been identified and char-
cterized (Derynck and Miyazono, 2008). Although BMPs exhibit
ighly conserved structures, they can be classified into several sub-

roups based on their structural homology. For example, BMP2 and
MP4 are highly similar and form one subgroup (Miyazono et al.,
010; Sieber et al., 2009). BMP2/4 signaling is initiated by binding
o BMP type I serine/threonine receptors, ACVR1, BMPR1A and/or

� This research was funded by operating grants from the CIHR (MOP-86626 to DJB)
nd NIH (R01 DE020843 to YM). CCH was a recipient of McGill Faculty of Medicine
nternal Studentships and DJB holds a salary award from the FRSQ.
∗ Corresponding author. Tel.: +1 514 398 2525; fax: +1 514 398 6705.

E-mail address: daniel.bernard@mcgill.ca (D.J. Bernard).

303-7207/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.mce.2010.10.019
ies.
© 2010 Elsevier Ireland Ltd. All rights reserved.

BMPR1B (Shimasaki et al., 2004). Type II receptors, such as BMPR2,
are then recruited into the complex and phosphorylate the type
I receptors (Allendorph et al., 2006; Miyazono, 1999). BMPs may
also bind preassembled type I/type II receptor complexes (Gilboa
et al., 2000; Nohe et al., 2002). BMP family members show some
promiscuity in their receptor binding. For example, BMP2/4 pref-
erentially signal through the type II receptor, BMPR2, but can use
ACVR2 in its absence (Yu et al., 2005). The activated type I receptors
phosphorylate intracellular signaling proteins, the most thoroughly
characterized of which are the receptor-regulated SMADs (or R-
SMADs), SMADs 1, 5, and 8. Once phosphorylated, R-SMADs form
heteromeric complexes with the co-regulatory SMAD (SMAD4)
and accumulate in the nucleus. SMADs then regulate target gene
transcription by directly binding to DNA and interacting with differ-
ent transcriptional co-activators or co-repressors (Massague et al.,
2005; Miyazawa et al., 2002; Miyazono, 1999). The amino-terminal
Mad homology 1 (MH1) domains of SMAD1/5/8 mediate their bind-
ing to GC-rich BMP response elements (BRE) in target genes (Ishida
et al., 2000).
The inhibitors of DNA binding (Id) are well-characterized BMP
response genes in a variety of cell types (Abe, 2006; Coppe et al.,
2003; Derynck and Miyazono, 2008; Hua et al., 2006; Katagiri
et al., 1994; Miyazono and Miyazawa, 2002; Peng et al., 2004;
Samanta and Kessler, 2004; Vinals et al., 2004). Four Id sub-types
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Id1–4), which exhibit similar, but not identical biological activities
Miyazono and Miyazawa, 2002), have been identified. Ids belong
o the helix-loop-helix (HLH) family of transcriptional regulators.
nlike other HLH proteins, which can bind E-box cis-elements as
omo- or hetero-dimers, Ids lack the basic amino acid domain nec-
ssary for DNA binding. Ids are instead conventionally thought to
lock transcriptional activity of bHLH proteins (such as Mash1,
LIG, NeruoD, and MyoD bHLH) by forming DNA-binding-deficient
etero-dimers (Hua et al., 2006; Katagiri et al., 1994; Samanta and
essler, 2004; Vinals et al., 2004).

Id proteins have been implicated as effectors of BMP signaling
n a variety of cellular systems and have a role in neurogenesis,
ngiogenesis, and bone formation (Abe, 2006; Coppe et al., 2003;
ua et al., 2006; Katagiri et al., 1994; Miyazono and Miyazawa,
002; Peng et al., 2004; Samanta and Kessler, 2004; Vinals et al.,
004). Recently, we and others reported that BMPs are expressed

n L�T2 cells, an immortalized murine gonadotrope cell line, and in
dult murine pituitary. In the former, BMP2 can stimulate follicle-
timulating hormone � subunit (Fshb) gene expression alone and
n synergy with activins (Huang et al., 2001; Lee et al., 2007; Otsuka
nd Shimasaki, 2002). BMP2 also induces Id1, 2, and 3 mRNA expres-
ion in these cells and we demonstrated that BMP2 synergistically
timulates Fshb transcription with activins, at least in part, through
he combined actions of Ids 2 and/or 3 and SMAD3, a major effector
f activin signaling (Bernard, 2004; Ho and Bernard, 2010). Here, we
efined part of the mechanism whereby BMP2 regulates Id3 tran-
cription; ultimately providing a more complete understanding of
MP regulated Fshb expression.

. Materials and methods

.1. Reagents

Human recombinant (rh-) BMP2 and activin A were purchased from R&D Sys-
ems (Minneapolis, MN, USA). Gentamycin, 1× phosphate buffered saline (PBS), and
ulbecco’s modified Eagle medium (DMEM) with 4.5 g/l glucose, l-glutamine and

odium pyruvate were purchased from Wisent (St-Bruno, Quebec, Canada). Random
rimers, MMLV-reverse transcriptase, RNasin, and deoxynucleotide triphosphates
dNTPs), and 1× Passive Lysis Buffer (PLB) were from Promega (Madison, WI, USA).
rotease inhibitor tablets (CompleteMini), and Expand Long Template PCR System
ere purchased from Roche (Mississauga, ON, Canada). Aprotinin, leupeptin, pep-

tatin, phenylmethylsulphonylfluoride (PMSF), SB431542, EZview Red ANTI-HA M2
ffinity Gel (Cat. # E6779), mouse monoclonal HA (#H9658), mouse monoclonal
-actin (#A5441), rabbit monoclonal FLAG (#F3165) antibody, cycloheximide, acti-
omycin D, pancreatin, and collagenase were from Sigma (St. Louis, MO, USA).
orseradish peroxidase (HRP) conjugated secondary antibodies were from Bio-
ad (Hercules, CA, USA) and enhanced chemiluminescence (ECL) Plus reagents
ere from GE Healthcare (Piscataway, NJ, USA). Lipofectamine/Plus, Lipofectamine

000, Media 199 (M199), Hanks’ Balanced Salt Solution (HBSS), TRIzol Reagent,
nd SYBRgreen Supermix for qPCR were from Invitrogen (Burlington, ON, Canada).
ligonucleotides were purchased from IDT (Coralville, IA, USA). 32P-ATP was from
erkin Elmer (Boston, MA, USA). Short-interfering (si) RNAs were purchased from
harmacon (Lafayette, CO, USA): Control (Cat. # D-001210-05), Acvr1 (Cat. # D-
42047-01); Bmpr1a (Cat. # D-040598-01); Bmpr1b (Cat. # D-051071-01); Smad1
Cat. # D-055762-01 and D-055762-02); Smad5 (Cat. # D-057015-01); Smad8 (Cat.

