
ABSTRACT 

JIA, JINGJING. Analysis of Gonadotrope-Specific Expression of Ovine Follicle Stimulating 

Hormone Beta Subunit Using Adenoviral Expression Constructs in Purified Primary Murine 

Gonadotropes. (Under the direction of Dr. William L. Miller). 

 

The beta subunit of follicle stimulating hormone (FSHB) is expressed specifically in pituitary 

gonadotropes in all vertebrates. Previous transgenic work has shown that -1866 bp of the 

ovine FSHB promoter (but not -750 bp) can direct gonadotrope-specific expression of 

luciferase (Luc) in the mouse. The studies presented here use purified primary gonadotropes 

(and non-gonadotropes) as a model for identifying sequences between -1866 bp and -750 bp 

of the ovine FSHB promoter that are necessary for gonadotrope targeted FSHB expression. 

Three ovine FSHBLuc constructs were prepared to analyze cell specific expression in 

purified primary adult mouse gonadotropes and pituitary non-gonadotropes since these cells 

normally express or repress expression of ovine FSHBLuc transgenes in vivo. Adenovirus 

was used to introduce the following constructs into the primary cells: -2871oFSHBLuc-V, -

750oFSHBLuc-V or -232oFSHBLuc-V. All three were expressed in both gonadotropes and 

non-gonadotropes at essentially the same high levels, but induction by activin A (50 ng/ml) 

or inhibition by gonadotropin releasing hormone (GnRH:100nM) was observed only in 

gonadotropes. Therefore, hormone-specific regulation was observed, but gonadotrope-

specific expression was not. Surprisingly, GnRH did not inhibit gonadotrope expression of -

232oFSHBLuc-V, but it did inhibit expression of both -2871oFSHBLuc-V and -

750oFSHBLuc-V. These data provide the first evidence for promoter-directed GnRH 

inhibition. In summary, the results suggest that sequences between -1866 bp and -750 bp of 

the ovine FSHB promoter are involved with chromatin remodeling that occurs during 

embryogenesis and can only be identified currently using transgenic techniques. In addition, 



a negative GnRH response element was detected between -750 bp and -232 bp of the ovine 

FSHB promoter. GnRH has been studied extensively for its ability to secrete gonadotropins, 

but rarely for its ability to inhibit FSH production. GnRH is often used medically to shrink 

reproductive tumors (breast or prostate cancer) by inhibiting FSH which ultimately prevents 

the ovaries and testes from producing their steroid hormones (estrogens/testosterone) that 

stimulate tumor growth. For many reasons, the nature of FSHB inhibition by GnRH is 

important to understand. 
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CHAPTER 1 

Literature Review 

I. Introduction 

I-A. FSH Structure 

Follicle Stimulating Hormone (FSH) is a glycoprotein heterodimer composed of two subunits 

(α/β) similar to luteinizing hormone (LH), chorionic gonadotropin, and thyroid stimulating 

hormone (TSH). The FSH beta subunit (FSHβ), like the other beta subunits, gives specificity 

to its hormone and also regulates overall hormone expression through induction or repression 

of its transcription [1]. 

I-B. FSH Function 

FSH and LH are produced only in gonadotropes of the anterior pituitary in vertebrates. FSH 

acts on sertoli cells (testes) or granulosa cells (ovary) to regulate sperm and egg production, 

respectively [1]. Female mice null for FSHβ do not develop eggs, much like women lacking 

FSHβ receptors [2]. Male mice without FSHβ are fertile, but have reduced sperm numbers 

and sperm motility [2]. 

I-C. FSH Hormone Regulation 

FSH was discovered > 40 years ago and its role in reproduction is well known. Regulation of 

its production/secretion is depicted below (Figure 1). FSH production is primarily controlled 

by FSHβ transcription which is reflected in constitutive secretion of FSH from gonadotropes. 

At least 6 hormones are involved either directly or indirectly in FSHβ regulation: 

hypothalamic gonadotropin releasing hormone (GnRH); gonadal inhibin and steroids; 

pituitary-made activins, follistatin and, perhaps, bone morphogenetic proteins (BMPs). The 

critical autocrine/paracrine pituitary-made hormones are the most difficult to identify, 

quantify and study. Each hormone regulator in Figure 1 is discussed below. 

I-D. FSHβ expression in gonadotropes 



 2 

There are two promoter sequences between -167/-50 bp required for gonadotrope expression 

of ovine FSHβ in mice [3,4]. Between -1866/-750 bp there are more sequences required for 

gonadotrope expression (5; unpublished work in this laboratory by F. Shaffiee Kermani). 

Transformed gonadotropes (LβT2 cells) cannot be used to identify these sequences and 

transgenic studies are too expensive. A new in vitro model would be helpful for identifying 

these sequences. 

 

 

Figure 1: Diagram of positive and negative regulation of FSH and LH within the hypothalamic-

pituitary-gonadal (HPG) axis. SR = Steroid receptors; ActR = Activin receptor; GnRHr = GnRH 

receptor; T= testosterone; E = estrogens; P = progesterone; BMPs = bone morphogenetic proteins; 

follistatin = binds and inactivates activin; +ve = induction; -ve = repression. 

 

 

I-E. Models for studying FSHβ regulation 

LβT2 cells (transformed embryonic mouse gonadotropes) provide the best cell line for 

studying FSHβ expression. These cells produce FSHβ and respond to GnRH, activin, BMPs 

and inhibin. Like any transformed cell line, however, LβT2 cells exhibit some differences in 

their signaling pathways from primary gonadotropes [6] so they have been helpful, but are 

unpredictably unreliable for analyzing FSHβ regulation. Originally, LβT2 cells held great 
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promise for identifying all promoter sequences required for gonadotrope expression of FSHβ 

in vivo (40), but they do not seem to recognize sites between -1871/-750 bp as being 

important so they cannot be used to identify them. 

Transgenic expression of ovine FSHβ (promoter)-Luciferase constructs in mice has been 

very useful [4,5]. Such studies are the “gold standard” in our laboratory for showing the 

physiological relevance of a particular DNA element in the ovine FSHβ promoter. 

Transgenic work is very time-consuming, however, and costly. Furthermore, transgenic 

studies cannot help dissect the autocrine/paracrine interactions in the pituitary regulating 

FSHβ expression. Therefore, transgenic studies have limitations also. 

Purified primary gonadotropes are now available in limited numbers for studying FSHβ 

regulation [7]. Gonadotropes comprise only 4-6% of pituitary cells (~ 20,000-30,000/mouse), 

but they produce on a per cell basis about 1000x the FSHβ made in LβT2 cells [3,5]. 

Furthermore, their signaling pathways are those used by gonadotropes in vivo. 

I-F. The purpose of this thesis 

The purpose of this thesis was to determine the usefulness of primary gonadotropes 

infected with adenoviral FSHβ-promoter/reporter constructs for studying hormone 

regulation of FSHβ transcription and identifying all promoter elements needed for 

gonadotrope expression of ovine FSHβ. 

 

II. Regulation of ovine FSHβ transcription by GnRH 

II-A. GnRH INDUCTION of FSHβ transcription (General) 

Mice without GnRH (GnRH null mice), have serum levels for FSH and LH that are ~13% 

and < 1%, respectively, compared to normal mice [8]. Many studies have tried to understand 

how GnRH regulates serum levels of FSH and LH. To complicate matters, GnRH is a 

secretogogue required for LH secretion while FSH is secreted primarily by a constitutive 

pathway [9]. Even more complication comes with the knowledge that LH and FSH are 

sometimes regulated differentially during the female reproductive cycle. Finally, GnRH 
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induces many genes that may affect general gonadotrope function and protein synthesis. Here 

we present data concerning GnRH induction of FSHβ transcription. 

GnRH is a decapeptide made in the hypothalamus and released by a biological “pulse 

generator” in 5 minute intervals once every hour, or more rapidly during ovulation in 

females. Short term treatment with GnRH (designed to mimic one pulse) increased FSHβ 

mRNA by 3-fold in castrate, testosterone-treated, GnRH-deficient male rats [10]. Two-fold 

induction of FSHβ mRNA was obtained in another experimental model: primary rat pituitary 

cultures perifused with hourly 5 minute pulses of GnRH for 10 h [11, 12]. The generally 

accepted conclusion from in vitro work is that GnRH can induce FSHβ transcription by 2- to 

3-fold or maybe more based on the GnRH-null model. 

II-A1. Signaling associated with GnRH induction of FSHβ transcription 

GnRH binds a G protein-coupled receptor that activates Gq/G11 heterotrimeric G proteins 

[13]. Such activation causes phospholipase C-β (PLCβ) to generate secondary messengers 

inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG) and calcium which collectively 

activate PKC [14,15,16,17] and downstream MAP Kinases including ERK, JNK and p38 

[15,17]. Genomic and biological studies with LβT2 cells confirm this and show that PKC, 

ERK, JNK, p38, and c-Src are associated with GnRH induction of FSHβ [14]. The proposed 

signaling network is shown in Figure 2 below. 

Figure 2 indicates that ERK1/2 contributes more to FSHβ expression than JNK or p38 

MAPK. Data supporting this concept comes from transfection studies in LβT2 cells using 

FSHβ-reporter constructs from sheep, mouse, rat and human showing that inhibition of the 

upstream kinase for ERK1/2 caused the greatest reduction in GnRH-stimulated FSHβ 

promoter activity [18]. Data showing that GnRH activates ERK1/2 in vivo came from a study 

in which GnRH-deficient castrate, testosterone-treated male rats were treated with GnRH and 

ERK1/2 was activated [19]. Surprisingly, however, mice completely lacking ERK1/2 in 

gonadotropes still have normal serum FSH levels even though LH levels were inhibited [20]. 

This discrepancy may reflect compensation by other kinases or incorrect signaling in LβT2 

cells. 
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Figure 2: Schematic of GnRH-stimulated transcription regulation of FSHβ, LHβ and the common 

glycoprotein alpha subunit (GSUα) in LβT2 transformed embryonic gonadotropes [15]. 

