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Abstract 
Luteinizing hormone (LH) is secreted throughout the reproductive cycle from the 

gonadotrope cells of the anterior pituitary, and is required for steroidogenesis and 

ovulation. LH contains an α-subunit common with FSH, and a unique LHβ subunit that 

defines biological activity. Basal LHβ transcription is low and stimulated by the 

hypothalamic hormone GnRH. GnRH induces synthesis of Egr1 ( early  growth  

response  protein-1) and stimulates the cycl ic binding of transcription factors Egr1 

and SF1 (steroidogenic factor-1) on the LHβ promoter. By blocking proteasomal 

degradation using the inhibitor MG132, our lab previously demonstrated that 

proteasomal inhibition hampered the cyclic binding of Egr1 and SF1 on the LHβ 

promoter, and we hypothesized that there could be a DNA-bound or transcription factor-

bound inhibitory protein that hindered this cyclic association. These inhibitory proteins 

might require removal by proteasomal degradation to recruit transcriptional activators. 

Our candidate for the DNA binding repressor protein was WT1 (Wilms tumour1) and a 

potential candidate for the transcription factor-bound inhibitory protein was DAX1. WT1 

(Wilms  tumor protein1)  is a  zinc finger  transcription factor  with  an essential  role  

in  urogenital  system  development. It regulates  several reproductive genes via 

interactions with SF1 or binding to GC-rich elements such as Egr1 binding sites. 

DAX1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on 

chromosome X, gene 1), regulates several reproductive and steroidogenic genes by 

interacting with SF1 and has been suggested to have both co-activator and co-repressor 
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properties. In this thesis we investigated the potential roles for W T 1  a n d  D A X 1  

in LHβ transcription using clonal mouse gonadotrope LβT2 cells. We demonstrate the 

presence of WT1 in LβT2 and mouse pituitary cells, and t h a t  t h e  protein bound to 

the endogenous LHβ promoter. T h e  mRNAs for WT1(+KTS), which contains a three 

amino-acid insertion between the 3rd  and 4th  zinc-fingers, and the WT1 (-KTS) 

variant were both expressed at significant levels. WT1 mRNAs and protein were 

decreased approximately 50% by GnRH treatment, under conditions where Egr1 

mRNA and protein, and LHβ transcription, were stimulated. Decreasing expression 

of mRNA for WT1(-KTS) decreased stimulation of LHβ and Egr1  by GnRH, whereas 

decreasing both WT1(-KTS) and (+KTS)  increased endogenous LHβ transcription, 

and prevented LHβ but not Egr1 stimulation by GnRH, suggesting  differing  biological  

activities  for  the  WT1  isoforms. Overexpression of WT1 showed that WT1(-KTS) 

enhanced LHβ promoter GnRH stimulation 2-to-3-fold and required o n l y  the 3’Egr1 

site. WT1(+KTS) repressed both basal and GnRH-stimulated LHβ promoter activity 

by approximately 70%, and required both Egr1 and SF1 sites. Our data suggest that 

WT1 can modulate LHβ transcription, with differential roles for the two WT1 variants; 

WT1 (-KTS) enhances and WT1 (+KTS) suppresses transcription. 

 

We investigated the role of DAX1 in LHβ transcription and the effect of proteasomal 

degradation in the cyclic binding of the co-regulatory proteins on the LHβ promoter. 

Chromatin immunoprecipiation showed that GnRH stimulates binding of DAX1 to the 

LHβ promoter, suggesting it acts on the endogenous gene. Inhibition of proteasomal 
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activity prevents association of the SF1 co-activators SRC1 and GCN5, and regulatory 

proteins WT1 and DAX1, but sustained binding of the co-repressor SMRT to the LHβ 

promoter.  DAX1 overexpression increased GnRH-stimulated LHβ promoter activity in a 

dose dependent manner. Decreasing endogenous DAX1 levels by siRNA decreased 

LHβ  mRNA primary transcripts. Thus, DAX1 appears to be an endogenous activator of 

LHβ  expression. To better understand DAX1 functions, we used full length and 

truncated forms of the LHβ promoter and found that the proximal GnRH response region 

is sufficient for DAX1 activity. We found that mutation of either SF1 site in the proximal 

region eliminated DAX1 enhancement of GnRH-stimulated promoter activity. However, 

subsequent experiments using siRNA against SF1 and measurement of DAX1 

association with the LHβ promoter, or DAX stimulation of promoter activity, suggests 

that DAX1 can still bind and stimulate the LHβ promoter in the absence of SF1. 

 

Overall our data shows that WT1 (+KTS) could serve as the DNA-bound inhibitory 

protein as per our hypothesis, and that proteasome activity regulates cyclic binding of 

coregulators to the LHβ promoter, suggesting exchange of negative and positive 

regulators is required for cyclic transcription factor association and transcription.  In the 

process, we also found that DAX1 is a dose dependent, positive or negative co-

regulator of GnRH stimulated LHβ transcription, and that the WT1 (–KTS) stimulates 

LHβ transcription. 
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Chapter 1:Background 

Hypothalamic-Pituitary-Gonadal axis and female reproduction 
The hypothalamic-pituitary-gonadal (HPG) axis controls the female reproductive 

system. The HPG axis is a tightly regulated system comprised of three major endocrine 

organs, including the hypothalamus, pituitary and ovary. Neurons in the hypothalamus 

secrete the decapeptide hormone, gonadotropin releasing hormone (GnRH) in a 

pulsatile manner that varies across the female menstrual cycle (1,2). Gonadotrope cells 

in the anterior pituitary secrete LH and FSH hormones in response to specific GnRH 

pulse frequency and amplitude patterns. Slow GnRH pulses (1pulse/120mins) favor 

FSH synthesis and secretion, which is required for egg maturation in the ovary and 

faster GnRH pulses (1pulse/30mins) favor LH synthesis and secretion (1,2). Variations 

in gonadotropin secretory patterns in turn impact sex steroid secretion from the ovary 

and the ovarian sex steroids can feed back to the hypothalamus and the pituitary. 

These complex feedback loops drive the normal menstrual cycle.  The menstrual cycle 

can be divided into 3 main phases, from beginning to end, based on ovarian biology: the 

follicular phase, the ovulatory phase and the luteal phase (1,3,4). Slow GnRH pulses 

stimulate FSH synthesis and secretion. FSH stimulates the development and maturation 

of the ovarian follicles during the late luteal and early follicular phases. During the 

follicular phase, FSH contributes to the establishment of one dominant follicle. The 

dominant follicle produces the hormone 17β-estradiol (E2), which feeds back to the 

hypothalamus to increase the GnRH pulse frequency that enhances LH synthesis and 

secretion. At the pituitary level, high concentrations of E2 sensitize the gonadotrope 

cells for GnRH responsiveness by increasing GnRH receptor expression. Together, 
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these phenomena provoke an LH surge, which triggers the ovulation- the release of 

egg/oocyte (from the dominant follicle) into the fallopian tube. After ovulation, the 

remnant follicle is luteinized to form a structure called the corpus luteum. This marks the 

beginning of the luteal phase, during which the corpus luteum synthesizes and secretes 

progesterone along with E2. Progesterone feeds back to the hypothalamus to slow 

down GnRH pulse frequency. Slower GnRH pulses result in FSH secretion and initiates 

a new cycle. In the absence of human chorionic gonadotropin, the corpus luteum 

collapses, and E2 and P levels fall – this allows the next cycle to proceed. However,	   in 

the presence of human chorionic gonadotropin from a fertilized conceptus, the corpus 

luteum is maintained, which allows continued E2 and P secretion that suppresses 

GnRH/gonadotropin secretion to prevent cycle initiation and to support pregnancy. 

The feedback loop, whereby steroid hormones feed back to the hypothalamus to alter 

GnRH pulse frequency is an important component of the regulation of the cycle. In 

response to cyclic changes in the ovarian hormone secretion (estrogen and 

progesterone) corresponding changes occur in the uterus. Estrogen stimulates 

endometrial cell proliferaton (endometrial proliferative phase) and thus the thickening of 

endometrium/uterine wall.  After ovulation, progesterone from the corpus luteum 

converts the proliferative endometrium to a secretory endometrium (endometrial 

secretory phase), with blood vessel formation and mucoid secretions - changes that are 

necessary to support possible implantation.  In the absence of continuous or chorionic 

gonadotropin stimulation of the corpus luteum, progesterone and estrogen secretion 

wanes; in response to sex steroid withdrawal, the uterine  lining is shed as menstrual 

bleeding (3–6). 



	   13	  

 

 

 

 

 

Figure 1 Pulsatile GnRH release and hormonal regulation controlling menstrual 
cycle ‘E’ denotes estrogen and ‘P’ denotes progesterone hormones 
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Figure 1 Pulsatile GnRH release and hormonal regulation controlling menstrual 

cycle ‘E’ denotes estrogen and ‘P’ denotes progesterone hormones. 

 

 Fast and slow GnRH pulses favors LH and FSH hormone synthesis respectively in the 

pituitary as shown by the continuous and dotted lines. FSH and LH controls follicular 

maturation and ovulation in the ovary, along with directing sex steroid hormone 

(estrogen and progesterone) synthesis. These steroid hormones then feed back to the 

hypothalamus and the pituitary to regulate GnRH pulses and synthesis of gonadotropin 

hormones. Figure adapted from thesis work by Heidi Walsh 2009. 
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H-P-G feedback by non-steroidal hormones 
FSH levels may be selectively altered in pituitary cells by non-steroid hormones like 

activin, inhibin and follistatin produced in the ovarian follicles and the pituitary (7,8). 

Inhibin and follistatin have inhibitory effects on FSH and activin has a stimulatory effect 

on FSH. Activin can be a homo- or heterodimer, composed of same or different sub-

type of β subunits (βA, βB) subunits linked by a di-sulphide bond. Inhibin is a 

heterodimer made in combination of an α–subunit and different subtype of β subunits 

(βA, βB), according to which it is named inhibin A (α βA) and inhibin B (α βB). Follistatin, 

on the other hand, has no similarity with activin or inhibin subunits .It is a glycoprotein 

hormone that binds to activin, and exerts its suppressive effect on FSH by neutralizing 

the stimulatory effects of activin. In the early follicular stage, E2 is produced from the 

developing ovary, which feeds back to the hypothalamus to increase GnRH pulse 

frequency, causing increased LH synthesis and secretion. The rise in Inhibin B 

expression in the ovary during mid-follicular phase helps account for the reduction of 

FSH at this time. At mid-cycle LH secretion is increased in response to rising GnRH, 

resulting in and ovulation. Although inhibin is produced in the ovary, it inhibits FSH 

action by a negative feedback to the pituitary. In addition to stimulation of FSH synthesis 

and secretion, activin also stimulates the expression of GnRH receptor, FSH receptor 

and proliferation of ovarian granulosa cells, where androgen is converted to estrogen by 

aromatase enzyme. (9,10).  
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PCOS: Elevated LH in PCOS 

Any kind of hormonal dysregulation in the HPG axis might lead to certain infertility 

syndromes such as polycystic ovarian syndrome. Polycystic Ovarian Syndrome (PCOS) 

affects many women estimated approximately 5-12% of women of reproductive age, 

and is a common cause of infertility (11,12). Common features of PCOS are 

anovulation, hyperandrogenism and in some cases metabolic problems like insulin 

insensitivity that leads to compensatory hyperinsulinemia; ovarian cysts are also often 

observed. In approximately 75-95% of PCOS patients, elevated levels of LH and/or high 

LH/FSH ratios enhance ovarian steroidogenesis. Additionally relatively low FSH levels 

hinder follicular development (and thus ovulation), which contributes to the subfertility of 

PCOS. Increased levels of LH stimulate ovarian theca cells to produce androgen at 

higher than normal levels. In addition, low FSH levels (relative to LH) result in low levels 

of aromatase enzyme (enzyme catalyzing the conversion of androgen to E2) production 

in the granulosa cells of the ovary. As a consequence, ovarian follicles in PCOS have 

reduced ability to covert androgen precursors to estrogens; this contributes to increased 

androgen production. These two processes synergistically elevate androgen levels in 

PCOS patients. Elevated androgen levels can then interfere with progesterone negative 

feedback on the hypothalamus, thus preventing the slowing of GnRH pulses and the 

resulting increase in FSH (11,13).  