D-046344-01 and D-046344-02); Acvr2 (Cat. # D-040676–01), Acvr2b (Cat. # D-
40629–02), and Bmpr2 (Cat. # D-040599–01). Formaldehyde (37%) was from Fisher
cientific (Ottawa, ON, Canada). ChampionChIP One-Day kit was purchased from
ABiosciences [distributed by Cedarlane; Burlington, ON, Canada]. Anti-SMAD1
Cat# sc-7965×) was from Santa Cruz (Santa Cruz, CA, USA) and normal mouse
gG (Cat. # 12-371) was from Millipore (distributed by Cedarlane).

.2. Constructs

The expression constructs for rat ACVR1-HA, human FLAG-SMAD1, murine
LAG-SMAD4, and rat SMAD5 were provided by Dr. Teresa Woodruff (North-
estern University, Chicago, IL, USA). The latter was sub-cloned into a pcDNA3.0

ector bearing an N-terminal FLAG tag. Human BMPR1A-HA (Q233D) and mouse

MPR1B-HA (Q203D) were provided by Dr. Mitsuyasu Kato (University of Tsukuba,
sukuba, Japan). Rat myc-SMAD8 and murine FLAG-SMAD5 were provided by Dr.
.H. Heldin (Ludwig Institute for Cancer Research, Sweden) and Dr. T. Watanabe
Tokyo University, Tokyo, Japan), respectively. The rat FLAG-SMAD8 construct was
enerated in-house by PCR using MYC-SMAD8 as template. The murine −1561/+15
d2-luciferase and −886/+15 Id3-luciferase promoter-reporters were provided by
docrinology 332 (2011) 242–252 243

Dr. Yoshifumi Yokota (University of Fukui, Fukui, Japan) (Karaya et al., 2005)
and Dr. Robert W. Lim (University of Missouri-Columbia, DC, USA) (Yeh and Lim,
2000), respectively, and their 5’deletions generated by PCR as previously described
(Bernard, 2004) (see Supplemental Table S1 for primers). The murine −3740/+24
Id3-luciferase reporter was generated from wild-type C57BL6/J mouse genomic
DNA using the Expand Long Template PCR kit (Roche) and the primers indi-
cated in Supplementary Table S1 and ligated into the MluI and XhoI sites in
pGL3-Basic (Promega). The human ID3 promoter-reporter constructs (−4104/+402,
−1927/+402, −653/+402, and +36/+402) and parental pGL2-Basic vector were pro-
vided by Dr. Trevor Shepherd (University of Western Ontario, ON, Canada). Note that
the numbering of the constructs has been modified here relative to that reported in
Shepherd et al. (2008). These changes were made based on our sequencing of the
ends of the constructs and comparing them to the human ID3 mRNA and genomic
sequences described in GenBank acc. #NM 002167 and NC 000001.10, respectively.
Site-directed mutagenesis of the murine Id3 and human ID3 promoter-reporters
as well as of the SMAD1 and SMAD8 siRNA-sensitive expression constructs was
performed using the Stratagene QuikChange protocol (Agilent Technologies, Mis-
sissauga, ON, Canada). The GATA4-HA and dominant-negative GATA4 constructs
were provided by Dr. Robert Viger (Université Laval, Québec City, Québec, Canada).

2.3. Cell culture and transfections

Immortalized murine gonadotrope L�T2 cells were provided by Dr. Pamela
Mellon (University of California, San Diego, CA, USA) and were cultured in 10%
FBS/DMEM and 4 �g/ml gentamycin as described previously (Bernard, 2004). For
luciferase assays, cells were plated in 24-well plates (2.5 × 105 cells per well) approx-
imately 36 h prior to transfection. Cells were transfected with 450 ng reporter/well
using Lipofectamine 2000 following the manufacturer’s instructions (Invitrogen).
Twenty-four hours after transfection, cells were washed in 1× PBS and then treated
with ∼1 nM (25 ng/ml) BMP2 plus 10 �M SB431542 in DMEM or with 10 �M
SB431542 in DMEM alone (control) for the indicated times. The ALK4/5/7 inhibitor
SB431542 (Inman et al., 2002) was included to block any potential effects of endoge-
nous activin B. However, it should be noted that inclusion of the inhibitor was not
required to observe BMP2-induced Id2 or Id3 expression, and that any effects of
activins are likely to be modest and mediated via mechanisms distinct from those
underlying BMP2 responses (data not shown). In time-course experiments, the
introduction of ligand was staggered so that protein lysates from different treatment
groups were collected at the same time. In over-expression experiments, L�T2 cells
cultured in 24-well plates were transfected with the reporter as described above plus
100 ng of each receptor or SMAD expression vector (or empty vector for controls)
per well. Cells were changed to serum-free media and lysates collected 24 h later.
In RNA interference (RNAi) experiments, siRNAs in 1× siRNA buffer (20 mM KCl,
6 mM HEPES-pH 7.5, and 0.2 mM MgCl2) were transfected at a final concentration
of 5 nM. Resulting data were normalized to cells transfected with the control siRNA.
Twenty-four hours after transfection, cells were washed in 1× PBS and treated with
BMP2 and SB431542 for 24 h as described above. Lysates were collected 24 h later
to measure luciferase activity. L�T2 cells plated in 6-well plates (1 × 106 cells per
well) approximately 48 h prior to treatment were washed in serum-free DMEM and
then treated with 25 ng/ml BMP2 in DMEM with or without 5 �g/ml cycloheximide
or 5 �g/ml actinomycin D for 1 h. Cells were washed with 1× PBS and total RNA
was collected with TRIzol for qPCR analysis following the manufacturer’s instruc-
tions. Nuclear extracts were collected from L�T2 cells cultured in 10-cm plates as
previously described (Lamba et al., 2006) and used for gel shift experiments. For
chromatin immunopreciptitation (ChIP) analyses (see details below), approximately
5 × 106 L�T2 cells cultured in 10-cm dishes for approximately 48 h were washed
with 1× PBS and treated for 1 h with ∼2 nM (50 ng/ml) BMP2 plus 10 �M SB431542
in DMEM. Cells were fixed and harvested following the manufacturer’s instructions
(SABiosciences).

CHO and NIH3T3 cells were obtained from Dr. Patricia Morris (Population Coun-
cil, New York, NY). CHO cells cultured in F-12/DMEM containing 10% FBS and 4 �g/ml
gentamycin in 6-well plates were transfected when 70–80% confluent with 100 ng
of the indicated FLAG-SMAD 1, 5, or 8 expression constructs and 10 nM siRNA using
Lipofectamine/Plus for 6 h and then changed to growth media. Cell lysates were then
harvested the following day for western blot analysis. CHO cells grown in 10-cm
dishes were transfected using Lipofectamine/Plus and 4 �g of the indicated HA-
tagged GATA4 and FLAG-tagged SMAD1 expression vectors. Protein lysates were
harvested the following day for use in immunoprecipitation analyses (see below).
NIH3T3 cells used for luciferase assays were cultured at 105 cells per well in 10%
FBS/DMEM and 4 �g/ml gentamycin. Transfection protocols were identical to those
used for the L�T2 cells.