 

 

II-A2. FSHβ promoter sequences associated with GnRH induction 

A second approach to identifying important signaling pathways is to identify elements on the 

FSHβ promoter that are critical for GnRH induction of FSHβ. Using the ovine FSHβ 

promoter, two sites at -120 bp and -83 bp were found to bind activator protein-1 (AP-1) and 

both are necessary for GnRH induction in HeLa, JAR and COS cells [21,22]. AP-1 enhancer 

sites bind AP-1 family members, including c-fos and c-jun, which are kinase substrates of 

ERK, JNK and p38. Given the information in Figure 2 (above), it is reasonable to deduce that 

AP-1 sites are likely to drive GnRH stimulation. Studies with both human and murine FSHβ 

promoters in LβT2 cells also identified binding sites for AP-1 family members in the same 
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regions found in the ovine FSHβ promoter that can mediate GnRH induction of FSHβ 

promoter/reporter constructs. Therefore, promoter analysis and signaling studies in LβT2 

cells all support a similar AP-1 mechanism driving GnRH-mediated induction of FSHβ 

transcription. Essentially all GnRH/FSH literature universally affirms this viewpoint, but it is 

all based on studies in LβT2 cells. 

II-A3. Physiologic importance of GnRH induction of FSHβ transcription 

Strangely, transgenic mouse studies with ovine FSHβ-promoter/luciferase constructs could 

not confirm the in vitro studies. In the transgenic studies, pituitary expression of wild type 

ovine FSHβ promoter/luciferase was compared to expression of the AP-1 mutated construct. 

Both wild type and AP-1 mutated constructs were expressed equally well in vivo. Although 

variation between founders was large, a significant difference should have been observed if 

GnRH really played a major direct inductive role in FSHβ transcription in vivo. The absence 

of an effect could mean that a significant portion of GnRH induction is mediated indirectly 

through pleiotropic effects on the gonadotrope and not specifically on FSHβ transcription. It 

could also mean that the incorrect “AP-1 site” was targeted for mutation and that other sites 

exist although no others have been identified on the ovine FSHβ promoter [5]. If the site is 

correct, it is strange that destruction of a site so tightly linked to GnRH induction of FSHβ 

transcription in transformed cells (HeLa, JAR, COS, LβT2) would not decrease FSHβ-driven 

transcription when placed into a physiological setting, if, in fact, GnRH directly and 

specifically induces FSHβ transcription in vivo. It is noteworthy that a similar transgenic 

approach to analyzing an actvin responsive site (-167 bp) on the same ovine FSHβ 

promoter/Luciferase construct showed a > 99% decrease in FSHβ expression in vivo when 

the mutated construct was tested [3]. 

II-B. GnRH INHIBITION of ovine FSHβ transcription 

Reproductive cancers of the breast and prostate are sometimes treated with supraphysiologic 

levels of GnRH. This pharmacologically castrates the patient which rapidly reduces estrogens 

and androgens that stimulate reproductive cancers. Pharmacaological castration occurs 

because chronic GnRH down regulates gonadotropes which then reduce LH and FSH 



 7 

production which, in turn, stops gonadal function. The scientific community generally 

assumes that GnRH simply down-regulates GnRH receptors and/or their associated signaling 

pathways in gonadotropes in vivo, but evidence from our laboratory suggests down 

regulation can be an active process also. 

Our first evidence for GnRH-mediated inhibition of FSHβ transcription came from in vitro 

studies with cultures of pituitaries from transgenic mice expressing FSHβ 

promoter/Luciferase with mutated AP-1 sites. Addition of GnRH to these cultures rapidly 

(within 4 h) reduced luciferase expression > 50% [3,26]. The results indicated that GnRH 

actively inhibited FSHβ transcription since no GnRH was present in pituitary cultures to 

“down regulate.” These experiments were followed by studies with pituitaries from 

transgenic mice that contained the wild type FSHβ promoter/luciferase construct and 

inhibition was also observed, but at higher levels of GnRH associated with the 

supraphysiologic levels used for treating reproductive cancers. 

II-C. Summary for GnRH regulation of FSHβ transcription 

Significant evidence indicates that GnRH can induce transcription of FSHβ by 2- to 3-fold or 

more. GnRH action is complicated since it activates several interrelated signaling pathways 

and more than 70 genes in gonadotropes that may contribute directly or indirectly to FSHβ 

expression. Destruction of two AP-1 sites in an ovine FSHβ promoter/luciferase transgene 

had no observable effect on its pituitary expression, however. This suggests that GnRH does 

not induce FSHβ transcription directly through a promoter sequence, but rather through 

indirect pleiotropic mechanisms. Evidence from our laboratory shows that GnRH can 

actively inhibit FSHβ transcription. Data in this thesis suggest that a specific ovine 

FSHβ promoter sequence is responsible for this active negative regulation. 

 

III. Activin induction of ovine FSHβ transcription 

III-A. Activins, BMPs, Inhibins and Follistatins (General) 
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Inhibin, activin and bone morphogenetic proteins (BMPs) are members of the transforming 

growth factor beta (TGFβ) superfamily. Activin is the most potent inducer of FSHβ, but 

BMPs also induce FSHβ in LβT2 cells at higher concentrations [24]. Inhibin is a TGFβ 

member, but it inhibits FSHβ transcription by binding a betaglycan that interferes with 

activin and BMP receptors. Follistatin is not a TGFβ family member, but tightly binds 

activins and BMPs preventing them from activating their receptors. Therefore, activin and 

BMPs induce FSHβ transcription while inhibin and follistatin inhibit it. 

III-A1. TGFβ hormone structures 

There are 43 TGFβ family members. One is a α-chain and all the others are β-chains. Activin 

is a β/β dimer, but there are two activin subunits (A & B). Therefore, there are three activins: 

AA, BB and AB. BMPs are β/β dimers and are thought to be homodimers, but may cross link 

to many other TGFβ family members. Inhibin is an α/β dimer where the β-subunit comes 

from the activin subfamily [25]. Follistatin, as noted above, is not a TGFβ family member. It 

is a single-chain glycoprotein with MW ranging from 31kDa or 49kDa due to alternate 

mRNA splicing and variable glycosylation [26]. 

III-A2. TGFβ hormone functions 

Activin B is considered the primary inducer of FSHβ in vivo based on monoclonal antibody 

neutralization studies in rats and rat pituitary cultures at the Salk Institute. There is no 

question that Activin A and B are the most potent inducers of FSHβ in LβT2 cells in pituitary 

culture and in vivo. It is interesting, however, that mice with a knockout for activin B 

produce more FSHβ than wild type mice. Our laboratory has found that BMPs 6 and 7 also 

increase FSHβ expression in mouse pituitary cultures and LβT2 cells, but at much higher 

concentrations (100x). Activin A is less expensive than activin B and is actually more potent 

than activin B in tissue culture. Since it binds the same receptor as activin B, activin A has 

been used exclusively for studies on FSHβ transcription in this thesis. 

III-A3. Tissue source of activins, BMPs, inhibin and follistatin 
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Activins, BMPs, inhibins and follistatin are all made in gonadotropes and, perhaps, other 

pituitary cell types as well. They are autocrine/paracrine factors. Inhibin is also an endocrine 

hormone made in the gonads and travels through the blood stream to inhibit FSHβ 

transcription in the pituitary. Gonadal castration removes this source of FSHβ inhibition and 

FSH levels increase. 

III-B. Activin signaling pathways (General) 

Activin A activates two basic signaling pathways by binding its type II and type I receptors. 

The classic pathway is smad-dependent and the other works through TAKI (smad-

independent) (see Figure 3 below). Both pathways can act together or independently. A 

schematic is shown below depicting smad-dependent and smad-independent pathways 

(TAK1). 

 

 

Figure 3: Activin pathways that may induce FSHβ transcription. The classic activin pathway involves 

recruitment and phosphorylation of Smad2/3 by the autophosphorylated type I receptor. Then 

Smad2/3 complexes with Smad4 (co-smad) and moves to the nucleus where it binds to the FSHβ 

promoter along with a partner transcription factor. An second pathway involves activation of “TGFβ 

activated kinase 1” (TAK1) which activates downstream kinases and transcription factors that act in 

conjunction with or separately from smads. 
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III-B1. Smads 

There are 8 homologous smads in mammals [55]. These fall into 3 categories. Smads 1, 2, 3, 

5 and 8 are receptor-activated Smads (R-Smads), among which Smads 1, 5 and 8 are 

phosphorylated by the BMP type I receptor, while Smads 2 and 3 are activated by the activin 

type I receptor. Smads 6 and 7 are inhibitory Smads (I-Smads) and act as pseudo-substrates 

for type I receptors. R-Smads and Smad4 are widely expressed in almost all cell types, while 

I-Smads are transcriptionally regulated by TGFβ pathway [56]. Smad complexes do not have 

a high binding affinity for their consensus DNA binding sequences [27], so they usually 

require specific partner proteins to stabilize DNA binding. This combination also confers 

cell-specific effects. 

III-B2. Smad partner proteins 

The short 4 bp smad binding site (AGAC) occurs frequently in the genome, but needs to be 

paired with an adjacent sequence that binds a partner protein to stabilize the complex [27]. 

This complex provides specificity and allows activin to induce and repress over 100 genes in 

gonadotropes [28]. Common partner proteins are FAST-1, HDACs and RUNX family 

members [29]. 

III-B3. Smad-Independent pathways 

It has been reported TGF-β can activate MAPK pathways (Figures 2 & 3), including ERK, 

JNK, and p38 (MAPKK) [30]. It has been shown in LβT2 cells and sheep pituitary cultures, 

that both p38 and ERK1/2 can be rapidly activated by activin [31]. Smad independent JUN 

stimulation by TGF-β has been reported and both Smad and MAPK pathways participate in 

TGF-β induced epithelial-to-mesenchymal transdifferentiation [30]. The MAPK kinase 

kinase (MAPKKK) linking the TGF-β receptor and many MAPKKs was discovered to be 

“TGF-β Activating Kinase-1” (TAK1) and there is evidence that TAK1 binding proteins 

(TAB1, TAB2, TAB3) all play a role in TGFβ initiated MAPK pathway activation. 
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Studies in our laboratory used a TAK1 inhibitor and smad dominant negative constructs to 

show that TAK1 plays a major role in ovine FSHβ Transcription. Furthermore, time-course 

data suggested that a transcription factor was likely to be activated to partner with smads3/4 

to produce the increase in FSHβ transcription. 

III-C. Activin induction of ovine FSHβ transcription - LβT2 and transgenic studies 

Data from our laboratory using LβT2 cells indicate that ovine FSHβ promoter sequences 

from -169/-159 bp are required for activin induction of FSHβ. There is a putative smad 

binding element from -162/159 bp and an adjacent putative RUNX1 binding site from -172/-

163 bp. RUNX1 is known to interact with smads. 