 

 Neuroendocrine dysregulation causes continuous induction of rapid GnRH pulse 

frequency that increases LH levels resulting in inappropriate LH /FSH ratio. Incessant 

rapid-GnRH pulse frequency occurs due to reduced hypothalamic sensitivity to negative 
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feedback by progesterone. Under normal circumstances progesterone reduces GnRH 

pulse frequency after ovulation, which in turn reduces LH secretion and favors FSH 

secretion.  Exogenous progesterone treatment to control and PCOS women restored 

normal LH levels. However, higher progesterone was required for PCOS patients to 

achieve a similar suppressive effect on GnRH/LH pulses (14). This suggests that in 

PCOS patients, the hypothalamus is less responsive to progesterone-negative 

feedback, possibly due to elevated androgens. In support of this theory, anti-androgen 

(flutamide) administration restored progesterone feedback in PCOS women (15). 

Androgen antagonizes the negative progesterone feedback, which is required to slow 

down GnRH pulse frequency and suppress LH secretion, after ovulation. Androgen 

interferes with progesterone feedback, indirectly increasing LH levels and high LH 

increases androgen production in the ovary; this further perpetuates the hormonal 

dysregulation (12,16,17). 

 

Development of PCOS cannot be accounted for by a single factor, rather, combinations 

of various factors are likely to be responsible for the syndrome, including genetic 

contributions, obesity and other unknown causes (18,19) . My work is focused in 

understanding the detailed transcriptional mechanism of LH, as dysregulation of LH is a 

major contributor in PCOS development. GnRH is the most critical regulator of 

gonadotropin secretion and subunit gene transcription. Among the gonadotropin subunit 

genes, the LHβ subunit is most dependent on GnRH pulses, and is stimulated to the 

greatest extent (6). 
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GnRH receptor and signaling 
GnRH receptors, a seven helical transmembrane protein belonging to the G-protein 

coupled receptor family, are present on cells of the anterior pituitary. GnRH receptor, 

upon stimulation by GnRH, initiates signaling cascades to effectively transcribe its target 

genes (gonadotropin genes). GnRH receptors transduce intracellular signals via G-

proteins (GTP binding proteins), which in turn, activates other downstream signaling 

cascades like MAPK (mitogen activated protein kinase). G-proteins are trimeric proteins 

made up of a α-subunit and a heteodimeric β-γ subunit. The α-subunit can be of three 

main subtypes - Gs, Gi or Gq. GnRH signaling, for gonadotropin gene transcription in 

the clonal gonadotrope line, LβT2 cells, occurs via Gs and Gq subtypes (20). Gs protein 

signals via activating adenylate cyclase to catalyze cAMP production and in turn 

activating protein kinase A. However, Gq upon stimulation dissociates from the β-γ 

dimer and gets activated by binding GTP (20). It then activates Phospholipase C-β 

which cleaves PI biphosphate into inositol 1,4,5-triphosphate (IP3) and diacylglycerol 

(DAG) (21,22). DAG activates protein kinase C (PKC) and IP3 causes rise in 

intracellular calcium ions, which also activate PKC. Activated PKC then phosphorylates 

and hence activates target proteins like MAPK  (mitogen-activated protein kinase) to 

drive the signaling cascade further (22). GnRH signaling via MAPK members ERK 

(extracellular signal-regulated kinase) and JNK (c-Jun N-terminal kinase) is important 

for gonadotropin gene transcription, including both stimulation of transcription factor 

levels, and post-translational modifications of transcription factors. ERK is involved in 

transcription of the alpha subunit gene and FSHβ, however JNK signaling is involved 

specifically for GnRH-stimulated LHβ transcription(23). GnRH stimulated LHβ promoter 
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activity remained unaffected by ERK inhibitor or presence of catalytically inactive ERK 

however, JNK inhibitor and dominant negative JNK completely inhibited GnRH 

stimulated LHβ transcription (23). Moreover, GnRH induction of ERK was found to be 

PKC and intracellular or extracellular calcium ion dependent unlike JNK, suggesting a 

differential regulation of these two signaling cascades by GnRH (21–24). Studies using 

specific protein kinase inhibitors and measuring GnRH regulated Egr1 promoter activity 

revealed that GnRH stimulation of Egr1 occurs through PKC and ERK signaling 

pathways (25). A recent study reported GnRH signaling via GnRH-induced activation of 

AMP-activated protein kinase (AMPK) to be involved in LHβ transcription. AMPK 

inhibitor compound C or siRNA against AMPK inhibited GnRH stimulated endogenous 

LHβ transcription and Egr1 synthesis (26). GnRH also activates and signals via 

Calcium/calmodulin-dependent kinase II (Ca/CaMK II), a mediator in calcium signaling, 

to influence LHβ gene transcription. Blocking the calcium influx and depleting the 

intracellular calcium levels inhibited GnRH activation of CaMK II. A specific CaMK II 

inhibitor resulted in suppressed GnRH stimulated LHβ transcription (27). GnRH 

signaling has also been reported to work in concert with cAMP signaling via activation of 

Protein Kinase A to influence LHβ transcription through 3’SF1 binding site on the LHβ 

promoter (28). 
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Figure 2 GnRH Signaling 
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Figure 2 GnRH Signaling Upon GnRH binding, GnRH receptors transduce intracellular 

signals via coupling with Gs and Gq subunits of the G-proteins to regulate gonadotropin 

gene transcription. GnRH receptor coupling with Gq activates phospholipase Cβ (PLCβ) 

and in response two messager molecules 1,4,5-triphosphate (IP3) and diacylglycerol 

(DG) are produced. IP3 stimulates the release of intracellular calcium from endoplasmic 

reticulum and DG along with the intracellular calcium activates protein kinase C 

pathway. PKC then activates MAPK family proteins extracellular signal- regulated 

kinase (ERK), P38 MAPK, c-Jun N-terminal kinase (JNK). Calcium signaling also 

influences PKC signaling pathway. However, GnRH differentially regulates these 

pathways to differentially regulate gonadotropin genes. GnRH also activates calcium-

calmodulin kinase II (CaMK II) via IP3. GnRH receptor coupling with Gs subunit of G-

protein stimulates cAMP production via adenylate cyclase. cAMP then activates protein 

kinase A (PKA) pathway which influences gonadotropin gene transcription. MAP kinase 

phosphatase 1/2 (MKP1/2) regulates ERK activity by dephosphorylation.  
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LHβ promoter and transcription  
LH is composed of two subunits, a common α–subunit that it shares with FSH, and a 

distinct β subunit. GnRH, secreted from the hypothalamus in a pulsatile manner, 

regulates transcription of these subunit genes in the anterior pituitary. The pulsatile 

release of GnRH, 1/8-30mins pulse favors alpha subunit synthesis, 1/30-60min favors 

LHβ and 1/120-240 min pulse favors FSHβ synthesis (1). Among all the 3 subunit 

genes, LHβ is most dramatically and precisely regulated by GnRH (6).The rat LHβ 

promoter (Figure 3) is comprised of two GnRH responsive regions, the distal (-617 to -

366 bp relative to transcription start site) and the proximal region (-127 to -50 bp) . The 

distal region contains two SP1 sites and a CArG box. The rat promoter is nearly 

identical to the mouse promoter, but the Sp1 binding site is slightly different and has a 

lower affinity for this transcription factor. The proximal region of LHβ promoter is 

conserved across all mammalian species and consists of GnRH responsive elements 

that includes two binding sites for the transcription factors Egr1 (early growth response 

protein), SF1 (orphan nuclear receptor) and one binding site for Ptx1 (homeobox 

protein). GnRH stimulates the cyclic and coordinated binding of these transcription 

factors on LHβ promoter (29).  These transcription factors, along with their co-regulatory 

proteins, regulate LHβ transcription. Full transcriptional activation requires interactions 

and synergy between the distal and proximal response elements (30–32). 

 

Examination of the gonadotropin subunit genes shows that all three subunits bind the 

orphan nuclear receptor SF1, and this transcription factor is critical for expression of all 

three genes, as well as the GnRH receptor gene (33–35). However, the GnRH 
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response regions are very divergent, and each contains binding sites for different early-

response proteins; for LHβ, this is Egr-1 (30).  Egr-1 is rapidly stimulated by GnRH 

several 100-fold from undetectable levels; ERK, JNK, and AMPK signaling cascades 

are all required for this stimulation (26,36). After the rapid induction of Egr1 synthesis by 

GnRH, the three transcription factors Egr1, SF1 and Ptx1 synergistically enhance LHβ 

transcription through protein-protein interactions on the promoter (37) . In addition to 

these transcription factors, co-regulatory proteins that associate with the transcription 

factors play a significant role in regulating transcription. Several proteins that were 

shown to co-activate LHβ transcription includes β-catenin, P300, SNURF and CBP 

(CREB binding protein) (31,38–40). Overexpression and siRNA studies showed β-

catenin to be positively regulating the functional interaction between SF1 and Egr1, with 

maximal promoter activity during GnRH stimulated LHβ transcription. β-catenin directly 

interacts with SF1. By mutating the β-catenin binding site on SF1 (235-4 AA, in the 

ligand binding domain), Egr1-SF1 synergy was compromised (38). In vitro and in vivo 

studies revealed that phosphorylated CBP protein interacts with Egr1 to enhance GnRH 

responsiveness of the LHβ promoter in LβT2 cells. Female mice with a mutated CBP-

phosphorylation site (Serine 436 mutated to Alanine) were less responsive to GnRH 

and had dysregulated estrous cycles (40).  The small nuclear ring finger protein SNURF 

acts as a co-activator by facilitating interaction between the distal and proximal GnRH-

sensitive regions of the LHβ promoter by associating with Sp1 via the SNURF Ring 

finger, and with SF1 via charged amino acids near the SNURF N-terminal (31). SNURF 

binds to TATA binding protein (TBP) on the promoter and serves as a bridge between 
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the transcription factors and the general transcriptional machinery complex (41). 

Additional coactivators bind to SF1, described later, and additional activating proteins 

may yet be identified for the LHβ gene. 	  

Proteins that suppress LHβ transcription include co-repressor proteins that bind to 

regulatory transcription factors, and additional co-repressor proteins that directly 

suppress LHβ gene transcription.  Co-repressor proteins of Egr1 called NGFI-A-binding 

protein, Nab1 and Nab2 repress GnRH stimulated LHβ transcription in a GnRH pulse 

frequency dependent manner. At higher GnRH pulse frequency Egr1 synthesis is 

favored which activates LH transcription, on the contrary at low GnRH pulse frequency 

Nab1, Nab2 mRNAs are synthesized (42). Zfhx1a, or ZEB, zinc finger homeodomain 

protein, acts as a negative regulator of LHβ transcription. It binds to the promoter 

through E-box elements at -381 and -182bp sites. Zfhx1a overexpression decreased 

GnRH stimulated LHβ transcription and mutation of the three E-box (binding sites for 

Zfhx1a) sites on the promoter increased GnRH stimulated transcription (43). SNIP1 

(smad nuclear interacting protein) was also shown to suppress LHβ promoter activation 

by sequestering co-activator P300, which acts as a stabilizer of SF1-Egr1 interaction 

required for LHβ promoter activation. P300 overexpression stimulated LHβ transcription 

only in presence of both Egr1 and SF1, and SNIP1-mediated suppression was released 

by P300 overexpression(39). SF1, as an orphan nuclear receptor, can also associate 

with several proteins that are typical co-suppressors for the nuclear receptor family, 

including SMRT and NCOR (44,45).  
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Figure 3 Rat LHβ subunit gene promoter showing binding sites for different 
proteins and transcription factors.   

LHβ promoter has distal and proximal GnRH responsive elements. The distal region 

consist of two SP1 binding site and a CArG box, the proximal region is conserved 

across mammalian species and consists of two binding sites for Egr1 and SF1 and one 

homoebox protein Ptx1 binding site. Figure adapted from thesis work by Heidi Walsh, 

2009. 
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Nuclear receptors and transcription 
Nuclear receptors: Nuclear Receptors (NR) are a group of transcription factors that 

upon receiving external signals (Ligand binding or post-translational modification) can 

act on target gene transcription by directly binding to DNA. NRs regulate the expression 

of a wide array of genes involved in development, homeostasis, reproduction and 

metabolism (46). Most nuclear receptors are ligand-activated and common ligands are 

hormones, including steroids, Vitamin D and others.  However there are some orphan 

nuclear receptors with unidentified ligands, including SF1, which is regulated primarily 

through posttranslational modification as opposed to ligand activation. Certain 

phospholipids like phosphatidyl inositols have been suggested to serve as SF1 ligands, 

since mass spectrometry results show that they bind within the SF1 ligand binding 

pocket (47–49). Sphingosine has been shown to act as an inhibitory ligand of SF1 

during the transcription of CYP17 gene in the adrenal cortex and is suggested to be 

exchanged by some unidentified activator ligand (49). 