2.4. Luciferase assays
Cells were washed with 1× PBS and lysed in 1× PLB. Luciferase assays were
performed on an Orion II microplate luminometer (Berthold detection systems,
Oak Ridge, TN, USA) using standard reagents (Bernard, 2004). All treatments were
performed in duplicate or triplicate as described in the figure legends. Data are
represented as means of means (+SEM or SD) from three or more independent
experiments.
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.5. Reverse transcription and qPCR

Reverse transcription was performed on 1–2 �g of total RNA as previously
escribed (Lee et al., 2007). qRT–PCR was performed on the resulting cDNA using
he SYBRgreen Supermix following the manufacturer’s instructions with a Corbett
otorgene 6000 qPCR machine (Corbett Life Science). As results from replicate qPCR
xperiments were qualitatively similar, but sometimes quantitatively different (in
erms of fold effects), we presented data from one representative experiment out of
hree individual experiments (Figs. 1 and 3(C)). The remaining two replicates in each
xperiment were presented as Supplementary Figs. S1 and S2. Expression of target
enes was normalized relative to ribosomal protein L19 (Rpl19) in the same sample
nd presented relative to the no ligand control. Sequences of the qPCR primers for
pl19, Id2, Id3, and Bmpr1a genes are shown in Supplementary Table S1.

.6. Primary pituitary cultures and adenoviral infection

Male Bmpr1aflox/flox mice (Mishina et al., 2002) were sacrificed at 8 weeks of age
n accordance with institutional and federal guidelines. Pituitaries were extracted,
uartered using scalpel blades, and digested with collagenase for 2 h in a 36 ◦C
haking water bath. Cells were collected by centrifugation at 1000 × g for 5 min,
esuspended in calcium free HBSS and further digested with 2× pancreatin for
5 min. Cells were collected by centrifugation, washed in complete M199 media
our times, and then passed through a 40 �m filter cloth to remove cell debris. 105

ells were plated per well in 96-well dishes. Cells were cultured in 10% FBS/M199
edium for 36 h before infection with adenovirus expressing GFP or Cre-IRES-GFP

provided by Dr. Derek Boerboom, Université de Montréal, Canada). Infection was
erified 24 h later using Zeiss Axio Observer A1 fluorescent inverted microscope
o detect GFP expression. Cultures were then pre-treated with 10 �M SB431542 in
0% FBS/M199 for 24 h. Cells were then washed with 1× PBS and treated (in the
bsence of SB431542) with 25 ng/ml activin A or 50 ng/ml BMP2 in 2% FBS/M199
or 24 h. Total RNA was extracted with TRIzol (Invitrogen) following the manufac-
urer’s instructions for qPCR analysis. Genomic DNA was also prepared from the
ame extracts and subjected to genotyping analysis by PCR (to confirm recombi-
ation) using primer sets Fx1/4 or Fx2/4 shown in Supplemental Table S1 with an
nnealing temperature of 55 ◦C for 35 cycles.

.7. Immunoprecipitation

CHO cells were washed with 1× PBS and whole cell protein extracts (WCE)
repared with lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
riton X-100) and centrifuged at 10,000 rpm for 15 min at 4 ◦C to remove insoluble
aterial. WCEs were subjected to immunoprecipitation using EZview Red ANTI-
A M2 Affinity Gel following the manufacturer’s instructions. In brief, WCEs were

ncubated with the affinity gel on a rotating platform overnight at 4 ◦C to allow
inding of HA-GATA4 to the ANTI-HA affinity gel. The affinity gel was then incubated

n 1× HA peptide (Cat. # I2149) solution on a rotating platform for 45 min at 4 ◦C to
lute gel-bound proteins. The eluted proteins were then analyzed by western blot
sing anti-FLAG and anti-HA (see below).

.8. Western blotting

Cells were washed with 1× PBS and WCE prepared with 1× RIPA buffer (1%
P-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium phosphate
H 6.8, 2 mM EDTA, 50 mM sodium fluoride, and CompleteMini Protease Inhibitor
ocktail Tablets) and centrifuged at 13,000 × g for 0.5 h at 4 ◦C to remove insoluble
aterial. WCEs were subjected to western blot analyses as previously described

Bernard, 2004). Briefly, equivalent amounts of protein were separated by SDS-PAGE
nd transferred to Protran nitrocellulose filters (Schleicher and Schuell, Keene, NH,
SA). Blots were probed with the indicated antibodies using standard techniques

Bernard, 2004; Bernard et al., 2006).

.9. Electrophoretic mobility shift assays

Gel shift experiments were performed as described (Therrien and Drouin, 1993),
ith minor alterations to the protocol. Briefly, nuclear protein concentrations were
etermined by Bradford assay (BioRad). Nuclear proteins (3–5 �g) were incubated
or 20 min at room temperature with 50 fmol of 32P-ATP end-labeled double-
tranded DNA probes corresponding to the indicated fragments (see Fig. 5(B) and
C), S6A) of the murine Id3 promoter in binding buffer (25 mM HEPES pH 7.2, 150 mM
Cl, 5 mM dithiothreitol, 10% glycerol). Five hundred ng salmon sperm DNA or
.5–1 �g poly(dI)·poly(dC) was used in the binding buffer as non-specific competi-

or. In competition experiments, reactions were assembled at room temperature and
ncubated for 10 min with 100-fold molar excess unlabeled (cold) competitor probes
rior to the addition of the radio-labeled probe. Reactions were then run on 5%
olyacrylamide gels (44:0.8 acrylamide:bis-acrylamide) in 40 mM Tris–HCl/195 mM
lycine (pH 8.5) at 200 V for 3–5 h at 4 ◦C. Gels were dried and exposed to X-ray film
Kodak).
docrinology 332 (2011) 242–252