Transgenic mice were produced carrying the ovine FSHβ promoter/luciferase construct with 

4 mutated nucleotide pairs from -168/-165 bp. Expression of this construct was decreased by 

>99.9% in 8 of 10 founder lines. The two remaining lines showed a decrease of 99%. 

III-D. Summary for activin regulation of FSHβ transcription 

Activin is the most potent inducer of FSHβ transcription currently known. Data from our 

laboratory suggest that smad3/4 and a TAK1-mediated pathway are needed for inducing 

transcription of ovine FSHβ transcription. Data from LβT2 cells and transgenic mice pinpoint 

a site from -172/-163 that is needed for activin induction and > 99% of FSHβ expression in 

vivo. This site contains a putative smad binding element with adjacent putative binding site 

for RUNX1. A recent report using the porcine FSHβ promoter suggests that FoxL2 is likely 

to be the natural smad binding partner at this site. We conclude that this putative 

smad/smad partner binding region (-172/-159 bp) is essential for FSHβ transcription. It 

is one of several sites required for significant expression of FSHβ in vivo. 

 

IV. Steroid hormone regulation of ovine FSHβ transcription 

IV-A. Estrogens, progestins, testosterone (General) 

Many studies have been devoted to the nature and importance of FSHβ regulation by gonadal 

steroids in rodents, sheep and humans. The first indications that gonadal steroids altered 



 12 

FSHβ expression were observed in gonadectomized animals. After gonadectomy FSHβ 

mRNA was elevated and treating castrated rats with estradiol or testosterone reduced FSHβ 

expression, suggesting a physiological inhibitory role for steroid hormones [32-34]. By 

contrast, ovarian estrogens can increase secretion of LH to trigger the LH surge that causes 

ovulation. This suggests a stimulatory role for, at least, estrogens. There are significant 

species differences that occur at the hypothalamus and the pituitary. This section will focus 

only on steroid hormone effects that alter ovine FSHβ transcription directly at the pituitary 

level. 

IV-A1. Inhibition of FSHβ transcription by estradiol and progesterone 

Reports of steroid hormone regulation of ovine FSHβ expression come exclusively from our 

laboratory. Both estradiol and progesterone inhibit FSHβ transcription in primary ovine 

pituitary cultures. Inhibition begins within 2 h and reaches 68% and 58% after 24 h with 

estradiol or progesterone, respectively [35,36]. Inhibition is completely reversible and 

transcription run-on experiments showed that inhibition was directly at the level of 

transcriptional [36]. The ED50s for both hormones are within their physiological ranges 

suggesting that this steroid regulation is physiologically relevant [35,36]. 

IV-A2. Inhibition by progesterone 

The progesterone receptor has 6 authentic binding sites in the ovine FSHβ promoter and two 

surround the activin responsive element between -172/-158 bp [37]. One spans sequences -

153/-139 bp and the other includes sequences from -212/-197 bp. Since inhibition by steroid 

hormones generally comes from interference with inducer transcription factors, it is possible 

that these binding sites cause the progesterone receptor to interfere with activin-mediated 

smad/smad partner binding to inhibit FSHβ transcription. 

IV-A3. Inhibition by estradiol 

Estrogen receptors have no binding sites on the FSHβ promoter (-1 to -4741 bp). Steroid 

hormones can still inhibit transcription when no binding sites exist because their receptors 

can interfere with inducers and the estrogen receptor can bind smad3 [38]. It was surprisingly 
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to us that when 4.7 kb of the ovine FSHβ promoter/luciferase gene was expressed in mice as 

a transgene, inhibition by estradiol disappeared. That is, estradiol treatment of pituitary 

cultures from the transgenic mice caused no inhibition of luciferase expression. It is possible 

that coactivators or corepressors are different in sheep versus mouse gonadotropes which 

might explain this species difference. Alternatively, there may be upstream FSHβ promoter 

sequences responsible for estrogen inhibition of ovine FSHβ expression. 

IV-A4. Summary for steroid hormone regulation of FSHβ 

Steroid hormones can regulate FSHβ transcription either indirectly by altering GnRH 

expression/secretion or directly by regulating FSHβ transcription. There are significant 

species differences in the roles gonadal steroids play in FSHβ regulation, but it is clear that 

physiological levels of estrogens and progesterone can directly inhibit FSHβ in ovine 

gonadotropes. Inhibition presumably involves interference with smad/smad partner binding 

to the FSHβ promoter or by sterically blocking smad/smad partner interactions with 

coactivators. 

 

V. Gonadotrope specific expression of the ovine FSHβ gene 

V-A. Gonadotrope specific expression of FSHβ (General) 

FSHβ is expressed only in gonadotropes of the anterior pituitary in vivo [39]. This specificity 

depends on just 4741 bp of ovine FSHβ promoter which can target luciferase expression 

>1000x to gonadotropes in transgenic mice than any other cell type tested (heart, liver, 

kidney, pancreas, lung, testis, ovary, brain) (10). We currently know that a Pitx1 site at -60 

bp of the ovine FSHβ promoter is required for basal expression. Without it, expression of 

ovine FSHβ-Luciferase is decreased by 99% in transgenic mice. An even more important site 

resides at -172 bp which involves activin-activated Smad/partner binding transcription 

factors. Without this site, > 99% of ovine FSHβ-luciferase expression is lost. Others have 

studied other proximal promoter sequences that seem important (see SF-1, NP-Y, LHX3 

below), but none of these have been tested for physiological significance in vivo. Somewhere 
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between -1800 bp and -750 bp there are elements that are also needed for ovine FSHβ-

Luciferase expression in transgenic mice. 

Surprisingly, a number of transformed cell lines all express ovine FSHβ-luciferase equally 

well whether they contain sequences between -1800/-750 bp or not. In vitro studies using 

LβT2, αT3-1, AtT20, GT1-7 CV1 and NIH3t3 cells have not been able to identify the 

important regulatory sites that occur between -750 bp and -1800 bp. Expression is only 3-

fold different between LβT2 cells (transformed gonadotropes) and NIH3T3 cells (human 

fibroblasts) [40]. It is clear that the specificity seen in vivo is not observed in transformed 

cell lines. As noted above, a major goal of this thesis work was to determine if adult 

primary gonadotropes have the ability to differentially express oFSHβ compared to 

other primary cells or if cell targeting occurs before cells are fully mature, perhaps, 

during embryonic development. 

V-B. Transcription factors associated with differentiation of pituitary cells during 

embryogenesis 

Figure 4 below shows the expression pattern of transcription factors known to be important 

for the development of most anterior pituitary cells. The anterior pituitary originally develops 

from stomodeum and its epithelial derivative, Rathke’s pouch. The first identification of 

Rathke’s pouch in mice is at e8.5 when pituitary differentiation begins [41]. The mature 

anterior pituitary contains multiple cell lineages including corticotropes, thyrotropes, 

somatotropes, lactotropes and gonadotropes. These cells are very different and are regulated 

by different transcription factors/activators expressed at certain stages between embryonic 

days 10.5-15 (e10.5-e15). These transcriptional factors not only play roles in the 

development of cell-lineages, but also contribute to cell-specific gene transcription by 

synergy with other transcription factors including cell-lineage restricted factors and signaling 

pathway members [41-43]. Several genes associated with certain cell types have been 

investigated with regard to their cell specific expression and they have been useful as models 

for showing how transcriptional factors can synergistically binding certain locations on gene 

promoters to promote cell-specific expression (see Figure 4 below). 
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Figure 4: Regulatory factors during pituitary development. Top, representation of putative cellular 

intermediates during pituitary differentiation indicating transcprtion factors expressed at each stage. 

For terminally differentiated cells, factors shown previously or in the present work to activate 

transcription synergistically with Ptx1 are shown in bold. Bottom, Timing of onset and extinction for 

pituitary transcription factors [41]. 

 

 

For convenience of reference, the following figure shows the positions of many of the above 

transcription factor binding sites in ovine, porcine, human and murine FSHβ promoters. 
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Figure 5: Alighment of proximal Fshb/FSHB promoters in pig, sheep, human, mouse, and rat. The 

proximal 400 bp from the 5’ flanking regions of the Fshb/FSHB genes in the indicated species were 

aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Defined cls-elements (as 

described in the text) are labeled and boxed (with the exception of the PBX/PREP site in sheep, 

which is marked with a bracket to avoid cluttering the figure). Some nucleotides are boxed in gray to 

reflect differences from the experimentally defined cls-elements in other species. Nucleotides are 

numbered at the right relative to the start of transcription. Nucleotides conserved across species are 

marked with an asterisk (*) and gaps (-) have been introduced to facilitate the alignment. 
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V-B1. Pitx1/2 (pituitary homeobox 1/2) is required for expression of ovine FSHβ 

Two laboratories have identified a highly conserved Pitx1 site in the proximal promoter of 

FSHβ promoters (-53 bp for the rat; -60 bp for the sheep). It is important for expression in 

LβT2 cells. The first laboratory worked with rat FSHβ constructs and determined this Pitx1/2 

site to be important for basal expression as well as GnRH-regulated expression [44]. The 

second laboratory identified the -60 bp site as being necessary for basal expression and 

activin-induced expression [45]. Our laboratory followed up on these studies to show that the 

Pitx1 site at -60 bp in the ovine FSHβ promoter is required for 99% of FSHβ expression in 

gonadotropes in transgenic mice (Sang-oh Han and Jingjing Jia in our laboratory, manuscript 

ready for submission). 

Pitx1 and Pitx2 are members of the bicoid subfamily of homeodomain (HD) proteins. They 

are pan-pituitary regulators of transcription and emerge as early as the stomodeum ~e7.5. 

Pitx1 is the predominate Pitx species in gonadotropes; Pitx2 is minor, but is expressed like 

Pitx1. Other research groups have used in vitro cell culture studies to show that Pitx1/2 can 

activate most, if not all pituitary hormone gene promoters including GSUα, LHβ, FSHβ, 

TSHβ, GH, PRL and POMC. As expected, Pitx binding sites can be found on the promoters 

of all these genes. A striking characteristic of Pitx proteins is that they partner with 

cell/pathway restricted factors to direct cell specific gene expression. An interaction between 

Pitx1 and SF1 (Steroidogenic Factor 1) on the LHβ promoter enhances LHβ transcription. 

SF1 is uniquely expressed in gonadotropes although this synergy was not observed on the 

promoters of either GSUα or FSHβ. [41,42,46]. 