A Typical NR structure includes (Fig.4): 

a) N-terminal ligand independent activation domain called AF1. 

b) DNA binding domain (DBD) 

c) Hinge region (imparts flexibility) 

d) C-terminal Ligand Binding Domain (LBD): which is involved in  

    ligand recognition and binding, cofactor interaction and dimerization  

LBD domain (composed of 12 helices), AF2 domain or 12th helix upon  

ligand binding changes its conformation and the NR becomes active (46). 
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Figure 4 General structure of a nuclear receptor 

 A typical nuclear receptor structure comprising of a N-terminal ligand independent 

activation domain (AF1), a DNA binding domain (DBD) containing two zinc fingers that 

allows the receptor to bind to it’s target gene promoter, Hinge region (imparts flexibility), 

a C-terminal Ligand Binding Domain (LBD) involved in ligand recognition and binding, 

cofactor interaction and dimerization LBD domain (composed of 12 helices), AF2 

domain or 12th helix upon ligand binding changes its conformation and the NR becomes 

active (46). 
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In the basal, inactivated state, nuclear receptors are bound to co-repressors that directly 

or indirectly repress transcription (50,51). For example some of these proteins (SMRT, 

NCOR) interact with additional proteins such as histone de-acetylases, which modify 

histones and keeps the chromatin in a compressed configuration that does not allow 

access to transcription factors or the transcriptional machinery. The co-repressors 

interact with the LBD domain of the NR through via the CoRNR (variations of the motif, 

I/L-x-x-I/V-I) box present near its C-terminal end (52) 

 In ligand activated NRs, the AF2 domain (in the LBD domain) undergoes a 

conformational change upon ligand binding which facilitates release or the exchange of 

the co-repressors with co-activators. In the case of cytosol located NR, ligand activation 

signals the NR to move to the nucleus where it binds to target gene DNA with the help 

of zinc finger domains in the DNA binding domain.  Once bound to their target DNA, a 

typical nuclear receptor recruits co-activator complexes like SRC/P160, CBP/p300. 

Some of these proteins have histone acetylase (HAT) activity that helps in unwinding 

the chromatin structure to facilitate gene transcription, and that forms a transcriptionally 

active complex interacting with required basal transcriptional machinery that includes 

RNAPol II to carry on transcription. These co-activators contain LXXLL motifs that 

interact with the AF2 domain of the NR. The interplay between the co-repressors and 

the co-activators of the NRs regulate the NR response to the cellular signaling 

commands for gene expression. These co-regulatory proteins might have diverse 

enzymatic activities that include phosphorylation, methylation, acetylation, ubiquitination 

and chromatin remodeling; these co-regulatory proteins might also be targeted for 

several of the above-mentioned modifications. Several co-activators, co-repressors and 
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the proteins of the basic transcriptional machinery are often ubiquitinated and targeted 

for proteasomal degradation. Proteasome mediated degradation of the proteins involved 

in transcriptional complex facilitates to clear off the promoter after each transcriptional 

cycle to initiate a new rounds of transcription (46,53–55). 

 

SF1 
SF1 is an orphan nuclear receptor and an important transcription factor regulating 

genes related to steroidogenesis and reproduction. SF-1 knockout mice fails to develop 

of the adrenal glands, gonads, ventromedial hypothalamus and proper functioning of 

pituitary gonadotropes is also hampered (56). SF1 is expressed in steroidogenic tissue 

of adrenal cortex, ovaries and leydig cells of the testis, and regulates enzymes 

pertaining to steroidogenesis. In the pituitary, SF1 is involved in the transcription of the 

common α and unique β subunit genes of LH and FSH and also the GnRH receptor  

(33–35). In addition to DNA binding ability, SF1 regulation of its target gene also 

involves forming a protein complex by interaction with other transcription factors and co-

regulatory proteins. SF1 is phosphorylated at serine 203 residue at the C-terminal 

region of the hinge, near the AF-1 domain. SF1 phosphorylation signals it to recruit and 

interact with the co-activators SRC1, GCN5 and CBP through the activation domain2 

(AF2) located in the putative ligand-binding domain. Both these domains are also 

required for interaction of SF1 with the co-repressor SMRT(44,57,58).  

 

In response to GnRH, cyclic and coordinated binding of the transcription factors EGR1 

and SF1 occur on the chromatin associated with the LHβ promoter (29). In addition to 
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these transcription factors, relevant co-activators (increase transcription) or co-

repressors (decrease) could also be recruited by these transcription factors. 

Egr1 
 In response to GnRH, synthesis of early zinc-finger transcription factor Egr1 (early 

growth response1) is stimulated to initiate LHβ transcription. Egr1 knock-out mice are 

infertile, primarily due to lack of LHβ expression (59). Mutation of any of the two Egr1 

sites in the LHβ promoter has been shown to significantly decrease both basal and 

GnRH stimulated LHβ transcription (29,37). Egr1 acts in concert with the orphan nuclear 

receptor SF1 to induce LHβ transcription (60,61). The Egr1 family of early growth 

response proteins includes Egr2, Egr3 and Egr4 are rapidly synthesized and transiently 

activated in response to cellular signals/stimuli. They are DNA binding proteins 

containing three zinc finger motifs that binds to the GC rich region, GCG (G/T) GGGCG, 

on the target promoter. Egr1 transcriptional activity is negatively regulated by its 

repressor proteins NAB1 and NAB2 through direct interaction on the repressor domain 

(42). CBP  (a transcriptional activator protein) is phosphorylated in response to GnRH 

and phosphorylated CBP directly interacts with Egr1 to co-activate LHβ transcription 

(40).  Egr1 shares binding motifs similar to that of WT1 and SP1(62,63). Egr1 has been 

shown to be post transcriptionally modified by phosphorylation, sumoylation and 

ubiquitination (40,64). The phosphorylated form(s) of Egr1 binds DNA more efficiently 

and in a dose dependent manner (65). EGF (epidermal growth factor) induced 

expression of Egr1 has been found to be regulated by sumolytion and ubiquitination of 

Egr1(66). Immunoprecipitation and western blot assays were performed using 

antibodies against Egr1 and SUMO in the presence or absence of sumoylation inhibitor 
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NEM. Under these conditions, Egr1 was found to be sumoylated in response to 30mins 

of EGF treatment. However, 60mins of EGF treatment caused polyubiquitination of 

Egr1. Overexpression of SUMO1 and ubc9 (SUMO conjugating enzyme) decreased 

Egr1 mRNA and protein levels in response to EGF. When treated with proteasome 

inhibitor MG132 in similar conditions, as stated above, Egr1 protein levels were 

increased, suggesting SUMOlaytion mediated decrease of Egr1 levels induced by EGF 

is possibly through Egr1 ubiquitination and proteasome mediated degradation (66). 

DAX1 
SF1 has been found to co-express and interact with another orphan nuclear receptor 

protein, DAX1. DAX1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, 

on chromosome X, gene 1) is encoded by the gene NR0B1 and is expressed 

throughout the entire HPAG axis (67). Mutations in this gene have been associated with 

the disorder adrenal hypoplasia congenita (AHC), which causes underdevelopment of 

the adrenal cortex and other secondary effects including hypogonadotropic 

hypogonadism (HH), a combined defect of both pituitary and the hypothalamus with low 

gonadotropin and steroid levels (68). Gene duplication causes dosage sensitive sex 

reversal. The structure of DAX1 differs from other general nuclear receptors (Fig. 5) in 

the sense that it does not have the typical DNA binding domain and therefore it acts 

mainly through protein-protein interactions (68,69).DAX1 physically interacts with SF1 

through its LXXLL-related motifs (70). DAX1 and SF1 have similar expression patterns 

and knock-down studies revealed that these two proteins take part in several common 

pathways related to reproduction, such as urogenital ridge development during 

embryogenesis, endocrine development, steroid synthesis in adrenal cortex and gene 
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regulation in testis, ovary and anterior pituitary (45,69,71–75). Studies depicted DAX1 to 

be acting primarily as a repressor of SF1 target genes by physically interacting with SF1 

(45). However, Xu et al showed, DAX1 functions as a co-activator along with SRA 

(Steroid Receptor RNA Activator) to regulate the SF1 target gene, Mc2R (melanocortin 

2 receptor, adrenalin glands), during steroidogenesis (75). Reporter assays showed that 

DAX1 acts as a co-activator in a dose dependent manner only when co-transfected with 

SRA and SF1(75) . DAX1 mutants (R269P and N422I; human AHC linked naturally 

occurring mutation) decreased this co-activation significantly (75). In our study, we 

investigated the role of DAX1 in LHβ transcription. Our overexpression and siRNA 

studies showed DAX1 to be a positive regulator of LHβ transcription. 
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Figure 5 A structural comparison between a general nuclear receptor with DAX1 

DAX1 lacks the usual AF1 domain, a defined DNA binding domain and the hinge region 

as present in a typical nuclear receptor. Instead, the N-terminal domain of DAX1 

consists of a 3.5 alanine/glycine rich repeats of a 65–70 amino acid motif. However, it 

has a carboxy terminal domain similar to LBD domain and AF2 domain similar to a 

typical NR (69). 
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WT1 
Wilms tumor suppressor gene (WT1) is essential for early urogenital development, and 

homozygous mutations in WT1protein result in embryonic lethality due to a failure in the 

development of kidneys and gonads (76,77).  WT1 is a DNA-binding protein and has 

four zinc finger domains; it binds to GC–rich elements. The WT1 protein (Wilms Tumor 

1) associates with Sp1, SF1 and DAX1, to exert influence on many reproductive gene 

promoters including SF1 itself, and is essential for mammalian urogenital development 

and gonadogenesis prior to sexual differentiation (63,74).  In addition to protein-protein 

interactions, WT1 binds to GC-rich motifs similar to those for Egr-1 or Sp1 (63,78). Time 

dependent differential binding of the transcription factors WT1, Egr1, and SP1 on the 

same promoter motif regulates the α Isoform of the Human Thromboxane A2 Receptor, 

during megakaryocyte differentiation (63). In spite of these intriguing associations with 

transcription factors involved in LHβ transcription, the potential role of WT1 in LHβ gene 

transcription had not previously been examined. 

WT1 has a broad range of target genes and can act as either a transcriptional repressor 

or activator, in a cell and promoter specific manner (79). For example, it has been found 

to transcriptionally repress the human PDGF a chain(80), human telomerase reverse 

transcriptase (81), proto-oncogenes bcl-2 and c-myc (82) genes and transcriptionally 

activate several target genes including SF1 (83), DAX1 (84) , erythropoietin  (85) and 

amphiregulin (86) genes.  The WT1 gene has ten exons that encode a transcription 

factor with a proline-glutamine rich amino terminal involved in protein-protein interaction, 

and four zinc-finger domains towards the carboxy-terminal end that are involved in 

DNA-binding. There are several splice variants of WT1 including +KTS and –KTS 
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variants generated by mRNA splicing and resulting in the presence or absence of a 

three amino acid (KTS) insertion between the third and fourth zinc finger (87,88). WT1 

binds to the Egr1 DNA consensus sequence - 5-GCGGGGGCG-3’; the  +KTS variant 

has very low affinity for this site (88,89). The role of –KTS (wild-type) protein as a 

transcriptional regulator has been well established, including its ability to activate the 

SF1 gene promoter during early gonad development (83). The +KTS variant has been 

shown to be involved in RNA processing and RNA metabolism (90–92), but a recent 

report showed that +KTS can also bind to a specific DNA sequence (5′-

ACCAAGCGGGATGCGGAGCCGCCGCCGCCGCCG-3′on the planar cell polarity gene 

promoter SCRIBBLE and regulate its transcription in developing kidney (93). Within the 

same cell or tissue, the two variants appear to have distinct roles to play, and 

maintaining a proper ratio (+KTS/-KTS 2:1) between them is also crucial. For example, 

a mutation causing a reduced WT1 (+KTS) to WT1 (-KTS) ratio has been shown to give 

rise to Frasier syndrome (sex reversal carrying developmental defects in kidney and 

gonads) (94–96). In this thesis work, I investigated the biological role of WT1 in LHβ 

transcription and addressed the individual roles of the WT1 (+KTS) and WT1 (-KTS) 

variants. Our data shows WT1 to be a novel regulator of LHβ transcription.  