2.10. Chromatin immunoprecipitation (ChIP) assays

Approximately 4–6 × 106 L�T2 cells per 10-cm culture dish were harvested for
each experiment according to the manufacturer’s guidelines (SABiosciences). In
brief, crosslinking was performed for 10 min at room temperature with 1% formalde-
hyde diluted in 1× PBS. Cells were then quenched in 1× glycine for 5 min, washed
twice with cold 1× PBS, and harvested with 1× PBS containing protease inhibitor
cocktail using a rubber policeman. Cells were then collected by centrifugation and
lysed with the provided lysis buffer. Cell contents (DNA/protein complexes) were
sonicated using a Misonix Sonicator 3000 (Mandel, Guelph, ON, Canada) to obtain
chromatin fragments around 750 bp (35 s; 5 s ON, 10 s OFF). Lysates were collected
by centrifugation at high speed for 10 min at 4 ◦C. Two-hundred microliter aliquots
of sheared chromatin were subjected to pre-clearing using Protein A beads for 1 h
at 4 ◦C. Ten microliter aliquots of each sample were removed to be used as input
control. The remaining chromatin fractions were subjected to immunoprecipitation
using 4 �g of SMAD1 Ab or 4 �g of the control normal mouse IgG overnight at 4 ◦C
with rotation followed by 1 h incubation with Protein A beads. Beads were washed
with the provided wash buffers (1–4) in five sequential steps at room temperature.
Reverse crosslinking was performed in a 45 ◦C shaking water bath with 20 �g pro-
teinase K diluted in the provided elution buffer for 30 min, followed by a 10 min
incubation at 95 ◦C. DNA purification was performed using the provided DNA spin
columns and eluted with elution buffer. Quantitative real-time PCR was performed
using 4–6 �l of the eluted DNA for 40 cycles using the SYBRgreen Supermix following
the manufacturer’s instructions with a Corbett Rotorgene 6000. Data were analyzed
following SABiosciences ChIP quantitative PCR analysis guidelines by normalizing
against the input and samples immunoprecipitated with control IgG (equivalent to
the ��Ct method). The resulting data represent the mean of three independent
experiments (N = 1 per experiment). Sequences of the qPCR primers for the various
Id3 promoter fragments are shown in Supplemental Table S1.

2.11. Data analyses

In all cases, reporter assay data from three replicate experiments were highly
similar. Therefore, means of treatment replicates within each experiment were cal-
culated to generate a single value per treatment per experiment. The data from
replicate (three or more) experiments were then used for statistical analyses. Fig-
ures shown for qPCR data are representative graphs, unless otherwise indicated;
experiments were performed three times with results showing similar trends. Data
are presented as fold-change from the control condition (no ligand and/or transfec-
tion with empty vector alone). Differences between means were compared using
one-, two-, or three-way analyses of variance followed by post hoc pair-wise com-
parison with Bonferroni adjustment where appropriate (Systat 10.2, Richmond, CA,
USA). Bars or values with different symbols were statistically different, whereas
those sharing symbols did not differ. Significance was assessed relative to p < 0.05.

3. Results

3.1. BMP2 stimulates Id2 and Id3 transcription in gonadotropes

We previously reported that BMP2 stimulates increases in Id1,
Id2, and Id3 mRNA levels in L�T2 cells (Ho and Bernard, 2010).
Here, we established that the increases in Id2 and Id3 mRNA levels
reflect direct transcriptional responses. BMP2-stimulated Id2 and
Id3 mRNA expression was completely blocked by pre-treatment
with the transcriptional inhibitor actinomycin D (Fig. 1 and
Supplementary Fig. S1). In contrast, pre-treatment with the transla-
tional inhibitor cycloheximide did not block BMP2-stimulated Id2
or Id3 expression. These data suggest that Id2 and Id3 are BMP2
immediate-early response genes in L�T2 cells.

3.2. The murine Id3 promoter is time- and dose-dependently
stimulated by BMP2

To uncover mechanisms mediating BMP2-induced Id2 and
Id3 transcription, we turned to promoter-reporter assays. When
transfected into L�T2 cells, the murine −1561/+15 Id2-luciferase
reporter (Karaya et al., 2005) was unresponsive to BMP2 (data not
shown). It is possible that critical regulatory sequence was not

present within the promoter fragments used. In contrast, a murine
−886/+15 Id3-luciferase reporter (Yeh and Lim, 2000) was time
(Fig. 2(A)) and concentration-dependently stimulated by BMP2
(Fig. 2(B)). Induction of reporter activity (Fig. 2(A)) showed slower
kinetics than did induction of the endogenous gene (Fig. 1); how-
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Fig. 1. L�T2 cells seeded in 6-well plates were pre-treated with 5 �g/ml cyclohex-
imide or actinomycin D for 15 min prior to 25 ng/ml BMP2 treatment for 1 h. Changes
in Id2 and Id3 mRNA expression were measured by qRT-PCR. Data are normalized
to the housekeeping gene, Rpl19, and presented as fold change in mRNA expres-
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Fig. 2. (A) L�T2 cells seeded in 24-well plates were transfected with murine
−886/+15 Id3-luc and treated with 25 ng/ml BMP2 for 0, 4, 8, or 24 h in serum-
free medium containing 10 �M SB431542. (B) L�T2 cells seeded and transfected
as above were treated with 0, 10, 25, or 50 ng/ml of BMP2 for 24 h in serum-free
medium containing 10 �M SB431542. In both panels, treatments were performed
in triplicate, the data reflect the mean (+SEM) luciferase activity of three indepen-
dent experiments and are presented relative to the control group, in which the cells
were transfected with the pGL3-Basic vector and no ligand was applied. (C) L�T2
cells seeded in 24-well plates were transfected with the indicated 5′ deletions of the
murine Id3 promoter-reporter and treated with 25 ng/ml BMP2 for 24 h in serum-
free medium containing 10 �M SB431542. Treatments were performed in duplicate.
The data reflect the mean (+SEM) of three independent experiments and are pre-
xperiments (see Supplemental Fig. S1 for the other replicates). Id2 and Id3 mRNA
ranscripts were analyzed separately. Here and in subsequent figures, bars with dif-
erent symbols were statistically different, whereas those sharing symbols did not
iffer.

ver, differences in both the nature and sensitivity of the assays
ight explain (at least in part) this apparent discrepancy. The

mpty vector, pGL3-Basic, was not regulated by BMP2. It should
e noted that the promoter itself, in the absence of BMP2, con-
erred significant basal reporter activity (compare the open and
losed symbols at time 0 or in the absence of BMP2 in Figs. 2(A) and
B)). Based on these observations, subsequent reporter assays were
imited to the Id3 promoter and treatments were performed with
5 ng/ml BMP2 for 24 h. Next, 5′ deletions were used to define the
inimally responsive reporter. Truncations from −886 to −568 did

ot significantly modify fold BMP2 induction (Fig. 2(C) and data not
hown). However, further deletion to −502 completely abrogated
he BMP2 response, while maintaining basal reporter activity. The

inimal promoter-reporter, −568/+15 Id3-luc, was used in subse-
uent experiments.