In summary, Pitx1/2 is necessary for 99% of FSHβ expression, but there is no evidence to 

indicate it has anything to do with gonadotrope specific expression since it also appears in 

almost all pituitary cell types. It is present in fully mature, adult gonadotropes. 

V-B2. Steroidogenic Factor 1 (SF1) 

SF-1 is an orphan nuclear receptor specifically expressed in murine gonadotropes from e13.5. 

It is expressed in non-pituitary organs also, including adrenals and gonads [47]. SF-1 binding 

sites have been identified on many gonadotrope gene promoters, such as GSUα, LHβ, FSHβ 
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and GnRH receptor. SF-1 null mice are infertile with decreased levels of LHβ, FSHβ, GSUα 

and GnRH indicating its contribution to gonadotrope function. However, SF-1 itself is not 

enough to confer gonadotrope specific expression to a gene since it appears outside the 

pituitary. 

SF-1 synergy with Pitx1 is important for LHβ expression in LβT2 cells, but not for FSHβ 

expression [84]. The SF-1 transcription factor might interact with other factors bound to the 

murine FSHβ promoter, however. SF-1 sites are located at -341 and -239 and mutations of 

both sites plus a NF-Y (nuclear factor Y) binding site at -76 caused a 50% decrease in FSHβ 

promoter activity in LβT2 cells [48]. NF-Y is an important basal regulatory transcription 

factor for many genes and it can interact with several key components of the transcription 

machinery such as TATA binding protein (TBP) and CREB binding protein (CBP). In vitro 

data suggest that NF-Y and SF-1 cooperate to create gonadotrope specific expression of 

FSHβ, but the binding sites for NF-Y and SF-1 are not conserved across species, so this 

hypothesis is still waiting for in vivo data support. 

In summary, SF-1 may cooperate with other transcription factors such as Pitx1 or NF-Y to 

help create gonadotrope specific expression. This seems true for LHβ expression, but has not 

yet been proven for FSHβ transcription. SF-1 is present in fully mature adult gonadotropes. 

V-B3. LIM-Homeodomain transcription factor 3 (LHX3) 

LHX3 is expressed in Rathke’s pouch, the progenitor of the anterior pituitary, as early as e9.5 

and its expression is sustained throughout pituitary development [39]. It is essential for the 

differentiation and proliferation of several pituitary cell linages except the corticotropes [57]. 

LHX3 null mice showed arrested pituitary development at the stage of Rathke’s pouch [39]. 

LHX3 can bind to the pituitary glycoprotein basal element (PGBE) on the promoter of 

GSUα, which is required for specific thyrotrope expression of GSUα [49]. It can stimulate 

human FSHβ expression in non-gonadotrope cell lines, such as HEK293 cells, but there is no 

solid data showing LHX3 has a role in vivo. LHX3 can also induce both human and porcine 

FSHβ genes in LβT2 cells, but not the LHβ gene which is also gonadotrope specific [50]. 
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There are six LHX3 binding sites on the porcine FSHβ promoter. Three are proximal, two are 

between -750 bp and -1800 bp and one is distal at -5039 bp. Mutation of all three proximal 

sites decreases expression of porcine FSHβ by 90% in LβT2 cells. Deletions of the distal site 

at -838 bp also decrease expression significantly, but the more distal sites seem to have little 

inductive effects [51]. 

In summary, LHX3 transcrption factors can bind porcine, ovine, human and murine FSHβ 

promoters. Two of the proximal sites are conserved in pigs, sheep and humans (Fig 5). One 

distal site between -750 and -1800 bp of the porcine FSHβ promoter (-838 bp) seems 

important for inducing porcine FSHβ. LHX3 is present in fully mature adult gonadotropes. 

V-B4. Pit-1 homeodomain factor (Prop-1) 

Prop-1 is expressed in the embryonic murine pituitary as early as e10, but is turned off after 

e15, which is before the expression of all the pituitary hormone genes [39]. It is reported to 

be present in adult pituitary cells in the rat, however [52]. Prop-1 can interact with 

Rpx/Hesx1, which is also expressed in the early pituitary (see Fig 4), to activate Pit-1 which 

results in the terminal differentiation of the Pit-1 linages including thyrotropes, somatotropes 

and lactotropes [53]. In Ames df mice with a mutated Prop-1 gene, hypogonadism was 

observed indicating that Prop-1 is important for gonadotrope function [54]. Prop-1 was 

discovered to bind on the porcine FSHβ promoter between -750 and -850 [52], where there 

also appears a binding site for LHX3. No evidence shows that Prop-1 and LHX3 synergize 

together to direct porcine FSHβ expression. Scanning of the ovine FSHβ promoter in the -

750/-850 region shows no Prop 1 site, so it is likely that the ovine, porcine and human FSHβ 

genes are regulated differently. The human FSHβ gene is expressed specifically in transgenic 

mouse gonadotropes due to a sequence in the 3’ portion of the gene which has no obvious 

homology to either the porcine or ovine promoter elements. 

In summary, three of four protein factors mentioned above belong to the homeobox domain 

superfamily. It is obvious that these factors are critical for pituitary development and 

differentiation. They prefer to function in a fashion of synergy with a partner protein factor, 

however, and bind to certain locations on the gene promoter. More background knowledge is 
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needed to understand how this molecules actually create cell-specific expression of the many 

pituitary hormones, including FSHβ. 

 

VI. Adenovirus mediated expression of genes in primary cells 

VI-A. Why use viral expression vectors? 

Germline transgenesis can generate useful and physiologically relevant animal models, but it 

is costly and time-consuming. A less costly, more rapid way to add genes to adult animals 

involves genetic engineering vectors such as viruses. Viral delivery is evolving rapidly 

because of its high efficiency compared with non-viral methods. Viruses can achieve a high 

rate of infection in vivo and sustain it over many months. Viral vectors have been developed 

from adenoviruses, retroviruses, adeno-associated viruses (AAV), herps simplex viruses 

(HSV) and alphavirus, each of them has their advantages and disadvantages. 

VI-B. Adenoviruses versus lentiviturses 

Adenoviruses and lentiviruses are the two major viral types commercially available to 

express exogenous genes in transformed cell lines and primary cells. Lentiviruses are used to 

generate stabilized cell lines which can constitutively express the delivered foreign gene, 

since lentiviruses can integrate into the host cell genome. However, lentiviruses can only 

infect cells undergoing mitosis, thus they are not appropriate for infecting most primary cells 

in vitro since these cells are usually post-mitotic. Adenoviruses have many advantages over 

other viral types, since they are not cell-cycle dependent and the gene transfer efficiency is 

high [55]. 

VI-C. Adenoviruses 

The current research on gene transfer mainly utilizes the human type-5 adenovirus. The 

virion particles have 12 fiber proteins from each apical penton base. These facilitate the entry 

of virion particles into endosomal vesicles. The adenoviral genome is a linear double 

stranded DNA of 30-34kb in length with inverted terminal repeats (ITR) at both ends. The 

genome can encode 5 early genes (E1A, E1B, E2, E3 and E4) which are expressed before 
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viral DNA replication. E1 is the element that is responsible for viral genome replication [56]. 

To generate a safe tool for delivering DNA, E1 is always deleted. Thus, the viral particles 

can only propagate in a complementing cell line that contains E1 in its genome, such as the 

HEK293 cell line. In the system I used for this study (from Clontec), both E1 and E3 

elements are deleted which blocks viral replication and also allows the virus to carry up to 

8kb of foreign DNA. 

VI-D. Examples of Adenoviral use in somatic cells 

Adenoviruses have been used for selectively destroying animal tumors. Specific tumor gene 

inhibitors or toxic RNAs can be delivered exclusively into tumors under a tumor specific 

promoter by adenoviruses. The major problem is that viruses can initiate a strong immune 

response which can lead to huge losses of virion particles from the infected cells resulting in 

rapid degradation of the toxic effect. Manipulation of the viral genome is still needed to 

overcome this problem of virus rejection [55]. 

Adenoviruses can also be employed for somatic gene transfer and expression within the 

physiological context of the organism. By injecting an adenovirus that can express a 

eukaryotic gene into an animal model, the gene can be expressed in vivo. This method can be 

used to broadly study signal transduction and gene function instead of using transgenic 

animals. 

A recent report showed that adenoviral vectors can be used to probe promoter activity in 

primary immune cells. Viral transfer of a NF-AT (nuclear factor of activated T cells) 

promoter into primary T cells showed induction in this promoter, and even further they 

studied an inducible IL-12/23 p40 promoter in primary dendritic cells and macrophages by 

adenoviral delivery [57]. This study opened a window for using adenoviruses to study gene 

specific expression and regulation. Since transformed cell lines are not always representative 

of primary cells in terms of over-expressed or inhibited genes, it is really helpful to be able to 

manipulate primary cells. Adenoviruses provide just such a tool. 
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I. Abstract 
 

The beta subunit of follicle stimulating hormone (FSHB) is expressed specifically in pituitary 

gonadotropes in all vertebrates. Previous transgenic work showed that -4741 bp of the ovine 

FSHB promoter (but not -750 bp) can direct gonadotrope-specific expression of luciferase 

(Luc) in the mouse. The studies presented here extend that work, first by testing two ovine 

FSHBLuc transgenes with shorter promoters that lack upstream ovine sequences (5’ of -2361 

bp or -1866 bp). The omitted upstream sequences contain regions of high homology 

conserved in ovine, porcine and human FSHB promoters which made them potential 

candidates for controlling gonadotrope-specific expression. Their deletion, however, did not 

alter expression. Second, three ovine FSHBLuc constructs were made to analyze cell specific 

expression in purified primary adult mouse gonadotropes and pituitary non-gonadotropes 

since these cells normally express or repress expression of ovine FSHBLuc transgenes in 

vivo. Adenovirus was used to introduce the following constructs into the primary cells: -

2871oFSHBLuc-V, -750oFSHBLuc-V or -232oFSHBLuc-V. All three were expressed in 

both gonadotropes and non-gonadotropes at fairly equivalent and high levels, but induction 

by activin A (50 ng/ml) or inhibition by GnRH (100 nM) was observed only in gonadotropes. 

Therefore, hormone-specific regulation was observed, but gonadotrope-specific expression 

was not. Surprisingly, GnRH did not inhibit gonadotrope expression of -232oFSHBLuc-V, 

but it did inhibit expression of both -2871oFSHBLuc-V and -750oFSHBLuc-V. This 

provides the first evidence for promoter-directed GnRH inhibition. In summary, the results 

indicate there are sequences between -1866 bp and -750 bp of the ovine FSHB promoter that 

are necessary for gonadotrope-specific expression of ovine FSHB. These sequences are likely 

to function during embryonic development since neither adult gonadotropes nor non-

gonadotropes could use the promoter information to create gonadotrope-specific expression. 