Interplay between transcription factors on the LHβ  Promoter 

The synergy between Egr1-SF1 plays a significant role in LHβ transcription in the 

pituitary (31,38) similarly SF1 interacts with proteins like DAX1 and WT1 during early 

gonadogenesis (74).  SF1 plays a role in determining male gonad development by 

regulating the expression of mullerian inhibiting substance (MIS). MIS is a polypeptide 

hormone that inhibits the formation of the mullerian duct. Continued development of the 
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mullerian duct results in the formation of the female reproductive tract (74). SF1 has 

been found to synergize with WT1 (-KTS splice variant) through direct interactions to 

favor MIS expression during gonadal differentiation; however, DAX1 interrupted the 

WT1-SF1 synergistic activation of MIS gene. The dosage sensitivity of DAX1, relative to 

other factors like SF1 and WT1, has been suggested to play a role in MIS expression. 

For example, in normal males the gene dosage ratio of WT1: DAX1 is 1:2, since DAX1 

is an X-linked gene and WT1 is autosomal. In Denys Drash syndrome (WT1 mutation in 

human) the WT1: DAX1 ratio is altered and due to DAX1 being more abundant, 

interrupts the WT1-SF1 synergy that promotes MIS gene transcription (74). Such 

interactions of SF1 with DAX1 and WT1 led us to question if the DAX1 and WT1 

proteins play a role in LHβ transcription. 

 

Post translational modification and ubiquitination of transcription factors: 
 

Modulation of transcription factor activity by various posttranslational modifications 

(PTM) adds another level of regulatory mechanism to gene expression. The common 

PTMs on transcription factors and their co-regulators are phosphorylation, glycosylation, 

acetylation, methylation, ubiquitylation and sumoylation. These PTMs can affect the 

protein activity (activation or repression), stability, sub-cellular localization, degradation, 

DNA binding capacity and other protein-protein interactions (97).  

 

Among the first targets of ubiquitination and proteasomal degradation to be discovered 

were the histone proteins (98).  The ubiquitin proteasome system (UPS) has since been 
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shown to act on many other proteins. UPS plays a significant role in transcription by 

ensuring rapid turnover of proteins (transcription factors, signaling molecules, co-

regulatory proteins) and promoter clearance to start a new cycle of transcription. UPS is 

also responsible for recognizing and degrading misfolded proteins, degrading the 

RNApol II at the DNA damage site, and regulating the cellular localization of proteins 

(99–101). Ubiquitination can increase or decrease transcriptional activity of specific 

proteins.  For example, the presence of proteasome inhibitor (MG132) increases 

transcriptional activity of glucocorticoid receptor (102); however, estrogen receptor 

mediated transactivation was  reduced by proteasome inhibition (103). PTMs and 

ubiquitination regulate transcription in a cell and promoter-specific manner (104). 

 

The Ubiquitin–proteasome system regulating protein turnover has an array of 

implications involving the cell cycle, signaling pathways, and transcription. Recently, 

mutations related to dysregulation of this system have been linked to various 

neurodegenerative diseases and cancer (105–107). Mutation in the RING domain of 

BRCA1 (E3 ligase) has been found to predispose to cancer and is also linked to lack of 

ubiquitin ligase activity. Wild type BRCA1 was able to ubiquitinate target substrate but 

cancer predisposing-mutations in the RING domain eliminated its E3 ligase activity 

(105). Accumulation of misfolded proteins due to dysregulation of UPS has been linked 

to Parkinson disease. Mutations in several genes give rise to Parkinson disease, and 

two of them serve as UPS enzymes - Parkin protein which has a E3 ubiquitin ligase 

activity, and Ubiquitin C-terminal Hydrolase L1 (UCHL1) (106,107). There are several 

steps in targeting and attaching ubiquitin to proteins (Figure 6). Ubiquitin, an 8.5 KD 
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protein, is first activated in an ATP-dependent manner by an enzyme called E1, which 

then transfers ubiquitin to E2, a conjugating enzyme.  E3 ligase enzymes exhibit 

substrate specificity, and   bind to both E2 and the substrate protein (which is to be 

ubiquitinated).  E3 then transfers the ubiquitin from E2 to the appropriate lysine residue 

on the protein substrate. The substrate protein can be both mono- and poly- 

ubiquitinated. Mono-ubiquitination (one ubiquitin on a lysine) plays a role in protein-

protein interactions whereas, a polyubiquitinated protein (more than 4 ubiquitin residues 

on a growing chain on the same lysine residue) is recognized and degraded by the 26s 

proteasome machinery, consisting of a 20s proteolytic core protein complex and two 

19s regulatory protein complex caps at the ends (99,104,108,109). Many lysines may 

be ubiquinated within a single protein; however, specific motifs favor specific lysine 

ubiquitination, and post-translational modifications around these motifs can favor 

ubiquitination (110). 
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Figure 6 Ubiquitin Proteasome System 

The enzymes E1, E2 and E3 tag the target protein with ubiquitin molecules at the 

appropriate lysine residue. E1 is ubiquitin-activating enzyme, which by ATP dependent 

process binds to the ubiquitin molecule. The ubiquitin molecule is then transferred to the 

enzyme E2 (which is ubiquitin conjugating enzyme). The third enzyme, which is an 

ubiquitin ligase, then transfers the ubiquitin from E2 to the target substrate or protein. A 

monoubiquitinated protein has been shown to take part in protein-protein interaction and 

polyubiquitinated protein is degraded by the 26s proteasome machinery. 
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Role of ubiquitination in transcription 
 The ubiquitination and proteasome system have been shown to regulate transcription 

by affecting the degradation of nuclear receptors, other transcription factors, co-

regulatory proteins and signaling molecules (104). Proteasome degradation also helps 

in promoter clearance after one cycle of transcription to start another cycle. (Fig.7). 

Phosphorylation often marks the protein as a target for ubiquitination and degradation.  

The stability of β-catenin in the Wnt signaling pathway is regulated by phosphorylation-

dependent ubiquitination and degradation (111). Mutation of the serine37 residue within 

the six amino-acid ubiquitin-target-sequence, compromises its ability to get degraded by 

the proteasome machinery. Treatment with proteasome inhibitor ALLN resulted in 

accumulation of heavy molecular weight ubiquitin-tagged, β-catenin proteins, and 

treatment with a PKC inhibitor also abrogates β-catenin ubiquitination, proving that the 

ubiquitination of β-catenin is PKC-mediated and phosphorylation-dependent (111). A 

crucial transcription factor in LHβ transcription, SF1, is phosphorylated at the ser203 

residue as a result of GnRH stimulation, which marks SF1 as an ubiquitintion target; 

proteasome inhibition by MG132 caused accumulation of ubiquitin tagged SF1 in LβT2 

cells and this process was stimulated by GnRH (29,112). Pin1 (peptidyl-prolyl cis-trans 

isomerase), which is stimulated by GnRH, regulates gonadotropin β-subunit gene 

transcription by facilitating conformational changes in SF1 that favor ubiquitination.  

Monoubiqutination of SF1, in turn enhances the SF1-Pitx1 interaction and hence favors 

the SF1 mediated transcription of the gonadotropin β -subunit genes (112). Regulation 

of the SRC-3 co-activating function is also regulated by ubiquitin-proteasome system. 
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Mono-ubiquitination promotes SRC-3 binding to the estrogen receptor and the 

monoubiquitinated SRC-3 was found to enhance transcriptional activity of ER (109). 

SRC-3 is eventually poly-ubiquitinated and degraded after its action as a co-activator is 

completed, however this polyubiquitination process was shown to progress along with 

transcription, and the hormone estradiol stimulated the polyubiquitination of SRC-3 

(109). The turnover of the liganded and unliganded human ERα on ER response 

elements is maintained by the ubiquitin proteasome system. Proteasome inhibition in 

this case immobilized the ERα on nuclear matrix preventing it from taking part in 

transcription (113). The Ubiquitin-proteasome system is also utilized by TGFβ to 

stimulate the degradation of its negative regulator Ski in malignant human cancer cells, 

which actually promotes cancer metastasis. Phosphorylated smad proteins along with 

specific E3 ligase, arkadia, perform Ski degradation process in response to TGFβ (114). 

Cells use efficient ways of converging different PTMs, in this case phosphorylation and 

ubiquitination to regulate gene expression. In the next section we will discuss the role of 

ubiquitination specifically in LHβ transcription. 
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Figure 7 Role of Ubiquitin-Proteasome systems in general nuclear-receptor 
mediated transcription  
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Figure 7 Role of Ubiquitin-Proteasome systems in general nuclear-receptor 

mediated transcription. In absence of ligand the NRs are bound to co-repressors and 

are inactive. Upon ligand/hormone (denoted by ‘H’) binding, a conformational change 

occurs detaching the co-repressor. The proteasome machinery degrades the negative 

co-regulators/co-repressors. The ligand activated dimers then bind to their target gene, 

recruit co-activators, and carry on transcription. During transcription, co-activators are 

targeted for mono-ubiqutination, which first stimulates protein-protein interactions; 

eventually they are poly-ubiquitinated and targeted for proteasome-mediated 

degradation. Finally, the UPS enzymes degrades the co-activators and proteins of 

general transcription machinery including RNApol II to clear the promoter and initiate 

another round of transcription (55). 
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Role of the proteasome on LHβ transcription 

As stated above, posttranslational modifications and the UPS system play a significant 

role in regulating activity of a protein and gene transcription. The role of proteasome 

activity and other posttranslational modifications regulating the transcription factors 

involved in LHβ transcription has been explored. 

Previous studies published by our lab (29) showed that proteasome inhibition severely 

inhibited GnRH-stimulated LHβ transcription (29). Treatment of LβT2 cells with the 

proteasome inhibitor, MG132, drastically reduced the GnRH stimulated expression of 

endogenous LHβ primary transcript (Fig.8). ChIP assays demonstrated that GnRH 

stimulated cyclic binding of the transcription factors Egr1 and SF1 as well as the of 

phosphorylated RNA polymerase II which correlates with the active transcription on the 

LHβ promoter; this cyclic association was abolished by proteasome inhibition with 

MG132 (Fig.9). Immunoprecipitation and western blot analysis showed that GnRH 

stimulated the poly-ubiquitination of Egr1 and SF1, and consecutive Chromatin 

immunoprecipitation assays revealed that poly-ubiquitinated Egr1 and SF1 were 

associated with the LHβ promoter. This suggests that proteasome-directed Egr1 and 

SF1 degradation might be required for LHβ transcription (29). 
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Figure 8 Proteasome inhibition by MG132 (50 µM) inhibits GnRH (50 nM) 
stimulated expression of the endogenous LHβ primary transcript 
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Figure 8 Proteasome inhibition by MG132 (50 µM) inhibits GnRH (50 nM) 

stimulated expression of the endogenous  LHβ primary  transcript. LβT2 cells were 

treated with 50µM MG132 and 50nM GnRH and cells were collected at the indicated 

time points. RNA was extracted and LHβ primary transcript was measured by RT-PCR 

using primers spanning the intron/exon border. The primary transcript mRNA levels 

were normalized by GAPDH mRNA levels.(29)  
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Figure 9 Chromatin immunoprecipitation assay showing the effect of proteasomal 
inhibition on the LHβ promoter occupancy. 

ChIP assay showing the effect of proteasomal inhibition on the LHβ promoter 

occupancy by Egr1, SF1 and pRNA pol II during GnRH stimulated LHβ transcription. 

LβT2 cells were treated with or without MG132 (50 µM) and incubated with 50 nm 

GnRH and collected every 10mins for 90mins.ChIP assays were performed using 

antibody against Egr1, SF1 and pRNApol II. LHβ promoter occupancy was measured by 

quantitative real time PCR using primers for LHβ promoter (29). 
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Several post-translational modifications occur on SF1 that could modulate its activity 

and degradation, in turn influencing LHβ transcription, has been explored. 