.3. BMP2 signals preferentially through BMPR1A and BMPR2 to
egulate Id3 promoter activity

To determine the relevant signaling receptor(s) in this system,
e used siRNAs to knock down endogenous expression of each

f the type I receptors for BMP2 in L�T2 cells, and measured the
old BMP2 stimulation of the minimal Id3 promoter-reporter. All
he relevant BMP type I receptors are expressed in these cells (Ho
nd Bernard, 2010; Lee et al., 2007; Otsuka and Shimasaki, 2002).
he Bmpr1a siRNA abolished BMP2-stimulated Id3 promoter activ-
ty, whereas the Acvr1 and Bmpr1b siRNAs were without effect
Fig. 3(A)). The sequence specificity and efficiency of all of the
iRNAs were previously validated (Ho and Bernard, 2009). These
ata suggests that BMP2 preferentially signals through the type
receptor, BMPR1A, to stimulate Id3 expression in L�T2 cells. In
omplementary assays, the Id3 promoter was transfected together
ith different constitutively active type I receptors (Gln→Asp)

Hoodless et al., 1996). Id3 promoter activity was stimulated sig-

ificantly by BMPR1A-QD, less so with BMPR1B-QD, and not at
ll by ACVR1-QD (Fig. 3(B)). This is consistent with the idea that
MPR1A-mediated signaling induces Id3 transcription.

To determine whether BMPR1A is important for BMP2-induced
d3 expression in a more physiological context, we prepared pri-
sented relative to pGL3-Basic transfected cells in the absence of ligand. Values beside
the bars represent the fold stimulation by BMP2 for each reporter.

mary pituitary cultures from floxed Bmpr1a mice (Mishina et al.,
2002). Cells were infected with adenoviruses expressing GFP (con-
trol) or Cre recombinase and GFP (from a bi-cistronic mRNA). The
cultures were then treated with activin A or BMP2 for 24 h. In
control cells, BMP2 (but not activin A) stimulated an increase in
Id3 mRNA expression (Fig. 3(C) and Fig. S2), consistent with our
results from L�T2 cells (Fig. 1, (Ho and Bernard, 2010), and data not
shown). In cells transduced with Cre expressing virus, the BMP2
effect was abrogated (Fig. 3(C) and Fig. S2). Analysis of genomic

DNA and RNA confirmed recombination of the Bmpr1a gene and
the associated depletion of Bmpr1a mRNA in these cells (Fig. S3).
These data suggest that BMP2 signals through BMPR1A to stimulate
Id3 transcription in murine pituitary cells.
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resented in Supplemental Fig. S2. (D) L�T2 cells seeded in 24-well plates were tra
ndicated BMP type II receptors and treated with 25 ng/ml BMP2 for 24 h in serum-
ata reflect the mean (+SEM) of three independent experiments and are presented
he bars represent the fold stimulation by BMP2.

Having established BMPR1A as the relevant type I receptor, we
ext sought to determine with which type II receptor it cooperates
o mediate BMP2 activity. Knock down of Acvr2 or Acvr2b with
pecific siRNAs did not affect BMP2-induced Id3 transcription,
hereas depletion of Bmpr2 significantly diminished the BMP2

esponse (Fig. 3(D)). Collectively, these data suggest that BMP2
referentially signals through BMPR1A and BMPR2 to stimulate

d3 expression in gonadotropes.

.4. BMP2 signals through SMAD1/5 to regulate Id3 promoter
ctivity

To determine the relevant signal transducers in this system, we
sed siRNAs to knockdown expression of each of the BMP R-SMADs.
epletion of endogenous SMAD1 or SMAD5 significantly reduced
MP2-stimulated Id3 promoter-reporter activity, whereas SMAD8
nockdown had little or no effect (Fig. 4(A)). To confirm the efficacy

f the siRNAs, we examined the effects of the siRNAs on SMAD1/5/8
rotein expression. Under our assay conditions, transfection effi-
iency of L�T2 cells is insufficient to obtain an accurate measure of
he extent of RNAi-mediated knockdown of mRNA/protein expres-
ion on a per cell basis (Bernard, 2004). Therefore, to validate the
ed with murine −568/+15 Id3-luc and 5 nM of the control siRNA or siRNAs for the
edium containing 10 �M SB431542. Treatments were performed in triplicate. The
e to the control group, in which no siRNAs or ligands were included. Values above

Smad5 siRNA, we over-expressed a murine FLAG-SMAD5 construct,
which is sensitive to the siRNA, and a rat FLAG-SMAD5 construct,
which is resistant to the siRNA, in CHO cells in the presence or
absence of the Smad5 siRNA (Fig. S4). We did not have a murine
SMAD1 expression vector to validate the Smad1 siRNA. Therefore,
we used an available human-SMAD1 construct and modified its
nucleotide sequence to make it sensitive to the murine Smad1
siRNA. Two different targeting siRNAs were used; therefore, two
siRNA resistant constructs were generated. This was similarly done
with an available rat SMAD8 construct. The siRNA-resistant and -
sensitive constructs were expressed in CHO cells in the presence
or absence of their respective Smad siRNAs. Western blot analysis
confirmed that each siRNA potently inhibited protein expression of
its siRNA-sensitive target, but not the siRNA-resistant form of the
construct. BMP2-induced Id3 reporter activity, which was inhib-
ited by the Smad5 siRNA, was rescued by over-expression of an
siRNA-resistant rat SMAD5 (Fig. S5). In complementary assays, the

Id3 promoter-reporter was transfected together with different R-
SMADs alone or in combination with SMAD4, and then treated
with BMP2 (Fig. 4(B)). BMP2 induction of Id3 promoter activity
was potentiated most robustly when SMAD4 was co-expressed
with SMAD1 or SMAD5. Together, these data suggest that BMP2
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Fig. 4. (A) L�T2 cells seeded in 24-well plates were transfected with murine
−568/+15 Id3-luc and 5 nM of the indicated siRNAs and treated with 25 ng/ml
BMP2 for 24 h in serum-free medium containing 10 �M SB431542. Treatments were
performed in triplicate. The data reflect the mean (+SEM) of three independent
experiments and are presented relative to the control group, in which no siRNAs or
ligand were included. Values above the bars represent the fold stimulation by BMP2.
(B) L�T2 cells seeded in 24-well plates were transfected with 100 ng/well of the indi-
cated SMAD expression constructs and murine −568/+15 Id3-luc. Cells were treated
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ith 25 ng/ml BMP2 in serum-free medium for 24 h. Treatments were performed in
riplicate. The data reflect the mean (+SEM) of three independent experiments and
re presented relative to the control group (pcDNA3, no ligand). BMP2 treated and
ntreated groups were analyzed separately.

ignals through complexes of SMAD1/4 and/or SMAD5/4 to regulate
urine Id3 transcription in gonadotrope cells.

.5. Identification of a novel BMP2 response element in the
urine Id3 promoter

Above, we defined a BMP2 responsive region of the murine
d3 promoter in the interval between −568 and −502 relative to
he start of transcription (Fig. 2(C)). Using additional 5′ deletions,
e further defined two BMP2 responsive regions; one between
568/−548 and the other between −528/−502 (Fig. 5(A)). Several
uclear proteins from L�T2 cells could bind within these inter-
als as revealed by electrophoretic mobility shift assays (EMSAs)
Fig. 5(B), see lanes 2 and 12). Specificity of complex binding was
emonstrated by co-incubation with unlabeled competitor probes

compare lanes 2 and 3; and lanes 12 and 15). Complex formation
as unaffected by BMP2 treatment (data not shown).