In addition, a negative GnRH response element was detected between -750 bp and -232 bp of 

the ovine FSHB promoter. 
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II. Introduction 

It is well known that follicle stimulating hormone (FSH) is important for reproduction in all 

vertebrates. It is expressed and released only from pituitary gonadotropes and is secreted 

primarily through a constitutive pathway [1] so serum FSH usually mirrors gene expression. 

FSH is an α/β heterodimer and transcription of its beta subunit (FSHB) is rate limiting for 

overall FSH expression. 

Transcription of FSHB is controlled primarily by the presence or absence of two hormones: 

activin and GnRH. Each hormone helps induce FSHB transcription in physiologically 

important ways which also contributes to its gonadotrope-specific expression through 

hormone responsive elements on the FSHB promoter. Furthermore, there is at least one 

constitutively active transcription factor (Pitx1) that is essential for FSHB expression. 

Transfection studies using mutated oFSHBLuc constructs in LβT2 cells (transformed 

embryonic mouse gonadotropes) have already helped define one activin responsive element 

in the ovine FSHB promoter at -172/-158 bp. Follow-up studies using the same mutated 

oFSHBLuc constructs in transgenic mice showed that without this site, only 0.1-1% of ovine 

FSHB expression is observed in gonadotropes in vivo [2]. One Pitx1 site was also located 

using mutated oFSHBLuc transfected into LβT2 cells (-60/-53 bp) [3-5], and follow-up 

transgenic studies showed that only 1% of expression is observed in mouse pituitaries when 

this site is selectively destroyed by mutation (Sang-oh Han et al., our laboratory, manuscript 

in review). To date, a specific site has not yet been identified for either positive or negative 

regulation by GnRH on the ovine FSHB promoter [6-8] and some of its effects on FSHB 

expression may be indirect [9]. 

Strong evidence exists for other site(s) that are critical for gonadotrope-specific expression of 

ovine FSHB. These data come from studies which used -4741 bp of ovine FSHB promoter to 

express luciferase (-4147oFSHBLuc) in transgenic mice [10]. This transgene expressed high 

levels of luciferase activity (1-10 million RLU/mg protein), but no expression was observed 

when -750oFSHBLuc was used as a transgene [10]. Therefore, there must be sequences 

between -4741 bp and -750 bp that are absolutely necessary for FSHB expression in vivo.  
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In vitro studies with LβT2 cells seemed promising for defining all sequences needed for 

regulating and expressing FSHB [11], but all cell lines tested to date also express -

4741oFSHBLuc fairly well. The only hormones that alter expression in LβT2 cells versus 

other transformed cells are activin (5- to 8-fold induction) or GnRH (± 2-fold difference 

depending on concentration). Since the difference between expression of the -

4147oFSHBLuc transgene in gonadotropes and many other tissues is ~1000-fold, the 2- to 3-

fold changes observed between expression of -4741oFSHLuc in LβT2 cells and other 

transformed cells seems very small. Therefore, transformed gonadotropes have not been 

useful for defining the regulatory site(s) between -4741 bp and -750 bp on the ovine FSHB 

promoter that creates high level gonadotrope targeting of FSHB expression in vivo. 

Recent transgenic studies in the rat implicate Prop-1 sites between -850 bp and -750 bp of the 

porcine FSHB promoter as being critical for expression of porcine FSHB [12, 13], but the 

ovine FSHB promoter has no similar Prop-1 sites. The gene encoding human FSHB needs 

only -350 bp of 5’ promoter sequences, but absolutely requires 3’ sequences between +2138 

bp and +3142 bp for transgenic expression in the mouse pituitary [14]. Again, sequences 

within this region show no obvious homology to ovine promoter sequences. Therefore, the 

transgenic studies completed to date with the ovine FSHB gene have not defined specific 

sequences between -750 bp and -4741 bp needed for gonadotrope-specific expression. 

The studies reported here used a two pronged approach for defining sites on the ovine FSHB 

promoter needed for gonadotrope-specific expression. One was computer-driven and 

discovered conserved sequence patterns in the ovine, porcine and human upstream 5’ 

promoters. These sequences were deleted from the wild type oFSHBLuc construct and the 

remaining construct was used as a transgene to determine if the deleted sequences were 

important for gonadotrope-specific expression. The second approach used viral transmission 

of oFSHBLuc constructs into primary gonadotropes reasoning that primary cells had the best 

chance of producing regulatory factors that direct gonadotrope-specific expression. Although 

LβT2 cells are gonadotropes, they are transformed and might not produce one or more of 

these critical factors. To prove that the viral constructs (oFSHBLuc-V) were regulated 

normally in gonadotropes (or non-gonadotropes), infected primary cells were treated with 
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follistatin (to block any autocrine activin action), activin or activin plus inhibitory levels of 

GnRH. 

The transgenic data focus attention on a 1.1 kb region in the ovine FSHB promoter that is 

needed for gonadotrope-specific expression of ovine FSHB in vivo. The adenoviral 

oFSHBLuc –V constructs expressed in primary gonadotropes provide an effective and useful 

way to analyze gene expression that is regulated by signaling pathways used by gonadotropes 

on a day-to-day basis in vivo. 
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III. Materials and Methods 

III-A. Reagents 

Recombinant human activin A and follistatin (288) were obtained from R&D Systems 

(Minneapolis, MN). Gonadotropin releasing hormone (GnRH), oligonucleotide primers for 

preparing viral constructs, collagenase Type I and Pancreatin were all purchased from 

Sigma-Aldrich (St Louis, MO). Fugene 6 was purchased from Roche Applied Science 

(Indianapolis, IN) and restriction enzymes plus luciferase assay kits were from Promega (San 

Luis Obispo, CA). Integrated DNA Technologies was the source of oligos for PCR. 

Dulbecco’s modified eagle medium and fetal bovine serum were bought from Invitrogen 

(Carlsbad, CA). Common reagents such as buffers, growth media and agar were purchased 

from Fisher Scientific, (Inc. Pittsburgh, PA). 

 

III-B. Generation of promoter-reporter plasmids, transgenes and transgenic mice 

The wild type ovine FSHB promoter-reporter plasmid (-4741oFSHBLuc) was described 

previously [10]. Briefly, it contained 4741 bp of the ovine FSHB promoter plus intron 1 

driving expression of a luciferase gene in the GL3 basic vector. This plasmid was used to 

generate the LO- and LS-oFSHBLuc plasmid constructs that contain either -2361 bp or -1866 

bp, respectively. Using site directed mutagenesis, a KpnI restriction site was produced at -

2361 or -1866 and plasmids were digested and re-ligated to produce LO- or LS-oFSHβLuc, 

respectively. 

To generate transgenic mice, the constructs were digested with KpnI and BamHI to release 

them from the plasmid backbone. The digests were sent to the University of North Carolina 

for purification and injection into the pronuclei of fertilized B6SJL mouse eggs. Transgenic 

mice were genotyped as described previously [10]. All transgenic mice were maintained and 

studied with the approval and oversight of the Institutional Animal Use Committee at the 

University of North Carolina, Chapel Hill, NC, or North Carolina State University. All 

transgenic mice were bred and cared for at the Biological Resource Facility of North 

Carolina State University. 
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III-C. Pituitary cell cultures 

Mice carrying LO- or LS-oFSHBLuc transgenes were sacrificed at 7-40 weeks of age using 

CO2, their pituitaries were collected within 5 min and then dispersed into single cell 

suspensions as described previously [10]. Briefly, pituitaries were sliced into small pieces 

and digested with collagenase type I (Sigma-Aldrich, Woodlands, TX) and Pancreatin (Life 

Technologies, Inc). The yield was approximately 5x10
5
 cells/pituitary. Cells were then plated 

in 96-well Primaria tissue culture plates (Becton Dickinson & Co., Franklin Lakes, NJ) at a 

density of 30,000 cells/well in 50 ul of medium 199 containing 10% charcoal-treated sheep 

serum plus 100 U/ml penicillin G and 100 ug/ml streptomycin (Sigma-Aldrich, Woodlands, 

TX) and allowed to attach for 2 days at 37° C under an atmosphere of 95% air: 5% CO2 in a 

humidified chamber before treatment. Cells were treated with hormones at the indicated 

doses and times as described in the figure legends. Treatments were terminated by lysis in 50 

µl of 1x passive lysis buffer (Promega Co., Madison, WI), and 15 µl of each cell lysate was 

assayed for luciferase activity. All of the experiments were performed at least three times and 

each treatment was assayed in triplicate or quadruplicate. 

 

III-D. Luciferase assay 

For in vivo experiments, mouse pituitaries or other tissues (0.3-1-mg) were snap-frozen in 

liquid nitrogen before homogenization in 200 µl of cell lysis reagent (Promega Co., Madison, 

WI). Cell debris was removed by centrifugation at 10,000 x g for 20 sec, and then 10 µl of all 

cell lysates were immediately assayed for luciferase activity using the luciferase assay system 

(Promega Co., Madison, WI). Activity was measured for 20 sec using an automated 1420 

Victor-Light micro plate luminometer (PerkinElmer, Waltham, MA). Finally, protein was 

assayed using a Qubit fluorometer (Invitrogen, Carlsbad, CA). For primary pituitary cultures, 

cells were lysed using 50 µl passive Lysis solution (promega Co., Madison, WI) and 15 ul 

were analyzed in duplicate using the luciferase assay system. 
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III-E. Truncated promoter-luciferase construct (plasmids) 

Three plasmids containing different lengths of the ovine FSHβ promoter controlling 

luciferase expression were produced as reported previously (-215oFSHLuc, -748oFSHBLuc, 

and -2932oFSHBLuc) [15]. 

 

III-F. Cell culture and transient transfection 

Transformed LβT2 cells were obtained as a kind gift from the laboratory of Dr. Pamela 

Mellon [16]. Cell culture and transfections with Fugene 6 (Roche Molecular Biochemicals, 

Basel Switzerland) were described previously [2]. 