SF1 is phosphorylated on Serine203 in response to GnRH via GnRH induced MAPK 

signaling pathway. As an orphan nuclear receptor, SF1 phosphorylation (or other post 

transcriptional modifications) regulates its interaction with other proteins such as GRIP1, 

SMRT and Pitx1 (44,112). This serine203 phosphorylation has been shown to prime 

SF1 for ubiquitination. Mono-ubiquitination occurs at the lysine119 residue, which 

enhances SF1 transcriptional activity on the LHβ subunit gene, as demonstrated using 

LβT2 cells (112). Transfection of wild type and mutated SF1 at S203A followed by 

immunoprecipitation and western blot analysis detected the mono-ubiquitinated form of 

wild-type SF1 but not the mutant S203A, suggesting SF1 ubiquitination requires the 

S203 phosphorylation site. Similarly, mutation of the L119 site on SF1 prevented 

polyubiquitination. Together this shows phosphorylation of SF1 is required for its 

ubiquitination.  Ubiquitination of SF1 favors SF1-Pitx1 binding which is required for LHβ 

transcription. SF1 was also sumoylated at sites K119 and K194 Fig.10 (112). GnRH 

stimulates expression of the ubiquitin conjugation enzyme, ubc4, that increases ERα 

mediated transactivation of LHβ promoter (115). GnRH stimulated mRNA expression of 

ubc4 and transfection of LβT2 cells with siubc4 increased ERα protein levels and 

decreased ERα transactivation of the LHβ promoter in response to GnRH. ChIP assays 

showed that siubc4 transfection (to decrease ubc4 levels) decreased promoter 

occupancy by ERα. The enzyme ubc4 is suggested to mono-ubiquitinate ERα, which is 

ultimately polyubiquitinated and degraded after one cycle of transcription to clear ERα 
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off of the promoter and to begin a new transcriptional cycle (115). Together, these 

results demonstrate that proteasome mediated degradation is vital to GnRH-stimulated 

LHβ expression, and this occurs in part by allowing proper transcription factor 

association with the LHβ promoter.  

We hypothesized that MG132 mediated inhibition of the cyclic binding of the 

transcription factors Egr1 or SF1 on the LHβ promoter (29) could be due to proteins that 

hinder the cyclic association of the transcription factors. These inhibitory proteins might 

required to be removed by proteasomal degradation in order to recruit transcriptional 

activators and eventually clear off the promoter to maintain several rounds of 

transcription. Such proteins could be an  inhibitor protein or an activator protein either 

bound directly to the DNA, or co-regulatory proteins associated with the transcription 

factors.  Our candidate for the DNA binding repressor protein was WT1 (Wilms tumour 

1) which has been shown to bind to the Egr1 binding sites (62). Our results we show 

that MG132 prevented the binding of WT1 to LHβ promoter as depicted by ChIP 

assays. WT1 protein accumulation was also observed in the presence of MG132 and 

GnRH.The other type of inhibitory protein that could disrupt the cyclic binding of the 

transcription fators could be a coregulatory protein bound to the transcription factors. 

Since DAX1 and SMRT (a co-repressor) have been shown to physically interact with 

SF1 (44,70,73) and DAX1 has also been shown to act as co-repressor of SF1 by 

recruiting repressor protein NCoR onto SF1(45). DAX1 and SMRT were possible 

candidates for the transcription factor (SF1) bound inhibitory protein.However, our data 

shows DAX1 to be a dose dependent positive regulator of LHβ transcription. WT1 splice 

variants can serve as a repressor or activator of LHβ transcription playing distinct roles 
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in modulating transcription.  Proteasome inhibition gives distinct profiles of GnRH-

stimulated coactivator and corepressor occupancy of the LHβ promoter.As suggested 

by previous studies along with our observation, proteasomal activity seems to regulate 

transcription by degrading the repressor proteins so that transcriptional activators could 

be recruited.After each transcription cycle the proteasome degrades the proteins 

involved to clears off the promoter  and begin a new transcriptional cycle.    

Overall, GnRH stimulation results in association and disassociation of several proteins 

on the promoter, including those with stimulatory and inhibitory roles.  

GnRH regulation of the LHβ transcription occurs at several levels that involve 

stimulating the synthesis of relevant proteins (Egr1), controlling the cyclic association of 

the regulatory proteins with the LHβ promoter and their degradation via the UPS system 

after each cycle of transcription. In this work we have explored the role of proteasome in 

regulating the cyclic association of the co-regulatory proteins SRC1, GCN5, SMRT, 

DAX1 on the promoter and identified WT1 as a novel regulator and DAX1 as a dose 

dependent positive regulator of LHβ transcription.  
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Figure 10 Structure of SF1 showing sites of post-translational modifications 

Several post-translational modifications occur on SF1 that controls its activity as a 

transcription factor. SF1 is phosphorylated at serine 203 and ubiquitinated at lysine 119 

and sumoylated at lysine 119 and 194. 
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CHAPTER 2: A new role for Wilms Tumor protein 1:  differential activities 

of + KTS and –KTS variants to regulate LHβ transcription  
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INTRODUCTION 
Gonadotropin hormones secreted from the anterior pituitary control female reproduction, 

and Luteinizing Hormone (LH) specifically is necessary for ovulation and 

steroidogenesis (1,11). LH consists of two subunits, an alpha subunit shared with FSH, 

and a unique beta subunit, which is limiting for the intact hormone (5). Hypothalamic 

GnRH is a crucial modulator of the gonadotropin subunit genes, and among all the 

subunits LHβ is most dramatically and precisely regulated by GnRH (6,116).  The LHβ 

promoter includes two GnRH responsive regions. The distal region contains two SP1 

sites and a CArG box. The proximal GnRH response element, conserved across all 

mammalian species including humans, consists of two Egr1 (Early Growth Response 

1), two SF1 (Steroidogenic Factor 1) binding sites, and a binding site for the homeobox 

protein Ptx1. Full transcriptional activation requires interactions and synergy between 

the distal and proximal response elements (30,32). Synthesis of the zinc-finger 

transcription factor Egr1 (early growth response1) occurs rapidly in response to GnRH 

and is a critical component of increased LHβ transcription (29,37,59,61). SF1 is a 

nuclear receptor that regulates the transcription of several genes involved in 

steroidogenesis and reproduction, including the pituitary gonadotropin subunit genes 

and the GnRH receptor (56,60,117). 

 

In response to GnRH, coordinated binding of transcription factors occurs on the LHβ 

promoter (29,31) . These proteins in turn may associate with additional stimulatory and 
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suppressive regulatory proteins, including SNURF (31), SRC-1 (118) and DAX-1 (45,74) 

that influence the response of reproductive genes to hormonal and physiological 

challenges.  The WT1 protein (Wilms Tumor protein 1) associates with Sp1, SF1 and 

DAX-1 to exert influence on many reproductive gene promoters including SF1 itself, and 

is essential for mammalian urogenital development and gonadogenesis prior to sexual 

differentiation (74,83,87,88).  In addition, WT1 binds directly to DNA at GC-rich motifs 

similar to those for Egr1 or Sp1 (62,63). In spite of these intriguing associations with the 

transcription factors involved in LHβ gene transcription, the potential role of WT1 in LHβ 

gene transcription has not previously been examined. 

  

WT1 has a broad range of target genes and can act as either a transcriptional repressor 

or activator, in a cell and promoter specific manner. For example, WT1 represses 

transcription of the human PDGF A chain (80), human telomerase reverse transcriptase 

(81) , and proto-oncogenes bcl-2 and c-myc (82) genes, but stimulates the SF1 

(74)(119), DAX-1 (84), erythropoietin (85) and amphiregulin (86) genes. The WT1 gene 

has ten exons that encode a proline-glutamine rich amino terminal involved in protein-

protein interactions, and four zinc-finger domains towards the carboxy-terminal end that 

bind DNA (87,88). There are several splice variants of WT1, the most common of which 

include +KTS and –KTS, variants resulting in the presence or absence of a three amino 

acid (KTS) insertion between the third and fourth zinc finger near exon 9 (88). In this 

paper, we investigated the role of WT1 in LHβ transcription, addressing the individual 

roles of the WT1 (+KTS) and WT1 (-KTS) variants under basal and GnRH-stimulated 

conditions. Our data shows WT1 to be a novel regulator of LHβ and that the splice 
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variants differentially regulate LHβ transcription. The +KTS variant represses both basal 

and GnRH stimulated LHβ transcription whereas the –KTS variant activates GnRH-

stimulated LHβ transcription. 

 

MATERIALS AND METHODS 
Cell culture, transient transfection and luciferase assay 

Experiments were performed using the clonal mouse gonadotrope cell line, LβT2 as 

previously described (29). Cells were maintained in Dulbeccos Minimal Essential 

Medium (DMEM) with 10%FBS (fetal bovine serum) and 1% antibiotic/antimycotic 

(GIBCO,Grand Island, New York). For experiments, cells were plated in phenol red-free 

DMEM with 5% charcoal stripped serum and 2%L-glutamine. GnRH (50 nM, Bachem 

Biosciences Inc, King of Prussia, PA under the name LHRH) was used as indicated.  

LβT2 cells were plated using DMEM plus 5% charcoal stripped newborn calf serum at 

the concentration of 500,000 cells per well in 12-well (20 mm diameter) dishes. After 

24h, the cells were transfected with a luciferase reporter construct driven by the rat LHβ 

promoter using Lipofectamine 2000 (Invitrogen; Carlsbad,California). For transfection 

experiments, 0.33 µg per reaction of the rat LHβ gene promoter from -617 to +44 bp 

containing both distal and proximal GnRH responsive elements or 1µg per reaction of 

truncated promoter -245 to +44 region containing only the downstream GnRH response 

element fused to luciferase were used. In WT1 overexpression/dose response studies, 

increasing concentrations of WT1 splice variants +KTS and –KTS plasmid DNA up to 

0.33 µg were transfected along with the reporter plasmid. Empty vector pCB6+ plasmid 

at various concentrations was transfected to keep total DNA constant. WT1 expression 
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plasmids were a generous gift from Dr. Nicholas Webster, UCSD (120). In some 

studies, the rat LHβ gene promoter from -617 to +44 bp with previously described 

mutations in either the SF1 sites or the Egr1 sites (30)(28) were used to define the 

requirement for these DNA regions in WT1 actions. After 48 h of transfection, the cells 

were treated with or without GnRH for 6 hrs and the cell lysates were collected in 200ul 

of 1x passive lysis buffer (Promega, Madison, WI, cell culture lysis reagent). The 

samples were centrifuged at 13,000 rpm for 1 min and supernatant was collected. 

Luciferase activity was measured using a Turner TD-20e luminometer (Turner Designs, 

Mountain View, CA). Total proteins of each sample were measured using the Bradford 

Protein assay (Bio-Rad dye; Hercules, CA). Luciferase activity was normalized as 

described (26,29). Mean and standard error were calculated for 6 samples. Statistical 

significance was determined using paired student T-test and ANOVA and with 

differences between treatment groups determined by Bonferroni multiple comparison 

test (28). 

In some experiments, normal mouse pituitaries were used to measure WT1 mRNAs. 

Female mice were ovariectomized between 2-3 months of age; approximately 10-14 

days post-ovariectomy, animals were treated with oil or 300 ng 17β−estradiol for 3 days 

as previously described (121,122).  Animals were killed at 9AM and pituitaries collected 

for RNA purification and mRNA measurement as previously described (26,28).  For in 

vitro GnRH treatment, pituitary cells from adult mice were treated in culture with 5 nM 

GnRH; WT1 mRNAs were measured and normalized for GAPDH mRNA (26).   
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siRNA delivery and primary transcript assay  

To decrease expression of mRNAs and protein, siRNA was delivered into LβT2 cells 

using nucleofection technology according to the manufacturer’s instructions (Amaxa 

Corp., Gaithersburg, MD) and as previously described (26). The LβT2 cells were 

nucleofected with siGENOME SMART pool siRNA (0.2nM;Dharmacon RNA 

Technologies, Lafayette, CO) directed against mouse WT1 or a non-targeting negative 

control siRNA (0.2nM,siCON #1; Dharmacon), in Solution T and using Program A-020. 

Each reaction contained 5 X106 cells and was divided between three wells in a 35-mm 

plate containing 2 ml 5% SNCS. Cell lysates were collected after 72 h for primary 

transcript assay for LHβ, RT-PCR to detect WT1 mRNA isoforms, and immunoblotting 

to confirm WT1 knockdown. Experiments were performed in triplicate three times. 