To identify the specific base pairs (bp) mediating protein com-
lex binding, 3-bp scanning mutations were first introduced into
528/−502 competitor probes (Fig. 5(C)). All four complexes
docrinology 332 (2011) 242–252 247

(labeled A–D at left) were competed by the wild-type probe (lane
13). In contrast, probes bearing mutations 4 and 5 (lanes 6 and 7)
failed to compete for complex D, suggesting that bp −519/−514
mediate binding of the protein(s) in this complex. Results with
the other competitors suggest that the protein(s) in complex C
bind to bp −525/−514 (lanes 4–7), in complex B to bp −525/−517
(lanes 4–6), and in complex A to bp −516/−511 (lanes 7 and 8).
Mut2 through Mut6 were next individually introduced into the
murine −568/+15 Id3 promoter-reporter. None of the mutations
affected basal reporter activity in L�T2 cells. In contrast, Mut4 and
Mut5 both impaired BMP2-stimulated promoter activity (Fig. 5(D)).
These data suggest that binding of the protein(s) in complex D
(though not BMP2-regulated in these assays) may be required for
BMP2-induced promoter activity. The same approach was used
to identify the base pairs required for protein complex forma-
tion within the −568/−542 interval; however, the competition
data were less clear (Fig. S6A) and introduction of the correspond-
ing mutations into the Id3 promoter did not significantly impair
reporter activity (Fig. S6B).

Supershift experiments in EMSA (data not shown), DNA affinity
pull-down (DNAP; data not shown), and chromatin immunoprecip-
itation analyses (ChIP; Fig. S7A) all failed to demonstrate SMAD1/5
binding to this element. Nonetheless, both Mut4 (Fig. 5(E)) and
Mut5 (data not shown) inhibited SMAD5/4 induction of promoter
activity. Based on in silico analyses, the base pairs mediating com-
plex D binding resembled a GATA factor binding site. Furthermore,
both super-shift and DNAP analyses suggested that one or more
GATA proteins could bind this element (data not shown). How-
ever, transfection of a dominant-negative GATA4 had no impact on
basal or BMP2-regulated promoter activity (data not shown) and
we were unable to demonstrate an interaction between SMAD1
or 5 and GATA4, despite replicating previous work showing that
SMAD3 and GATA4 interact (Belaguli et al., 2007) (Fig. S7B and data
not shown). Although our data suggest that GATA proteins may be
part of complex D, functional data did not corroborate a role for
them, so the identity of the components of complex D mediating
BMP responsiveness remains unresolved at present.

3.6. Conservation of the BMP2 response element in the human
ID3 promoter

In the course of our investigations, a mechanism for BMP4-
stimulated human ID3 expression in ovarian cancer cells (CaOV3)
was described (Shepherd et al., 2008). In that report, an enhancer
was described upstream of the promoter region we investigated
here in mouse. We obtained the reporter constructs used in
Shepherd et al. (2008) and examined their BMP2 induction in
L�T2 cells (Fig. 6(A)). The full-length human reporter (−4104/+402)
was robustly stimulated by BMP2 and the fold-induction (though
not basal activity) was diminished by truncation to −1927, which
removes the distal enhancer. However, the −1927 and −653
reporters were still induced by BMP2 and the BMP2 response was
lost only following further truncation to +36. The 6-bp (−519/−514)
mediating BMP2 induction of the murine Id3 promoter (defined
above) are perfectly conserved in the human gene (−188/−183)
(Fig. S8). To determine if these base pairs also play a role in BMP2
induction of the human ID3 promoter, we introduced mutations
comparable to Mut4 and Mut5 in the murine Id3 promoter into
the minimal hID3 promoter-reporter construct (−653/+402 ID3-
luc) (Fig. 6(B)). Similar to what we observed with the murine Id3
promoter, both mutations significantly impaired BMP2 induction
of human ID3 promoter activity.
3.7. The BRE in the human distal enhancer is conserved in the
murine Id3 promoter

In silico analyses suggested that the upstream enhancer in the
human ID3 gene might be conserved in murine Id3 (Fig. S8). As
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Fig. 5. (A) L�T2 cells seeded in 24-well plates were transfected with different lengths of murine Id3 promoter-reporters and treated with 25 ng/ml BMP2 for 24 h in serum-
free medium containing 10 �M SB431542. Treatments were performed in duplicate. The data reflect the mean (+SEM) of three independent experiments and are presented
relative to untreated cells transfected with the empty vector, pGL3-Basic. Values beside the bars represent the fold stimulation by BMP2 for each reporter. (B) EMSAs were
performed with the indicated radio-labeled (*) probes corresponding to −568/−502 of the murine Id3 promoter. Nuclear extracts were prepared from L�T2 cells treated
with 10 �M SB431542 in serum-free medium. In competition experiments, unlabeled probes were included at 100× higher concentration than the radio-labeled probes.
The figure shown is representative of three experiments. Free probes are not pictured. (C) EMSAs were performed as in panel B with the −528/−502 radio-labeled probe.
Here, competitions were performed with 3-bp scanning mutants of the −528/−502 probe (Mut1–9, shown at top). The schematic at the top reflects the relative positions of
the nucleotides mediating binding of complexes A through D. (D) Mut2 through Mut6 defined in panel C were introduced into the −568/+15 Id3 reporter and the constructs
transfected into L�T2 cells seeded in 24-well plates. Cells were treated with BMP2 as described in panel A. Treatments were performed in duplicate. The data reflect the mean
(+SEM) of three independent experiments and are presented relative to untreated cells transfected with pGL3-Basic. Values beside the bars represent the fold stimulation
by BMP2 for each reporter. (E) L�T2 cells seeded in 24-well plates were transfected with wild-type or Mut4 −568/+15 Id3-luc and 100 ng/well of each SMAD5 and SMAD4.
Cells were then treated with 25 ng/ml BMP2 in serum-free medium containing 10 �M SB431542 for 24 h. Treatments were performed in triplicate. The data reflect the mean
(+SEM) of three independent experiments and are presented relative to untreated cells transfected with the wild-type reporter and pcDNA3.
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Fig. 6. (A) L�T2 cells seeded in 24-well plates were transfected with different lengths of human ID3 promoter-reporters and treated with 25 ng/ml BMP2 for 24 h in serum-
free medium containing 10 �M SB431542. Treatments were performed in duplicate. The data reflect the mean (+SEM) of three independent experiments and are presented
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d3 promoter were introduced into the human −653/+402 ID3 promoter-reporter
reated as in panel A. Treatments were performed in triplicate. The data reflect the
ells transfected with pGL2-Basic.

he relevant sequence maps approximately 3.6 kb upstream of the
ranscriptional start site in the murine Id3 gene, it was not rep-
esented in the reporter constructs used in our initial analyses.