 

III-G. Gonadotrope purification from H2Kk transgenic mice 

Gonadotropes were purified from hemizygous H2Kk transgenic mice that were 7-50 weeks 

old [17]. The method for dispersing pituitary cells was the same as that outlined above 

(Pituitary cell culture). After dispersion, gonadotropes were separated from non-

gonadotropes with two cycles of purification as previously reported [17]. Non-gonadotropes 

were used here to show expression of oFSHBLuc-V constructs in inappropriate cell types so 

non-gonadotropes were also purified through two cycles to deplete them of as many 

gonadotropes as possible. All cells were cultured as noted above. 

 

III-H. Adenoviral constructs and adenovirus amplification 

Three adenoviral constructs were obtained using Adeno-X
TM

 Expression Systems from 

Clontech (Mountain View, CA). These adenoviral constructs contained -232oFSHLuc, -

750oFSHLuc and -2871oFSHBLuc in a viral context. Two of the constructs (-750oFSHLuc-

V and -2871oFSHBLuc-V) were generated using the Adeno-X
TM

 Expression System II. 

These truncated promoters plus intron 1 connected to the luciferase gene were amplified 

using Advantage-HF 2 PCR Kit (Clontech, Mountain View, CA) with the following primers:  

5’-acggtaccggacatatgaatgcatcagctagcaaaca -3’(-2871 forward),  
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5’-gaattcccgggcatatggaattacacggcatctttc-3’(-2871 & -750 reverse),  

5’-acggtaccggacatatgcatggagctcttagtctact-3’ (-750 forward).  

Then the amplified sequences were inserted into the promoterless pDNR-1r donor vector 

(System II) using the In-Fusion Advantage PCR Cloning Kit (Clontech, Mountain View, 

CA), and target sequences on the donor vector were put into the adenoviral backbone by Cre 

recombinase (System II). The insertion was confirmed by PCR analysis using the Adeno-

X
TM

 PCR screening primer set (Clontech, Mountain View, CA).  

The third adenoviral construct (-232oFSHBLuc-V) was produced using the Adeno-X
TM

 

Expression System I since Clonetech system II was discontinued. The differences between 

System I and II were: System I was not designed for promoterless use so the CMV promoter 

had to be removed on the shuttle plasmid. Moreover, System I cannot use the efficient 

recombinase technique. As with system II, the -232oFSHBLuc construct was amplified using 

the Advantage-HF 2 PCR Kit (Clontech) with the following primers:  

5’-ttgattattgactagtcaaggtaaaggagtgggtgg-3’ (-232 forward) and  

5’-ccgtttaaacgctagctcttatcatgtctgctcgaa-3’ (-232 reverse).  

The pShuttle2 plasmid was cut with SpeI and NheI (Promega) to remove the CMV promoter. 

The amplified sequence was infused into pShuttle2 using the Fusion Advantage PCR Cloning 

Kit (Clontech). Finally, the sequence was cut out and ligated into the adenoviral backbone 

according to the protocol. This insertion of the foreign DNA was confirmed by PCR using 

the Adeno-X
TM

 PCR screening primer set (Clontech, Mountain View, CA). 

When all the three adenoviral constructs were made, they were transfected into an early batch 

of HEK293 cells fresh from ATCC which were cultured the same as LβT2 cells (see above). 

The viruses were amplified and harvested according to the Clonetech protocol. After 3-4 

generations of amplification, the virus titers reached 10
9
 ifu/ml. 

 

III-I.Virus titering 

Virus titers were determined using the Adeno-X
TM

 Rapid Titer Kit (Clontech, Mountain 

View, CA). All three viral constructs were adjusted o the same titer of 10
8
 ifu/ml. 
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III-J. Infecting primary cell cultures 

Primary cell culture was performed as described above. The infection was with the MOI of 

~100 ifu/cell in a volume of 10ul. 

 

III-K. Cellular mRNA extraction and Real Time-rtPCR 

Cellular mRNA was extracted using TRI REAGENT (MRC.Inc., Cincinnati, OH). Then 

mRNA was converted into cDNA using the iScriptTM cDNA Synthesis Kit (BIO-RAD, 

Hercules, CA). For real time PCR, the setting for each well in the 96-well plate was: 1ul 

cDNA, 15ul Universal PCR Master Mix (TaqMan, Carlsbad, CA), 13.7ul dH2O, 0.1ul of 

each primer and probe (IDT, Newark, NJ). The primers and probes for 18S, mouse prolactin 

cDNA, and mouse FSHB cDNA were as follows:  

the primers and probe for 18S were  

5’-gaaactgcgaatggctcattaa-3’ (forward),  

5’-gaatcaccacagttatccaagtagga-3’ (reverse),  

and 5’-/56FAM/atggttcctttggtcgctcgctcc/3BHQ_1/-3’ (probe);  

for mouse prolactin they were  

5’-tctcaaggtcctgaggtgccaaat-3’ (forward),  

5’-caattgcacccaagcatgcactga-3’ (reverse) and  

5’-/56-FAM/acaactgctaaacccacattcagtcca/3BHQ_1/-3’ (probe);  

for mouse FSHB they were  

5’-agagaaggaagagtgccgtttctg -3’ (forward),  

5’- acatactttctgggtattgggccg-3’ (reverse),  

and 5’-/56FAM/atcaataccacttggtgtgcgggcta/3BHQ_1/-3’ (probe);  

for the H2Kk they were  

5’-agacaaggcagctgtctacggaaa-3’ (forward),  

5’-gcagattgctctccagcaacagaa-3’ (reverse) and  

5’-/56 FAM/agcatccacagttaccaagtgccc/3BHQ_1/-3’ (probe).  
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The PCR cycle setting was 50C for 2 minutes, 95C for 10 minutes, then 95C for 15 seconds 

for 40 cycles followed by 60 C for 1 minute. 

 

III-L. Statistical analysis 

All experiments were performed either in triplicate or quadruplicate and repeated 3 times or 

more. The data in Table 1 represent means ± sems. Where there are multiple comparisons, 

data were analyzed using one-way ANOVA with Tukey’s multiple comparison test 

according to the Prism version 4 (GraphPad Software, Inc., San Diego CA.)  
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IV. Results 

IV-A. Specific pituitary expression of -2339oFSHBLuc and -1866oFSHBLuc in 

transgenic mice 

Previous research showed that -4741 bp of ovine FSHβ promoter directs robust expression of 

the luciferase reporter gene specifically to the pituitary, but -750 bp of the same promoter 

cannot generate any expression.  Genomic sequence comparisons of human, pig and sheep 

FSHB promoters found unique promoter regions that show ≥ 75 % homology in all three 

species in 1.1 kb of the distal promoter (Figure 1).  This region contains three subdomains of 

~100-200 bp each and resides several kb upstream of the FSHB start site.  High homology 

was also observed between the ovine and porcine promoters between -2483 bp and 2070 bp.  

Therefore, computer analysis showed that the porcine, ovine and human FSHB promoters 

contained high homology regions distal to -2339 bp and -1866 bp (Figure 1).   

 

 

 

Figure 1: Regions of the ovine FSHB promoter with ≥ 75% sequence homology to porcine 

and/or human 5’ promoter regions. 4.7 kb of ovine FSHB promoter was aligned with 10 kb of 

human (Ensembl transcript ID: ENST0000025122) and 5.7 kb of porcine (NCBI Acc# D00621.1) 

FSHB promoters using BLAST 2. Regions between -3.6 and -2.5 kb of the ovine FSHB promoter are 

shown that correspond to similar sequences in the human (-5 to -6.1 kb) and porcine (-4.6 to -5.7 kb) 

FSHB promoters. A fourth region of high homology between porcine and ovine FSHB promoters was 

found between -2.48 kb and -2.07 kb. 

 

 

To determine if the highlighted distal regions in Figure 1 are critical for FSHB expression, 

two transgenic mouse lines were produced that contained -2339 bp of 5’ promoter (LO) and -

1866 bp of 5’ promoter (LS). The LO promoter lacks the 3 upstream high homology sections 

and LS lacks all 4 distal high homology sections. Three founder lines were produced from 

each oFSHBLuc construct. All were verified to contain the correct construct using PCR and 
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all founders were fertile with a normal transmission frequency. Pituitaries and other tissues 

from the hemizygous offspring of all founder lines were analyzed for luciferase activity 

(Table 1). The results show that both the LO and LS transgenic lines expressed luciferase 

primarily in the pituitary at a level near that produced by the -4741oFSHBLuc transgene 

[10]. In most cases expression in the pituitary was >100x that in any other tissues except 

occasionally in brain tissue. Even with -4741oFSHLuc, there was occasional high expression 

in the frontal lobe of the brain. 

 

Table 1: Expression of LS and LO oFSHBLuc transgenes in mouse tissues. Tissues were 

harvested from mice at least 7 weeks old and lysates were assayed for luciferase activity and protein. 

Values are luciferase activity expressed as relative light units (RLU) x 10-4/mg/protein. Values for the 

LS lines represent the mean ± SEM for three animals. LO data are from one mouse each. 

 

Founder  Sex Pituitary Brain Lung Liver Heart Spleen Gonad 

LS 41716 F 1407±729  7±2 1±0.4 0 0 2±1 4±1 

LS 41721 M 129±29  89±23 0 0 0 0 3±1 

LS 41756  M 31±7 1±0.4 0 2±1 0 0 0 

LO 41760 F 69 0 0 0 0 0 1 

LO 41765 F 263 1 0 0 0 0 0 

LO 41774 F 206 73 0 0 0 0 0 

 

 

Finally, to show that LO and LS transgenes were regulated by activin and GnRH the same 

way as -4741oFSHBLuc, dispersed cultures were produced from the pituitaries of offspring 

from founder 41716 (see Table 1). The results from these cultures are shown in Figure 2. 

Since mouse pituitary cultures produce activin from paracrine and/or autocrine sources, 

cultures were treated with follistatin to incapacitate culture-made activin so gonadotropes 

produce basal levels of luciferase. Activin induced luciferase 7.5-fold which was observed 

for the -4741oFSHBLuc transgene [10] and, finally, 100 nM GnRH inhibited luciferase as 

expected (Figure 2). These results are comparable to the regulation observed for the -4741 

oFSHBLuc transgene previously reported [9, 10]. 
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Figure 2: Hormonal regulation of LS-oFSHBLuc in dispersed pituitary cell culture. Pituitary 

cells from transgenic mouse expressing LS-oFSHβLuc were dispersed and plated at a density of 

30,000/well. After 2 days, cells were treated with 250 ng/ml of follistatin (F), 50 ng/ml ofactivin (A) 

or 50 ng/ml of activin + 100 nM GnRH (A+G) for 20 h. Cell lysates were assayed for luciferase 

activity. Values are luciferase activity expressed as relative light units (RLU) and represent the mean 

± sem for three independent experiments each performed in triplicate. 