Protein levels were analyzed on immunoblots.  

 

To measure the mRNAs, RNA was isolated from the cell lysates using the QIAGEN 

(Valencia, CA) RNeasy kit and was briefly treated with DNase (Roche, Indianapolis, IN) 

to remove DNA contamination. Total RNA was subjected to reverse transcription of the 

mRNA using the iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR was 

performed using cDNA as template, as described (26,28). Primers were designed 

against the first intron/exon border of the mouse LHβ gene to detect unspliced mRNA 

primary transcript (PT) (forward primer sequence, 5’-AGAGGCTCCAG- 

GTAAGATGGTA-3’; reverse primer sequence, 5’-CCACTCAGTATA- ATACAGAAAC-

3’). Egr1 primary transcript mRNA was measured as previously described (26,29). Both 

Egr1 and LHβ primary transcript mRNAs were normalized to GAPDH mRNA levels. 
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Samples without the reverse transcriptase enzyme during cDNA synthesis were used 

as negative controls. In results, five  representative experiments among seven  

experiments are shown. To measure expression of WT1 (splice variants +KTS and –

KTS) mRNA, cells were treated with vehicle or 50 nM GnRH for 90 min, RNA was 

isolated and quantitative PCR was performed. The WT1 primers used were: forward 

primer sequence, 5-CATCTGAAACCAGTGAGAAACG-3; reverse primer sequence for -

KTS, 5-CTCATACAGGTGAAAAGCCCTT-3, reverse primer sequence for +KTS, 5-

CTCATACAGGTAAAACAAGTGAAAAGCCCTT-3. All mRNAs were normalized to 

GAPDH mRNA levels. Averages and SEM were calculated from PCR replicates.   

 

Western Blot 

For Western blot analysis, 2 X 106 cells per well were plated in 6-well 35 mm dishes.  

After 24h, cells were treated with 50 nM GnRH and collected every 30 min for 3.5 h. 

Cells were lysed and collected using 2x gel loading buffer [100 mM Tris-HCL (pH 6.8), 

4% SDS, 20% glycerol] plus protease inhibitors as described by Andrade et al (26), and 

the protein concentration was measured using the Pierce (Rockford, IL) BCA Kit. Cell 

lysates were heated for 5 min at 95 C and equal amounts of proteins of each sample 

were separated by 10% SDS-PAGE using 140 constant voltage for approximately 2 h. 

Proteins were transferred to a nitrocellulose membrane using 35V constant voltage for 3 

h. Membranes were then blocked using 10% non-fat dry milk in Tris-buffered saline plus 

1% Tween 20 (TBST) for 1h in room temperature. Membranes were then incubated with 

a WT1 primary antibody  (C-19: SC-192 Santa Cruz Biotechnologies, Santa Cruz CA) 

overnight (1:500) or Egr1 primary antibody (Cell Signaling Technology) overnight 
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(1:1000) at 4C followed by three 5 min washes with TBST and another incubation with 

secondary antibody, horseradish peroxidase-conjugated donkey anti-rabbit Fab 

fragment IgG (1:5000;GE HealthCare; Piscataway, New Jersey) for 2h.  Relative levels 

of proteins were detected with ECL, Super Signal West Pico Chemiluminescent 

Substrate (Pierce, Rockford, IL) and X-ray film autoradiography. Monoclonal anti-β-actin 

primary antibody (Sigma) was used as a loading control to re-probe the membrane. 

Band intensity was measured by densitometry and normalized against β-actin in the 

same samples. 

  

Chromatin Immunoprecipitation 

 Assays were performed as previously described (28,29). To measure WT1 promoter 

occupancy under basal conditions (without GnRH treatment), LβT2 cells were pre-

treated with 2.5 µM of α-amanitin for 1h followed by thorough washing with PBS and 

incubation with phenol red-free DMEM with 5% charcoal stripped serum and 2%L-

glutamine for 20 min. For GnRH studies, LβT2 cells were first pre-treated with 2.5 µM of 

α-amanitin for 1h to synchronize protein occupancy on the promoter, washed, then 

incubated in fresh media with or without 50 nM GnRH and collected every 10 min for 2h. 

Chromatin immunoprecipitation (ChIP) assays were performed by cross-linking the 

chromatin with 1% formaldehyde for 10 min; the reaction was stopped by addition of 

1.25 M glycine and cells were collected in cold PBS plus protease inhibitors (28,29).  

Cross-linked chromatin was sonnicated to approximate lengths of 1000 bp, using a cup 

horn sonicator (Misonix, Farmingdale, NY). Whole-cell extract was diluted with ChIP 

sonication buffer plus protease inhibitors, divided into aliquots from each sample at 
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each time point to measure input chromatin DNA, and for immunoprecipiation with 

specific antibodies.   Aliquots were incubated with and without primary antibody 

overnight at 4 C. Antibodies for WT1 (SC-192), Egr1 (SC-189X), or RNA polymerase II 

(CTD4H8) were obtained from Santa Cruz Biotechnology (WT1 and Egr1), or Millipore, 

respectively. Protein G PLUS agarose beads (SC-2002; Santa Cruz Biotechnology) 

were then added for 2 h at 4C to precipitate the antibody bound chromatin. Agarose 

beads were washed with sonication buffer and Tris-EDTA buffer.  DNA-protein complex 

was released with elution buffer and cross-links were reversed by incubation with NaCl 

at 65 C overnight. DNA was purified using the QIAGEN PCR purification kit and 

promoter occupancy was measured with quantitative real-time PCR (iCycler; Bio-Rad) 

as described (29). The primers used were located at - 102bp (Forward 5-

CTGTGTCTCGCCCCCAAAGAGATTA-3) and -1bp (reverse 5-

CCTGGCTTTATACCTGCGGGGTT-3) to detect the LHβ promoter. Each individual 

sample was corrected for background and normalized for total chromatin input.   

RESULTS 
WT1 is expressed in LβT2 cells and associates with the LHβ promoter 

To determine if the common WT1 variants WT1 (-KTS) and WT1(+KTS) are expressed 

in LβT2 cells, we first measured WT1 mRNAs by RT-PCR, using specific primers to 

detect the splice variants.  The amplified products, separated on a 1% agarose gel, (Fig. 

11 A) show bands that correspond to expected sizes for both +KTS (301 bp) and –KTS 

(292 bp) products; PCR product was not detected without reverse transcriptase either 

on a gel (not shown) or by incorporation of Syber Green into PCR product (Fig. 11).  

WT1 protein is also expressed under basal (without GnRH) conditions in LβT2 cells, 
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whereas Egr1, a zinc-finger transcription factor proven to associate with the LHβ 

promoter, is not expressed at detectable levels under the same conditions (Fig. 11B). 

Only one specific protein band for WT1 was observed, as expected, as the three amino 

acid difference cannot be detected by electrophoresis.  To determine if WT1 could bind 

to the endogenous LHβ promoter, chromatin immunoprecipitation assays were 

performed in untreated LβT2 cells.  Under basal conditions (Fig. 11C), both WT1 and 

phosphorylated  RNA Polymerase II associate with the promoter,  suggesting that WT1 

may play a role in regulating transcription.    

 

GnRH decreases WT1 mRNA and Protein 

The most critical regulatory pathway for LHβ is through GnRH, which induces synthesis 

of the early response gene and transcription factor Egr1; Egr1 then binds to GC-rich 

DNA motifs similar to those for Sp1 and WT1 and stimulates transcription (29,123,124) . 

To investigate if GnRH also regulates WT1, LβT2 cells were treated with or without 

GnRH for 90min and WT1 (+KTS, -KTS) mRNA levels and WT1 protein levels were 

measured.  Fig. 12 shows that GnRH actually reduces the mRNA levels of both the 

WT1 splice variants by approximately 50%. Over 10-12 experiments, the relative 

amounts of +/-KTS variants that were expressed varied somewhat between 

experiments, as did the degree of GnRH suppression. However, overall the two mRNA 

variants were expressed under basal conditions and regulated by GnRH. 

 

We also compared GnRH effects on the protein expression levels of both WT1 and 

Egr1 in the same experiment. LβT2 cells were treated with GnRH over a period of 0-3.5 
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h. WT1 or Egr1 proteins were measured by immunoblotting, then normalized to β−actin 

levels and quantified by densitometry analysis.  Fig. 12 showed that WT1 was easily 

detected in cells without GnRH stimulation, when Egr1 was not expressed.  In the 

presence of GnRH, WT1 protein levels were decreased by approximately 50%, within 

30- 60 min but were maintained at this level between 3-3.5h. In contrast, Egr1 protein 

was transiently and robustly stimulated within 30 min of GnRH treatment, with highest 

expression levels by 1 h of GnRH. Thus, GnRH differentially regulates WT1 and Egr1, 

by suppressing WT1 and stimulating Egr1 expression. 

 

GnRH stimulates WT1 and Egr1 association with the LHβ promoter 

GnRH stimulates the binding of transcription factors and co-regulatory proteins on the 

LHβ promoter (29). Since GnRH regulates the mRNA and protein expression levels of 

Egr1 and WT1, we investigated how GnRH might regulate WT1 association with the 

LHβ promoter by performing chromatin immunoprecipitation assays in the presence of 

GnRH (Fig 13). In the presence of GnRH, transcription factors and RNA Pol II associate 

with the promoter in a rhythmic fashion, with an interval time of approximately 30 min 

(29); both WT1 and pRNA Pol II show this pattern of association.  Egr1 was recruited to 

the promoter with a similar pattern, but with a somewhat delayed association.  Maximal 

Egr1 association required more than 30 min, reaching highest values at 60 min, 

correlating with the time needed for GnRH-stimulated synthesis, between 30 and 60 min 

(as in Fig. 12).  Thus, WT1 might modulate LHβ transcription at times when Egr1 is 

present or absent on the promoter. 
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Reduced levels of endogenous WT1 influence basal and GnRH-stimulated 

endogenous LHβ gene transcription	  

To further investigate a potential role for WT1 on endogenous LHβ gene transcription, 

we decreased endogenous WT1 expression via targeted knockdown by siRNA.  A non-

targeting siRNA was used in parallel as a control. After 72 h of siRNA treatment, cells 

were incubated with GnRH for 90 min, and LHβ primary transcript mRNA was 

measured. As shown in Fig. 14A, knockdown of WT1 (-KTS) mRNA alone reduced 

endogenous WT1 protein by approximately 50%.  Under these conditions, basal LHβ 

mRNA transcription was not significantly affected, but GnRH-stimulated transcription 

was suppressed by approximately 50%.  When both mRNA isoforms for WT1 were 

decreased, with endogenous WT1 protein decreased by >90% (Fig. 14B), basal LHβ 

transcription was significantly increased (approximately 2-fold) compared to siControl, 

and GnRH treatment resulted in lower LHβ primary transcript levels compared to 

siControl GnRH, or siWT1 cells treated with vehicle.  Because WT1 is a transcriptional 

regulator, and because Egr1 expression is important for LHβ transcription, we also 

tested the effects of WT1 variant knockdown on the basal and GnRH-stimulated 

expression of Egr1 mRNA.  Interestingly, knockdown of WT1 (-KTS) alone reduced 

GnRH stimulation of Egr1 mRNA by approximately 60%, similar to the suppression of 

GnRH-stimulated LHβ transcription.  In contrast, knock-down of both WT1 isoforms 

does not suppress Egr1 expression and GnRH stimulation of Egr1 occurs even though 

LHβ transcription is not stimulated by GnRH.  These data suggest that there may be 
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different, and perhaps even opposing, biological roles for the two WT1 variants on LHβ 

transcription.   