e therefore generated a larger murine Id3 promoter-reporter
nd observed that it was more strongly induced by BMP2 in
�T2 cells than was the −568/+15 reporter used above (Fig. 7(A)).
he analysis of the human gene revealed a BMP response ele-
ent (BRE) within a distal enhancer (−2632/−2625) that when
utated (TGGCGCC→TGGTGCT) greatly reduced the fold BMP4

esponse (Shepherd et al., 2008). We identified the same sequence
n the murine gene (−3283/−3276) (Fig. S8) and observed through
hIP analysis that BMP2 stimulated recruitment of SMAD1 to this
egion of the endogenous Id3 gene in L�T2 cells (Fig. S7A). Muta-
ion of the distal BRE in the longer murine Id3 reporter greatly
educed, but did not abolish, BMP2 induction (Fig. 7(B)). Intro-
uction of Mut4 or Mut5 in the context of the longer reporter
lso reduced the BMP2 response, though to a lesser extent than
he mutation to the distal BRE (Fig. 7(B)). Importantly, the BRE
nd Mut4 mutations in combination almost completely blocked
MP2-stimulated reporter activity, demonstrating that both the
roximal and distal BREs work in concert to mediate the BMP2
esponse.

.8. The mechanism of BMP2-regulated Id3 transcription is

onserved in fibroblasts

The above analyses were conducted exclusively in L�T2
r primary pituitary cells. To determine whether or not the
escribed mechanisms were cell-type specific, we examined BMP2-
e constructs transfected into L�T2 cells seeded in 24-well plates. Cells were then
(+SEM) of three independent experiments and are presented relative to untreated

stimulated promoter activity in NIH3T3 cells, the first cell type in
which BMPs were shown to stimulate Id3 expression (Barone et al.,
1994; Christy et al., 1991). Both the 0.57 and 3.7 kb murine Id3
reporters were induced by BMP2 in NIH3T3 cells (Fig. 7(C)). As in
L�T2 cells, mutations made simultaneously to the distal and the
proximal BREs abrogated BMP2 induction (Fig. 7(D)), demonstrat-
ing conservation of the mechanism.

4. Discussion

In the current study, we determined that BMP2 signals prefer-
entially through the type I receptor, BMPR1A, and type II receptor,
BMPR2, to regulate Id3 transcription in L�T2 cells. BMPR1A also
mediates BMP2-induced Id3 expression in primary pituitary cul-
tures. Further, we showed that the BMP response in L�T2 cells is
mediated through SMAD1/5 and requires a conserved promoter
element (−519/−514 in mouse; −188/−183 in human). Finally, we
found that Id3 transcription is further enhanced by a distal BRE first
described in the human ID3 gene (Shepherd et al., 2008).

Ids are well-known BMP responsive genes. A mechanism for
BMP-stimulated Id1/ID1 expression has been described. Selective
deletion of Bmpr1a in murine endocardium suggests that BMPs
preferentially signal through BMPR1A to stimulate Id1 expression

(Kaneko et al., 2008). Depletion of Bmpr2 in cultured cells by siRNA
or via Cre-mediated recombination in mice suggests that BMPR2
plays a crucial role in the sustained induction of Id1 expression
by BMP4 in vascular smooth muscle cells (Yang et al., 2008; Yu
et al., 2008). The data reported here similarly define BMPR1A and
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Fig. 7. (A) L�T2 cells seeded in 24-well plates were transfected with varying lengths of murine Id3 promoter-reporters and treated with 25 ng/ml BMP2 for 24 h in serum-free
medium containing 10 �M SB431542. Treatments were performed in triplicate. The data reflect the mean (+SEM) of nine independent experiments and are presented relative
to the untreated cells transfected with the empty vector, pGL3-Basic. (B) Mutations were introduced to the distal or proximal BRE in the murine −3740/+24 Id3-luc alone
or together, and the constructs transfected into L�T2 cells seeded in 24-well plates. The X in the dBRE represents the mutation TGGCGCC→TGGTGCT, whereas the X in
pBRE represents Mut4 (left X) or Mut5 (right X) as described in Fig. 5(C). Cells were then treated as in panel A. Treatments were performed in duplicate. The data reflect the
mean (+SEM) of three independent experiments and are presented relative to untreated cells transfected with pGL3-Basic. (C) NIH3T3 cells seeded in 24-well plates were
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ransfected and treated as in panel A. Treatments were performed in triplicate. The d
o untreated cells transfected with pGL3-Basic. (D) NIH3T3 cells seeded in 24-well p
he data reflect the mean (+SEM) of four independent experiments and are present

MPR2 as transducers of the BMP2 signal to the Id3 promoter in
onadotrope cells. Id3 mRNA expression is abolished in the endo-
ardium of conditional Bmpr1a knockout mice (Kaneko et al., 2008),
uggesting that BMPR1A is likely necessary for Id3 expression in
variety of cell types. The type I receptors ACVR1 and BMPR1A

re widely expressed in various cell types, whereas BMPR1B shows
ore restricted expression (Derynck and Miyazono, 2008; Ebisawa

t al., 1999; Miyazono et al., 2010; Nishitoh et al., 1996; ten
ijke et al., 1994). It was previously described that BMPR1B is
ndogenously expressed in L�T2 cells (Lee et al., 2007; Nicol et al.,
008). The structure of BMPR1A and BMPR1B are highly simi-

ar. Moreover, BMP2 and BMP4 bind to BMPR1A and BMPR1B
ith higher affinity than to ACVR1 (Derynck and Miyazono, 2008;
iyazono et al., 2010; ten Dijke et al., 1994). It is therefore inter-

sting that BMPR1A is uniquely required for BMP2 induction of Id3
ranscription in L�T2 cells, and that its loss cannot be compen-

ated for by BMPR1B. Perhaps the latter is expressed at too low
level to functionally compensate (Faure et al., 2005; Otsuka and

himasaki, 2002) or the two receptors may function distinctly in
his context (Ho and Bernard, 2009; Liu et al., 2003; Miura et al.,
010).
flect the mean (+SEM) of four independent experiments and are presented relative
ere transfected and treated as in panel B. Treatments were performed in duplicate.

ative to untreated cells transfected with pGL3-Basic.

BMPs induce Id1/ID1 expression through the activation of
SMADs 1, 5, and 4 (Chen et al., 2006; Katagiri et al., 2002; Lopez-
Rovira et al., 2002; Tian et al., 2010; Valdimarsdottir et al., 2002;
Yang et al., 2010). Our data similarly implicate these SMADs in
BMP2 induction of murine Id3 in gonadotropes, whereas BMP4
induction of human ID3 in vascular smooth muscle cells and
ovarian cancer cells is also SMAD1/5/4-dependent (Davis et al.,
2008; Shepherd et al., 2008). Interestingly, the loss of SMAD1 in
gonadotropes cannot be fully compensated for by SMAD5, and vice
versa, suggesting that the two SMADs may assume different roles in
Id3 regulation and/or that heteromers of SMAD1/5/4 may be most
effective in stimulating Id3 transcription.