 

 

IV-B. Comparison of plasmid and adenoviral oFSHBLuc constructs in LβT2 cells 

Distinct from plasmids, adenoviruses are organisms that can infect living cells, then replicate 

their genome and assemble new viral particles. The viruses used in this study cannot replicate 

in primary mammalian cells, but there is the possibility that results from plasmids and viral 

constructs might yield different results. One criterion for judging whether adenoviruses are 

useful tools for introducing foreign genes into a cell is to see whether the viral constructs 

behave the same as plasmids. Since plasmids cannot be transfected into primary cells, the 

comparison was made in transformed LβT2 cells. Three plasmid constructs were made and 

tested: -193oFSHBLuc, -748oFSHBLuc and -2932oFSHBLuc. Three similar viral constructs 

were produced and tested: -232oFSHBLuc-V, -750oFSHBLuc-V and -2871oFSHBLuc-V 

where the “V” designates a viral construct. 
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Plasmid and viral constructs were first tested using dose-response experiments at three 

concentrations of plasmid (5ng, 15ng and 50ng) and virus (1ul, 3ul and 10ul of each virus 

with a titer of 10
8
ifu/ml). Each construct was used to express luciferase in 40,000 LβT2 cells 

and then the cells were treated with 50ng/ml activin A for 24 hours. All plasmid and viral 

constructs produced linear dose-responses with luciferase expression being similar for both 

plasmids and viruses, except for the longest oFSHBLuc viral construct which was expressed 

at a significantly lower level than its equivalent plasmid construct (compare Figures 3A and 

4A).  
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Figure 3A: Dose-response of plasmid transfection in LβT2 cells. LβT2 cells (40,000 cells/well) 

were plated and transiently transfected with -215oFSHBLuc, -748oFSHBLuc or -2932oFSHBLuc. 

Different amounts of DNA (5, 15 or 50ng/well) were tested. After a 12 hour transfection, cells were 

treated with activin A (50ng/ml) for 24 h, and then assayed for luciferase activity. 

Figure 3B: Hormonal regulation of LβT2 cells transfected with plasmids. LβT2 cells transfected 

with the 3 plasmid constructs at 50 ng/well (see Fig 3A) were treated with follistatin (250ng/ml), 

activin A (50ng/ml) or activin A (50ng/ml) + GnRH (100nM) for 24 hours after a 12 hour 

transfection, and then assayed for luciferase activity. The framed text indicates activin A induction for 

each plasmid construct. 
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The effects of activin A and GnRH were then compared using the highest levels of plasmid 

or virus used for the dose-response experiments. Again 40,000 cells were treated with 

plasmid or virus and then cells were treated with follistatin, (250 ng/ml), activin (50 ng/ml) 

or activin plus GnRH (100 nM) for 24 hours. In all cases the plasmids and viruses behaved 

similarly (compare 3B and 4B). 
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Figure 4A: Dose-response for viral infection in LβT2 cells. LβT2 cells (40,000 cells/well) were 

plated and infected with -232oFSHBLuc-V, -750oFSHBLuc-V or -2871oFSHBLuc-V. Different 

amounts of viral constructs (1, 3 and 10ul/well of 108 ifu/ml) were tested. After a 12 hour infection, 

cells were treated with activin A (50ng/ml) for 24 hours, and then assayed for luciferase activity. 

Figure 4B: Hormonal regulation of the LβT2 cells infected with viral constructs. LβT2 cells 

infected with 10 ul of 232oFSHBLuc-V, -750oFSHBLuc-V or -2871oFSHBLuc-V (see Fig 4A) were 

treated with follistatin (250ng/ml), activin A (50ng/ml) or activin A (50ng/ml) + GnRH (100nM) 

respectively for 24 hours after a 12 hour infection, and then assayed for luciferase activity. The 

framed text indicates the activin A induction for each viral construct. 
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IV-C. Testing the purity of gonadotropes obtained from H2Kk transgenic mice 

Gonadotrope and non-gonaotrope populations were assayed by real-time rtPCR for murine 

prolactin and FSHB mRNAs plus 18s RNA (internal standard for both PCR assays). 

Lactotropes comprise 30-40% of mouse pituitary cells and FSHB comes solely from 

gonadotropes which comprise ~5% mouse pituitary cells. Based on the percent decrease in 

prolactin mRNA between flow through cells and the gonadotrope fraction, the purity of 

gonadotropes was calculated to be 96%, 89% and 91% for preparations I, II and III, 

respectively. These preparations were used to generate the combined data in Figures 6A and 

7A. The data in Figures 6B and 7B were from preparation II. 

The levels of FSHB mRNA in the gonadotrope and non-gonadotrope fractions are shown in 

Figure 5 for preparations I, II and III featured in Figures 6 and 7 as noted above. The level of 

FSHB mRNA was 30- to 60-fold higher in the gonadotrope fractions compared to the non-

gonadotropes. (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Gonadotrope purification from H2Kk mice verified by RT-rtPCR. Both primary 

gonadotropes and flow through cells (non-gonadotropes) went through two cycles of purification 

from H2Kk transgenic mice and were plated out as 10,000 cells/well, and then treated with activin A 

(50ng/ml) for 48 hours. Then the cellular mRNA was extracted and analyzed by Real-time rt PCR for 

prolactin/18S and FSHB/18S. Figure 5 only shows the results for FSHB/18S in both the purified 

gonadotropes and flow through cells in all three experiments. The framed text indicates the difference 

of mFSHB/18S between the gonadotropes and flow through cells. 
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IV-D. Expression and regulation of viral oFSHBLuc-V constructs in purified primary 

gonadotropes 

The data in Figure 6A are the normalized composite results from three separate experiments 

showing expression of the three viral constructs in purified gonadotropes and comparing the 

results of follistatin, activin and activin plus GnRH treatments. The data in Figure 6B are 

non-normalized data from a single experiment. The data in Figure 6B show clearly that -

232oFSHBLuc-V and -750oFSHBLuc-V are expressed better than the longer -

2871oFSHBLuc-V construct. Therefore, the same results are observed in primary cells as in 

LβT2 cells meaning that expression in primary cells does not resemble that observed in vivo. 

The shorter two constructs should not have been expressed. 

It should be noted that fold-induction by activin decreases as the promoter sequences become 

shorter which was previously documented in LβT2 cells for plasmid constructs [15]. As 

expected GnRH inhibited the -750oFSHBLuc-V and -2871oFSHBLuc-V constructs, but 

surprisingly it could not inhibit the -232oFSHBLuc-V construct. This phenomenon was not 

observed in LβT2 cells and suggests a difference between analysis in primary and LβT2 

transformed gonadotropes. 
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Figure 6: Adenoviral infection of purified gonadotropes. Primary gonadotropes (10,000 cells/well) 

were plated and infected with -232oFSHBLuc-V, -750oFSHBLuc-V or -2871oFSHBLuc-V. After a 

24 hour infection, cells were treated with follistatin (250ng/ml), activin A (50ng/ml) or activin A 

(50ng/ml) + GnRH (100nM) respectively for 48 hours. Experiments were performed in quadruplicate 

and repeated 3 times. Figure 6A shows combined results for three individual experiments.  Follistatin 

results were normalized to 1. The framed text indicates the activin A induction for each viral 

construct. Bars with different letters are significantly different (P<0.05). Bars with the same letters are 

not different from each other (P>0.05). Figure 6B shows original data from one of the three 

independent experimental replicates. The framed text indicates the activin A induction for each viral 

construct.Bars with different letters are significantly different (P<0.05). Bars with same letters are not 

different from each other (P>0.05). 

 

 

IV-E. Expression and regulation of viral oFSHBLuc-V constructs in non-gonadotropes 

Figure 7A shows normalized composite data for results from three separate experiments 

showing expression of the three viral constructs in non-gonadotropes. Figure 7B is a 

representative single experiment showing original data. In both figures (A&B) it is clear that 

there is considerable expression of all ovine FSHBLuc-V constructs in non-gonadotropes. 

There should not have been any expression in these cells if proper cell-specific targeting was 

occurring. A statistical comparison of the data in Figures 6 and 7 indicates that basal 
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expression of oFSHBLuc-V constructs is not significantly different in gonadotropes 

compared to non-gonadotropes. Finally, it should be noted that neither activin nor GnRH 

(100 nM) had any significant effect on expression in non-gonadotropes. 
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Figure 7: Adenoviral infection of non-gonadotropes (flow through cells). Non-gonadotropes 

(10,000 cells/well) were plated and infected with -232oFSHBLuc-V, -750oFSHBLuc-V or -

2871oFSHBLuc-V. After a 24 hour infection, cells were treated with follistatin (250ng/ml), activin A 

(50ng/ml) or activin A (50ng/ml) + GnRH (100nM) for 48 hours. Experiments were performed in 

quadruplicate and repeated 3 times. Figure 7A shows combined results for three individual 

experiments.  Follistatin results were normalized to 1.  Different letters indicate significantly different 

means (P<0.05). Bars with same letters are not different from each other (P>0.05). Figure 7B 

represents data from one representative replicate. Different letters indicate significantly different 

means (P<0.05). Bars with same letters are not significantly different from each other (P>0.05). 
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V. Discussion 

 
V-A. Cell Specific Expression – the transgenic approach 

Prior to this study, 12 founder mice were produced that contained 4741 bp of ovine FSHB 

promoter linked to the luciferase gene and all but two expressed high levels of luciferase (1-

10 million RLU/mg protein) in the pituitary.  This was at least 100x the activity in all other 

tissues tested, except occasionally the frontal lobe of the mouse brain [8, 10].  Considering 

that only 1/20
th

 (~5 %) of pituitary cells are gonadotropes and they are the only pituitary cells 

producing luciferase [17], the specificity of expression for -4741oFSHBLuc in gonadotropes 

is 20x100 = 2,000:1.   

 

Three transgenic founders containing -750 bp of the oFSHB promoter were also produced 

and none expressed luciferase in any tissue.  These data indicated that sequences important 

for FSHB expression exist between -750 bp and -4741 bp of the ovine FSHB promoter.  One 

of the -4741oFSHBLuc transgenes that was not expressed in vivo had a deletion from -2755 

bp to -3275 bp suggesting that important elements within this sequence might be especially 

important for gonadotrope expression.  Figure 1 of this paper shows that the ovine FSHB 

promoter contains three sequences between -2755 bp and -3275 bp that have high homology 

to similar sequences on the human and porcine FSHB promoters.  This region (1.1 kb) with 

internal 100-200 bp sequences resembles a classical Locus Control region (LCRs). 