 

WT1 +KTS and WT1-KTS variants differentially regulate LHβ promoter activity 

To directly test the role of the WT1 +KTS and –KTS splice variants in LHβ transcription, 

basal and GnRH-stimulated activity of the LHβ promoter (-617 to +44 bp) was measured 

in the absence or presence of increasing amounts of WT1 (+KTS) or WT1 (–KTS) 

expression vectors. WT1 (-KTS) overexpression significantly increased the GnRH 

stimulation of LHβ promoter activity by approximately 3-to 4-fold at the highest 

concentrations (Fig 15A). The -617LHβ promoter contains two regions that might be 

influenced by WT1, including the distal enhancer that contains Sp1 binding sites, and 

the proximal enhancer containing Egr1 binding sites; both are required for effective 

GnRH-stimulated transcription to occur (30,32). We thus assessed whether WT1 was 

able to influence LHβ transcription through the proximal region by testing the LHβ 

luciferase (-245 to +44 bp) construct containing only proximal GnRH response 

elements. As shown in Fig 15B, WT1 (-KTS) overexpression significantly increased the 

basal (up to 3-fold) and GnRH stimulated-LHβ promoter activity of the shorter construct 

up to 4-fold.  In contrast, WT1 (+KTS) overexpression significantly decreased the basal 

and GnRH-stimulated LHβ promoter activity of both the -617 LHβ (Fig 16 A) and the 

shorter -245 bp constructs (Fig. 16B), by up to 70% at the highest WT1 concentrations.  

 

Our overexpression data suggests that WT1 splice variants +KTS and –KTS could 

differentially regulate LHβ transcription, with WT1 (–KTS) being a positive regulator and 
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WT1 (+KTS) being a negative regulator. In both cases, the proximal promoter 

containing the Egr1 sites is sufficient to impart WT1 regulation.  The proximal GnRH-

responsive region also contains binding sites for Ptx1 and SF1; SF1 and Egr1 bind to 

adjacent sites and all three proteins can form complexes that play an important role in 

basal and GnRH stimulated LHβ transcription (37).  Thus, protein-protein interactions on 

DNA at Egr1 or SF1 sites may also be important for WT1 effects.  To directly test if the 

WT1 variants act through the same or different DNA elements, LHβ promoter (-617 to 

+44bp) luciferase constructs containing mutations specifically in both 5’- and 3’-SF1 

sites, or individual 3’- or 5-’Egr1 sites, were tested for the response to WT1 variant 

overexpression in the presence or absence of GnRH.  As seen in Figure 17 and 18, 

mutation of the 3’-Egr1 site, but not the SF1 sites, in the LHβ promoter abrogated the 

effects of the WT1 (-KTS) variant (Fig.17).  In contrast, mutation of the SF1 sites or the 

3’-Egr1 site eliminated the effects of the WT1 (+KTS) variant on the LHβ promoter 

(Fig.18).   Thus, WT1 (-KTS) appears to mediate its effects exclusively via Egr1 sites, 

whereas the WT1 (+KTS) variant requires both Egr1 sites and SF1 sites for its biological 

effects.  

 

Expression and regulation of WT1 variants in normal mouse pituitary 

To test if WT1 variants are expressed and regulated in normal gonadotrope cells in 

addition to the clonal mouse gonadotrope cell line, mRNA was collected from mouse 

pituitary cells under different physiological conditions and WT1 mRNA variants were 

measured.  As shown in Figure 19, both WT1 variants were expressed in pituitary 

glands from ovariectomized female mice (upper panel). WT1 (-KTS) expression was 
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highest in ovariectomized mice treated with 17β-estradiol compared to those treated 

with vehicle alone, whereas WT1 (-KTS) mRNA was not significantly changed between 

the two groups although the trend was to lower expression in pituitary cells from 

ovariectomized mice.  In mouse pituitary cells treated in culture with GnRH (lower 

panel) , WT1 (-KTS) mRNA levels were decreased approximately 75% by GnRH, while 

WT1 (+KTS) mRNA was not significantly changed with GnRH treatment. 

 

DISCUSSION 
In this work, we show that WT1 regulates LHβ transcription, and that the –KTS and 

+KTS have differential roles in this regulation. The function of WT1 is well established in 

the urogenital (kidney and gonads) system (74,83,87,88), but its role has been largely 

unexplored in the pituitary.  We demonstrate that WT1 is expressed in LβT2 cells, an 

immortalized mouse gonadotrope cell line, is regulated by GnRH (Fig.11 and Fig. 12), 

binds to the LHβ promoter, and regulates promoter activity (Fig.13, 15 and16). Both 

WT1 mRNA variants are expressed in normal mouse pituitary (Fig 19) and the WT (-

KTS) variant also appears to be significantly regulated by GnRH  

As a Zinc-finger transcription factor, WT1 binds to GC-rich regions common to Egr1 and 

SP1, but often under different physiological conditions or with different biological 

outcomes (62,63,88,124). For example, WT1 and Egr1 have been shown to regulate 

the expression of the STIM1 gene by competing for one of the common binding sites on 

the STIM1 promoter. Egr1 stimulates STIM1 expression and WT1 antagonizes this 

effect by binding to Egr1 binding sites (124).  In addition, co-ordination of the differential 
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binding pattern of the transcription factors WT1, Egr1, and Sp1 in time-dependent 

manner was shown to be involved in the regulation of the α Isoform of the human 

thromboxane A2 receptor during megakaryocyte differentiation (63). In response to 

PMA, there is an initial induction of Egr1 and reduction of WT1 association with this 

promoter, followed by SP1 occupancy after sustained PMA treatment (63). 

Our data shows mRNA expression of the two most prevalent WT1 splice variants, –KTS 

and +KTS, and presence of the WT1 protein in untreated cells (Fig 11). Chromatin 

immunoprecipitation (ChIP) assays showed the association of WT1 to LHβ promoter in 

untreated cells, suggesting that WT1 could modulate basal LHβ expression (Fig 11). 

The differential regulation of WT1 and Egr1 by GnRH in LβT2 cells (Fig. 12), suggests 

that Egr1 and WT1 may play somewhat different roles in LHβ expression.  WT1, but not 

Egr1, was expressed in untreated cells, and while GnRH dramatically induces Egr1 

protein, WT1 protein is reduced by approximately 50%.  GnRH stimulates LHβ 

transcription, and induces cyclic binding of the transcription factors Egr1 and SF1, and 

RNAPol II, on the LHβ promoter to drive transcription (29). In this work, we showed that 

GnRH stimulates the cyclic association of both WT1 and Egr1 to the LHβ promoter, but 

Egr1 occupancy lags that of WT1, as GnRH must first stimulate Egr1 protein synthesis 

(Fig 13). These data suggest involvement of WT1 in GnRH-stimulated LHβ transcription 

as well. Antibodies are not available that can distinguish between the WT1 (-KTS) and 

WT1 (+KTS) variants, and we cannot distinguish if both variants are binding to the 

promoter, or if one variant binds preferentially under basal or GnRH-stimulated 

conditions, by this method. 
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siRNA mediated knockdown of WT1 (-KTS) mRNA alone did not significantly alter basal 

LHβ mRNA transcription, measured by levels of LHβ primary transcript mRNA, but 

decreased GnRH-stimulated transcription by approximately 50%. This decrease 

correlated with the decreases in Egr1 mRNA primary transcript under the same 

conditions (Fig. 14A).  In comparison, overexpression of WT1 (-KTS) significantly 

increased GnRH stimulation of LHβ promoter activity by approximately 3-to 4-fold at the 

highest concentrations (Fig 15); a small but significant increase in basal expression was 

also noted with the smaller promoter construct containing Egr1 sites and the proximal 

GnRH response region.  Based on mutation data (Fig. 17) only the 3’-Egr1 site, and not 

SF1 sites, is required for WT1 (-KTS) activity on LHβ. This is in keeping with a positive 

role for WT1 (-KTS) in LHβ transcription, via Egr1 expression and Egr1 binding sites.  

The Egr1 promoter contains GC-rich motifs that bind Egr1 (125) and potentially other 

related transcription factors such as WT1, so WT1(-KTS) regulation of this gene may be 

direct.  

In contrast, when both mRNA isoforms for WT1 were decreased, and endogenous WT1 

protein decreased by >95% (Fig. 14B), basal LHβ transcription was significantly 

increased (approximately 2-fold), and GnRH treatment decreased transcription below 

basal levels (Fig 14B). GnRH-stimulated Egr1 primary transcript mRNA was not 

reduced, as was the case when only WT1 (-KTS) was knocked down. WT1 (+KTS) may 

antagonize the effects of WT1 (-KTS) on Egr1 expression directly, or act via other 

genes and pathways.  Overexpression of WT1 (+KTS) alone decreased both basal and 
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GnRH-stimulated LHβ promoter activity (Fig. 16), and required both the 3’Egr1 site and 

SF1 sites (Fig. 18).    

These data suggest a scenario in which WT1 (+KTS) acts to suppress LHβ, while WT1 

(-KTS) acts primarily to enhance GnRH stimulation of LHβ promoter activity .  WT1 

binding to the LHβ promoter under basal (no GnRH) conditions could help maintain 

promoter activity at low levels, and WT1 is associated with the promoter in the absence 

of GnRH (Fig 11). WT1 (-KTS) would have positive effects on the promoter, while WT1 

(+KTS) would be suppressive, and there may be competition between the two isoforms 

for association with the LHβ promoter at the same gene site.  Because WT1 exerts its 

actions only via the 3’-Egr1 site, stimulated Egr1 expression in the presence of GnRH 

would presumably result in more effective promoter occupancy at both Egr1 sites, and 

greater LHβ transcription.  This is consistent with the lesser ability of WT1 (-KTS) alone 

to increase LHβ promoter activity compared to promoter stimulation with GnRH (Fig. 

15), and the ability of Egr1 overexpression to effectively substitute for GnRH in 

stimulating LHβ promoter activity (26,29).   Interestingly, WT1 (-KTS) appears to be 

more tightly regulated in normal pituitary cells (Fig. 19). In LβT2 cells, GnRH treatment 

would decrease expression of the repressor WT1 (+KTS), as well as the stimulator WT1 

(-KTS), but because Egr1 is more effective on LHβ than WT1 (-KTS), overall LHβ 

promoter activity will be much higher. It is expected that WT1 (-KTS) and WT1 (+KTS) 

could compete for binding to the LHβ promoter at the same sites.  
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The failure of GnRH to stimulate LHβ with complete WT1 protein knockdown in Fig. 14 

is less straightforward.  Increased basal activity may occur due to loss of suppression 

by WT1(+KTS), but changes in Egr1 are not sufficient to explain this result and both  

WT1 isoforms may influence other genes or pathways that could influence LHβ 

transcription. The +KTS variant was shown to be involved in RNA processing and RNA 

metabolism (90), but a recent report showed that +KTS can also bind to DNA on the 

planar cell polarity gene promoter SCRIBBLE and regulate its transcription in 

developing kidney (93). WT1 acts synergistically with the transcription factor SF1 to 

regulate the expression of the mullerian inhibiting substance gene during development 

of male gonads (74), and to regulate the expression of α-inhibin in sertoli cells (119). 

Both DNA binding and protein-protein interactions with SF1 may play a role in LHβ 

promoter regulation by WT1 (+KTS). Additional protein-protein interactions with WT1 

(+KTS) could also contribute to these biological effects. 

 

Differential regulation of transcription by the two WT1 splice variants has been noted for 

some other genes.  For example, WT1+KTS strongly represses the insulin receptor 

promoter, whereas repression by WT1–KTS is more moderate and occurs only in the 

presence of additional C/EBPβ or a dominant negative p53 (120). The –KTS splice 

variant of WT1 has been shown to stimulate α-inhibin expression in sertoli cells of the 

testis but the +KTS variant had no such effect (119). For LHβ, the two variants appear 

to have opposing roles in transcription, and the relative balance between the two forms 

may be crucial.  Interestingly, mutations in intron 9 of the WT1 gene, where alternative 
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splicing to generate WT1+KTS and –KTS occurs, result in Frasier syndrome, including 

sex reversal and developmental defects in kidney and gonads (94,95,126,127).  

Mutations in some Frasier syndrome patients result in the predicted decrease of the 

WT1 (+KTS) isoform and diminution of the WT1 (+KTS/-KTS) isoform ratio (94,95). 

Given the crucial role of WT1 in development of the reproductive organs and urogenital 

tract, and the necessary feedback between steroids on the hypothalamus and pituitary, 

studies to evaluate a potential role of WT1 mutations on pituitary function are difficult. 

However, a WT1 mutation (IVS9+5G>A) that causes Frasier syndrome has also been 

linked to hypergonadotropic hypogonadism and increased serum levels of 

gonadotropins (LH and FSH) in patients (126).  In at least one patient with a WT1 

mutation (IVS9+4C>T) and high basal LH, both a decrease in the WT1 (+KTS) and an 

increase in the WT1 (–KTS) isoforms were observed (127).  These observations are in 

agreement with the increase in basal LH transcription observed in our siRNA studies 

when knockdown of both WT1 (+KTS) and WT1 (–KTS) occurred, and not when only 

the WT1 (-KTS) variant was reduced.  