Several BMP responsive elements have been described in the
Id1/ID1 promoter. One study identified a GC-rich region between
−985/−957 of human ID1 promoter as a necessary BRE (Katagiri
et al., 2002). A second study identified the same GC-rich element

and three additional CAGAC boxes as cis-elements required for
BMP2-mediated induction of a human ID1 reporter. Both sites were
observed to bind SMAD1/4 and are located between −1046/−863
of the ID1 promoter (Lopez-Rovira et al., 2002). In the murine Id1
promoter, however, the BRE was localized between −1133/−1025
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Korchynskyi and ten Dijke, 2002). This region also contains a
C-rich BRE, specifically the GGCGCC palindrome, for binding
MAD5/4, and two CAGA(C) boxes for binding SMAD4. In contrast
o the case for Id1/ID1, where there may be species diversity in
MP regulatory mechanisms, we identified a conserved BRE in the
roximal murine Id3 promoter that is physically and functionally
onserved in the human ID3 gene.

Specifically, we identified a 6-bp element critical for BMP2-
ediated Id3 transcription. Though a specific protein complex was

hown to bind this site, its binding was BMP2-independent and its
onstituents remain undetermined. Furthermore, we were unable
o demonstrate SMAD1 or SMAD5 as members of this complex,
ven though SMAD5/4 induction of Id3 transcription is dependent
pon this cis-element. Collectively, the data suggest that SMAD1/5
equire the promoter element at −519/−514 (hereafter proximal
RE) to mediate the BMP2 response and that SMADs may produce
heir effects via protein–protein interaction rather than via direct
NA binding.

Though we identified this novel BRE, AAGATA, in the proximal
urine Id3 promoter, Shepherd et al. recently reported that BMP4

timulates human ID3 transcription in ovarian cancer cells via a
ore distal BRE, TGGCGCC, in the human ID3 promoter (Shepherd

t al., 2008). This observation led us to examine whether this lat-
er element is also necessary for BMP2 induction of the murine
d3 gene in gonadotropes. Indeed, the distal BRE is conserved in the

urine Id3 promoter and strongly contributes to BMP2 induction of
oth the human and murine ID3/Id3 reporters. As indicated above,
he proximal BRE in the murine Id3 promoter is conserved in the
roximal human ID3 promoter and contributes to BMP2 induction
f both the human and murine ID3/Id3 reporters. When the two
REs were mutated in combination, the reduction in BMP2 activity
as synergistic, suggesting that the proximal and distal BREs may

ooperate in the regulation of human and murine ID3/Id3 transcrip-
ion. Shepherd et al. demonstrated the direct binding of SMAD1/5/4
o the distal BRE of the human ID3 promoter; here we also show
hat SMAD1 binds to the distal BRE of the murine Id3 promoter. At
resent, similar efforts have been unsuccessful in demonstrating
MAD1 binding to the proximal BRE.

BMPs regulate target gene expression through SMAD1/5/8 bind-
ng to GC-rich BREs, including GCCG elements (Ishida et al., 2000;
im et al., 1997; Kusanagi et al., 2000; Xu et al., 1998) and ‘bipar-

ite elements’, which are composed of the consensus sequence
GGCGCC with so-called ‘CAGAC boxes’ found in close proximity
Karaulanov et al., 2004). These bipartite elements are conserved
etween many BMP target genes, including of all four of the Id
enes (Karaulanov et al., 2004). The proximal and distal BREs are
erfectly conserved across all of the examined mammalian ID3/Id3
romoters, including human, mouse, rat, cow, chimpanzee, and
og (Fig. S8). Furthermore, a conserved CAGAC box is found in
lose proximity to both the proximal and distal BREs in all cases;
ence, both the proximal and distal BREs are potential bipartite
lements. It has been proposed that BMP-regulated SMADs bind
o the BRE site, whereas the CAGAC box mediates SMAD4 bind-
ng (Karaulanov et al., 2004). Indeed, BMP2 and BMP4 activity

as significantly reduced when mutations were made to either
he distal BRE site or its accompanying CAGAC box (Shepherd et
l., 2008 and data not shown). The CAGAC box within the proxi-
al candidate bipartite element may also play a role in directing

MP2 responsiveness by facilitating the actions of SMAD1/5 on
he BRE; however, we have not yet studied this possibility. In
ddition to the distal site, Shepherd et al. also identified another

ipartite element within the second intron of the ID3 gene. These
wo elements were found to independently and synergistically
egulate BMP4 mediated ID3 expression in ovarian cancer cells
Shepherd et al., 2008). Here, we identified a potential bipartite
lement in the proximal ID3/Id3 promoter, suggesting the possi-
docrinology 332 (2011) 242–252 251

bility for a three-way interaction between the distal, proximal, and
intronic elements to cooperatively regulate ID3/Id3 expression. The
intronic BRE identified in the human ID3 promoter is also conserved
in all the examined mammalian species (not shown); however,
the closely associated CAGAC box is only present in human
and chimpanzee suggesting that conservation may be limited to
primates.

BMP stimulated Id3 expression was first identified in the NIH3T3
cells, a mouse embryonic fibroblast cell line (Barone et al., 1994;
Christy et al., 1991). We confirmed that both the distal and proximal
BREs described here also mediate BMP2 induction of Id3 tran-
scription in these cells. This suggests that BMP2 likely regulates
Id3 expression through a mechanism common to most cell types,
where the proximal and distal BREs act cooperatively to regulate
Id3 transcription.

Though we also demonstrated that BMP2 stimulates
immediate-early induction of Id2 transcription, we were unable
to determine the underlying mechanisms because the murine
−1561/+15 Id2-luciferase reporter available to us was unrespon-
sive to BMP2. Recent data suggest that this likely stemmed from
the absence of critical regulatory sequence in this reporter. In
C2C12 cells, a longer Id2 promoter-reporter (−3000/+80) was
induced by BMP6 via a bipartite element at approximately −2.7 kb
relative to the transcription start site (Nakahiro et al., 2010).
Whether the same cis-element mediates BMP2 induction of Id2 in
gonadotrope cells remains to be determined.

In summary, we have determined relevant signaling compo-
nents BMP2 employs to regulate Id3 transcription. We have also
identified a novel BMP2 response element in the proximal ID3/Id3
promoter, which functions cooperatively with a distal element
to regulate human and murine ID3/Id3 expression. The mode of
BMP2-mediated Id3 expression we described here is likely a general
mechanism conserved across cell types and mammalian species.
Results from the present study may also contribute a more com-
plete understanding of mechanisms controlling FSH synthesis as
Id3 has been implicated in BMP2-induced Fshb transcription.
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