 

Locus Control Regions are usually found in stretches of DNA that are 1.1 kb long (18-22), 

reside 8 kb to 60 kb from the genes they control [19-22], direct cell-specific expression [23, 

24] and are highly conserved across species [25].  Even though the FSHB gene is a single 

copy gene, it seemed possible that it might be controlled in part by a classic LCR, especially 

since gonadotrope expression of the human FSHB gene requires relatively non-descript 

sequences in a 1 kb region beyond its coding sequence (+2138 bp and +3142 bp) [13].  The 

5’ sequences of the human promoter that are homologous to the ovine sequences are so far 

upstream on the 5’ end (-5 to -6.1 kb) they have never been included or tested for importance 

in any human FSHBLuc transgene.  The concept that these conserved sequences might help 
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control FSHB expression in many vertebrates needed to be tested.  Therefore, we produced 

transgenics that carried ovine FSHBLuc constructs missing the conserved homologous 

regions: -2361oFSHBLuc and -1866oFSHBLuc. 

  

The transgenic data presented in this report show that the hypothetical LCRs are not needed 

for specific FSHB expression in gonadotropes.  The data do indicate, however, that 

sequences between -1866 bp and -750 bp are responsible for gonadotrope-specific expression 

of ovine FSHB.  Since the porcine promoter sequence is different from the ovine sequence in 

this region and the human FSHB gene requires 3’ sequences for expression, it may be that 

unique solutions exist for the expression of many vertebrate FSHB genes.  This later scenario 

seems highly unlikely, however, for a gene so important for preservation of the species.   

 

VB. Cell Specific Expression – the primary gonadotrope approach 

Since the homology approach was unable to locate sequences needed for gonadotrope-

specific expression of ovine FSHB, and since LβT2 cells have not been useful for identifying 

sequences that control gonadotrope-specific expression, we turned to the use of primary 

gonadotropes believing they might contain the information (transcription factors) needed to 

create gonadotrope specific expression.   The following 3 adenoviral constructs were made 

for expression in primary gonadotropes (and non-gonadotropes) to study gonadotrope 

specific expression of ovine FSHB: -232oFSHBLuc-V, -750oFSHBLuc-V, and -

2871oFSHBLuc-V. 

 

Just as in LβT2 cells, however, each of the above constructs was expressed in purified 

primary gonadotropes.  Only -2871oFSHBLuc-V should have been expressed in 

gonadotropes and none should have been expressed in non-gonadotropes if adult cells had 

the ability to create gonadotrope-specific expression. All three constructs were expressed in 

primary non-gonadotrope pituitary cells at essentially the same basal levels.  
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Therefore, the use of primary cells (gonadotropes and non-gonadotropes) is not useful for 

defining the type of control used by sequences between -1866 bp and -750 bp.  This type of 

control must not come from the presence or absence of certain constitutively active 

transcription factors that provide constant stimulation of transcription.  This type of 

stimulation is exemplified by the Pitx1 transcription factor working at -60 bp in the ovine 

FSHB promoter.  The type of expression controlled by sequences between -1866 bp and -750 

bp must be different.   

 

Adenoviral DNA is foreign DNA which did not experience primary cell differentiation and 

development during embryogenesis. Current research shows that chromatin structure changes 

during embryogenesis caused by temporal changes in transcriptional factors that can close 

down chromatin permanently or keep it available permanently for expression.  Such 

processes occur throughout embryogenesis.  Hoxb1, for example, can recruit Pbx and Meis to 

activate many promoters during zebra fish embryogenesis.  Each promoter is bound by a 

complex of Hoxb1, Pbx and Meis, and Meis plays an essential role in acetylating and 

remodeling the chromatin so that transcription is turned on [26].  Likewise, Brg1, a 

chromatin remodeling protein needs Cdx2 to repress Oct4 in mouse blastocysts [27].  Cdx2 is 

also a homeobox family member and has been shown to interact with EP300, CBP and other 

histone acetyltransferases. These are two examples of chromatin alteration during 

embryogenesis under the control of a homeobox proteins.  Homeobox genes are also 

important in pituituary embryogenesis, which begins with Rathkes’ pouch that first appears 

at e8.5 in the mouse.  A cascade of tightly controlled homeobox transcription factors 

participate in the permanent differentiation of gonadotropes and specific expression of the 

FSHβ gene that includes Ptx-1, Rpx/Hesx-1, SF-1, LHX3 and prop-1.  These transcription 

factors are not expressed at the same time during embryogenesis, and some of them are even 

turned off prior to birth, such as prop-1 and Rpx/Hesx-1 (1 report indicates prop-1 is present 

in the postnatal rat pituitary).   
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Since neither the -215oFSHLuc nor the -750oFSHLuc can be expressed in vivo but the -

1866oFSHLuc can, it is reasonable to speculate that there is a site between -750bp and -

1866bp that controls permanent inactivation of the ovine FSHB gene or its permanent 

expression like genomic imprinting involving epigenetic changes [28, 29].  If this is true, it is 

not difficult to understand why all the viral constructs were expressed in primary 

gonadotropes since they do not have the inhibitory mechanism between -750bp and -1866bp 

which is controlled during embryogenesis.  

 

Finally, aside from the inability of primary gonadotropes to help identify developmental 

changes that control gonadotrope-sepcific expression, it appears there is little difference in 

regulatory studies using adenoviral ovine FSHBLuc constructs in primary gonadotropes or 

plasmids in LβT2 cells, except that LβT2 cells are much easier to work with and plasmids are 

easier to prepare than viruses.  Activin A induces the expression of both viral and plasmid 

constructs, and 100 nM GnRH inhibits activin-induced FSHB expression equally well in both 

systems with one exception: it does not inhibit expression of the shortest adenoviral construct 

(-232oFSHBLuc-V) in primary gonadotropes, while it does block expression of both 

adenoviral and plasmid constructs in LβT2 cells.  This difference occurs because of cell type. 

It seems like a small difference, but the implication is large as noted below.   

 

The data with primary gonadotropes suggest there are promoter sequences between -232 bp 

an -750 bp of the ovine FSHB promoter that mediate inhibition by GnRH in primary 

gonadotropes.  By contrast, inhibition of all constructs in LβT2 cells may occur through 

signaling that affects whole cell characteristics.  There is a huge difference between these two 

mechanisms and the data suggest primary gonadotropes are the cells needed to define the 

promoter mechanism that causes GnRH-mediated inhibition of FSHB in vivo.  
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VI. Future directions for my research. 

Negative regulation of FSH by GnRH is not well understood, but GnRH has such an 

important effect on FSH that its negative action is extremely important to understand.  Since 

the sequence between -232 bp and -750 bp on the ovine FSHβ promoter was shown to be 

associated with GnRH negative regulation, detailed analysis of this sequence would be the 

first priority.  Multiple deletion mutants of ovine FSHB promoter-luciferase constructs (viral) 

would be tested in purified primary gonadotropes to identify the sequences required for 

inhibition of FSHβ expression by GnRH.  GnRH activates many MAP kinases (ERK, JNK, 

p38 and others?) but it is not known what transcription factors they influence to directly 

inhibit FSHB transcription.  Based on preliminary time-course data (not shown), 100 nM 

GnRH fully inhibits FSHB expression within 2 h after treatment, and inhibition lasts, at least, 

for 48 h.  GnRH could do this by inducing an early response gene product that binds to the 

promoter or it could cause a constitutive transcription factor to be modified to bind to the 

FSHB promoter.  No matter what occurs, it will be novel. 

 

Gonadotrope-specific expression of the ovine FSHB promoter is controlled by sequences 

between -750 bp and -1866 bp.  To fully understand FSHB expression, it is important to 

identify these sequences, but data from this thesis indicates that primary gonadotropes  

cannot be used to identify them.  These sequences (sites) are likely to control changes in 

chromatin structure that occur during embryonic development.   One way to identify these 

sequences is to construct a series of ovine FSHB-promoter-reporter constructs that lack 

sequences between -750 bp and -1866 bp and test their expression as transgenes in mice.  

This approach should identify the specific sequences, but such a process would be very 

expensive and time consuming.   

 

A second approach would be to identify binding sites for Prop1 and Rpx-Hesx1 between -

1866 bp and -750 bp of the ovine FSHB promoter since similar sites are associated with 

gonadotrope specific expression of porcine FSHB.  These transcription factors are transiently 

expressed during embryonic development, but then disappear before parturition (Ref 41 in 



 52 

the literature review).  As suggested by Kato’s laboratory (ref 52 in the literature review) 

Prop1 and Rpx-Hesx1 bind to sequences between -850 and -750 in the porcine FSHB gene 

and these sequences are needed to express porcine FSHB as a transgene in rats.  These same 

sequences do not appear, however, in the ovine promoter between -750 bp and -850 bp, but 

may appear elsewhere.  These sites would have to be found using EMSA analysis of DNA 

fragments incubated with nuclear extracts rich in Prop1 and/or Rpx-Hesx1.  If specific 

binding sites are found in the ovine promoter these sites could be tested using a transgenic 

approach (see above) that includes only mutations of these binding sites.   
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APPENDIX A 

 

 

Elucidation of Mechanisms of the Reciprocal Cross Talk between Gonadotropin-

Releasing Hormone and Prostaglandin Receptors 

 

 

Michal Naidich, Boris Shterntal, Ran Furman, Adam J. Pawson, Henry N. Jabbour, Kevin 

Morgan, Robert P. Millar, Jingjing Jia, Melanija Tomic, Stanko Stojilkovic, Naftali Stern and 

Zvi Naor. 
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Appendix B 

 

 

Expression and Regulation of the β-Subunit of oFSH Relies Heavily on a Promoter 

Sequence Likely to Bind Smad-Associated Proteins 

 

Pei Su, Farideh Shafiee-Kermani, A. Jesse Gore, Jingjing Jia, Joyce C. Wu and William L. 

Miller. 

 

Published in Endocrinology, 2007, Vol. 148: 4500-4508. 
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Appendix C 

 

 

A Conserved PITX1/2 Binding Site and Adjacent Promoter Region are Important for 

Expression of Ovine Follicle Stimulating Hormone Beta-Subunit in vivo 
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