 

  Overall our data suggests that the WT1 (+KTS) and (-KTS) splice variants play a 

differential and opposing role in regulating LHβ transcription.  The role of WT1 as an 

activator or repressor seems to be context and promoter specific, and could also be 

influenced by the ratio of its splice variants if they exert opposing effects on the same 

promoter.  We observed that the proximal GnRH responsive element region containing 

the two Egr-1 binding sites, and the two SF1 binding sites, is sufficient to exert the 

effects of WT1.  Both direct WT1 binding to DNA and protein-protein association with 
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SF1 could play a role in WT1 function in this system. The two splice variants (-KTS and 

+KTS) of WT1 acting as a positive and negative regulator, respectively, to regulate LHβ 

gene transcription, defines a novel regulatory role of WT1 in pituitary gonadotropes and 

the reproductive system. 
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FIGURES: 

 

Figure 11 WT1 (-KTS and +KTS) expression and chromatin association in LβT2 

cells. 
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Figure 11 WT1 (-KTS and +KTS) expression and chromatin association in LβT2 

cells.	  

A.WT1 mRNA (+KTS and –KTS) splice variant PCR products expressed in LβT2 cells. 

Whole cell RNA was extracted from LβT2 cells, reverse transcribed to cDNA and 

quantified by real-time PCR, using specific primers to detect +KTS and –KTS splice 

variants, then displayed on a 1% agarose gel. Bands corresponding to the products for 

+KTS (301bp) and –KTS (292 bp) WT1 were detected in 4  independent samples of 

mRNA.   B. WT1 and Egr1 protein expression in LβT2 cells. Cell proteins (30µg) were 

separated on 10% polyacrylamide-SDS gels, and then analyzed by immunoblotting with 

specific antibodies for WT1, Egr1 and β-actin. Specific proteins were detected in the 

same samples of untreated LβT2 cells.  C. Chromatin association of WT1 with the 

endogenous LHβ promoter in LβT2 cells.  The association of WT1 and RNA 

Polymerase II with the LHβ promoter in untreated LβT2 cells was measured by 

Chromatin immunoprecipitation assays with antibodies against WT1 and 

phosphorylated RNApol II, as well as control (no Antibody). LHβ promoter occupancy 

was measured by quantitative real time PCR using primers specific for the LHβ 

promoter, and normalized for chromatin input in each sample. In this study, background 

binding (no Antibody) was set at 100% and association of RNA Polymerase II and WT1 

are expressed relative to background values. Association was measured in 3 

independent experiments with duplicate samples.  
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Figure 12 WT1 mRNA and protein levels are decreased by GnRH. 
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Figure 12 WT1 mRNA and protein levels are decreased by GnRH. 

A. WT1 (- KTS) and (+ KTS) mRNA variant levels in LβT2 cells treated with 50nM 

GnRH for 90min. RNA was extracted and mRNAs levels measured by RT-PCR and 

normalized against GAPDH mRNA.  Values for WT1 mRNAs are shown for both 

Reverse Transcriptase (RT) and no RT (negative control) conditions. Note that for no 

RT, Y-axis is interrupted and expanded to show the low values. Data is the mean + SEM 

from 5-7 experiments.  *= P<0.05, -GnRH vs +GnRH; ** = P<0.001, -GnRH vs +GnRH    

B. WT1 and Egr1 protein levels in LβT2 cells treated with 50nM GnRH for 0 to 3.5 h. 

The experiment was performed three times. Upper panel: Cells were lysed after GnRH 

treatment and proteins (30 µg) were separated by 10% SDS-PAGE, then detected with 

antibodies against WT1 or Egr1. Immunoblotting for β-actin was performed on the same 

blots as WT1 and Egr1, and used for normalization of  these proteins quantified by 

densitometry analysis. A representative blot is shown. Lower panel: Quantification of  

protein bands was performed with densitometry, and normalized protein levels are 

shown from combined experiments. Bands for Egr1 protein were not detected (ND) in 

any blot at time zero without GnRH. 

 

 

 

 

 

 



	   77	  

 
 

Figure 13 WT1 and Egr1 occupancy of the endogenous LHβ promoter in response 

to GnRH. 
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Figure 13 WT1 and Egr1 occupancy of the endogenous LHβ promoter in response 

to GnRH. 

LβT2 cells were incubated with or without 50 nM GnRH and collected every 10 min for 

120 min. ChIP assays were performed using antibody against WT1, Egr1 and 

phosphorylated (active) pRNA Pol II. LHβ promoter occupancy was measured by 

quantitative real time PCR using primers for the LHβ promoter.  The experiment was 

performed three times with duplicate samples and replicate PCR measurements in each 

sample.  Data are presented as the mean + SEM and expressed as LHβ promoter 

occupancy relative to basal (no GnRH at time zero) binding. 
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Figure 14 WT1 siRNA increases the basal and decreases GnRH stimulated 

expression of endogenous LHβ primary transcript. 
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Figure 14 WT1 siRNA increases the basal and decreases GnRH stimulated 

expression of endogenous LHβ primary transcript. 

LβT2 cells were transfected with siRNA against WT1 and a non-targeting siRNA as a 

control. After 72 h of incubation, cells were treated with or without GnRH for 1.5 h, 

followed by cell lysate collection, RNA extraction and western blot analysis (30 µg 

protein) on 10% PAGE-SDS gels. WT1 protein was detected by immunoblotting with 

specific antibodies for WT1, and normalized for β-actin on the same blot. A. Expression 

of the endogenous LHβ primary transcript, Egr1 primary transcript mRNA, and WT1 

protein under conditions where the WT1 (-KTS) variant mRNA was reduced.  B.  

Expression of the endogenous LHβ primary transcript, Egr1 primary transcript mRNA, 

and WT1 protein under conditions where both the WT1 (-KTS) and WT1 (+KTS) variant 

mRNAs were reduced.  For each condition, the experiment was performed twice with 5 

replicates.  LHβ and Egr1 primary transcript mRNAs were normalized for GAPDH 

mRNA in the same sample. Control samples contained non-targeting siRNA.  * P<. 05 -

GnRH vs +GnRH, in either Control siRNA or WT1 siRNA treatments.  Values are mean 

+ SEM for 5 replicates.  # = P<. 05 -GnRH Control siRNA vs –GnRH WT1 siRNA, or  

p<. 05  +GnRH Control siRNA vs +GnRH WT1 siRNA. 
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Figure 15 WT1 (-KTS) enhances GnRH-stimulated LHβ promoter activity 
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Figure 15 WT1 (-KTS) enhances GnRH-stimulated LHβ promoter activity.  

LβT2 cells were transfected with either A: A luciferase reporter construct driven by the 

rat LHβ promoter (-617 to +41 bp) including both distal and proximal GnRH responsive 

promoter regions, or B: A luciferase reporter construct driven by the rat LHβ promoter (-

245 to +44 bp), including only the proximal GnRH response region of the promoter. 

Constructs were cotransfected with or without 0.5, 0.7, or 1 µg of WT1 (-KTS) plasmid, 

or control plasmid to normalize total DNA. After 48 h post-transfection, cells were 

treated with 50nM GnRH for 6hrs and collected in lysis buffer. Luciferase activity was 

measured, and data expressed as mean + SE for 6 samples; the experiment was 

performed 3 times. Statistical significance was determined using ANOVA (confidence 

interval determined by the Bonferroni multiple comparison test). * P<.05 -GnRH vs 

+GnRH, # P<.05 control,-GnRH vs –GnRH+WT1  , a P<.05 control,+GnRH vs +GnRH  

+WT1 
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Figure 16 WT1 (+KTS) decreases basal and GnRH-stimulated LHβ promoter 

activity.  
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Figure 16 WT1 (+KTS) decreases basal and GnRH-stimulated LHβ promoter 

activity.  

LβT2 cells were transfected with either A) A luciferase reporter construct driven by the 

rat LHβ promoter (-617 to +41 bp) including both distal and proximal GnRH responsive 

promoter regions, or B) A luciferase reporter construct driven by the rat LHβ promoter (-

245 to +44 bp), including only the proximal GnRH response region of the promoter. 

Constructs were cotransfected with or without 0.5, 0.7,1 µg of WT1 (+KTS) plasmid or 

control plasmid to normalize DNA. At 48 h post-transfection, cells were treated with 

50nM GnRH for 6 h and collected in lysis buffer. Luciferase activity was measured, and 

data expressed as mean + SE for 6 samples; the experiment was performed 3 times 

each. Statistical significance was determined using ANOVA (confidence interval 

determined by the Bonferroni multiple comparison test). * P< .05 -GnRH vs +GnRH , #= 

P<.05 control,-GnRH vs –GnRH+WT1  , a = P<.05 control,+GnRH vs +GnRH +WT1 

 

 

 

 

 

 

 



	   85	  

 

Figure 17 Differential responses of LHβ promoter mutants to WT1 (-KTS)   
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Figure 17 Differential responses of LHβ promoter mutants to WT1 (-KTS)   

LβT2 cells were transfected with luciferase constructs containing either the wild type (-

617 to +44bp) LHβ promoter, or the same construct mutated at both SF1 sites, or the 

individual 5’Egr1 or 3’Egr1 sites.  Constructs were cotransfected with or without 1 µg of 

WT1(+KTS; upper panel) or WT1(-KTS, lower panel) plasmid or control plasmid to 

normalize DNA. At 48 h post-transfection, cells were treated with 50nM GnRH for 6 h 

and collected in lysis buffer. Luciferase activity was measured, and  data expressed as 

average + SE for 6 samples; the experiment was performed 3 times each. Statistical 

significance was determined using ANOVA (confidence interval determined by the 

Bonferroni multiple comparison test). * P< .05 -GnRH vs +GnRH, #= P<.05 control,-

GnRH vs –GnRH+WT1  , a = P<.05 control,+GnRH vs +GnRH +WT1 
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Figure 18 Differential responses of LHβ promoter mutants to WT1 (-KTS)   

LHβ promoter mutants were transfected into LβT2 cells with or without 1µg of WT1 

(+KTS) plasmid or control plasmid to normalize DNA. Data were analyzed and 

expressed as in Figure 15. 
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Figure 19 Expression and regulation of WT1 variant mRNA in mouse pituitary 

cells 

WT1 variant mRNAs were measured by quantitative RT-PCR and normalized to 

GAPDH mRNA in the same samples in pituitary glands from: (Upper panel) 

Ovariectomized (OVEX) mice treated in vivo with vehicle or E2 for 3 d or (Lower panel) 

Pituitary glands from intact mice treated in culture with 5 nM GnRH for 30 min.  Data are 

from 4 independent determinations and expressed as the mean + SEM.  * P < 0.05 

OVEX vs OVEX + E, or Control vs GnRH. 

 



	   89	  

Chapter 3: Proteasomal regulation and role of transcription co-
regulator DAX1 in LHβ transcription. 
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INTRODUCTION 
Gonadotropin hormones, secreted from the anterior pituitary, control female 

reproduction. Luteinizing hormone (LH) is necessary for ovulation and steroidogenesis 

while Follicle Stimulating Hormone (FSH) is required for follicle maturation (1,5,11). 

Hormonal dysregulation causing an incorrect ratio of LH/FSH synthesis/secretion might 

lead to infertility syndromes such as polycystic ovarian syndrome, which is 

characterized by high LH levels, elevated androgens, and erratic menstrual cycles in 

women (11). Understanding the transcriptional regulation of the gonadotropin genes can 

be beneficial in developing future therapies. LH and FSH consist of two subunits, a 

shared alpha subunit, and unique beta subunits, which are limiting for the intact 

hormones. Hypothalamic GnRH is a crucial modulator of these three gonadotropin 

genes. Among the three subunit genes, GnRH most dramatically and precisely 

regulates LHβ, although there are always high levels of the α-subunit present in 

gonadotrope cells (1,5,6,116). 

 

The LHβ promoter is comprised of two GnRH responsive regions. The distal region has 

two SP1 binding sites and a CArG box (30,31). The proximal GnRH response element, 

conserved across all mammalian species including humans, consists of two Egr1 (Early 

Growth Response 1) and SF1 (Steroidogenic Factor 1) binding sites and a binding site 

for the homeobox protein Ptx1. Previous studies show that for full transcriptional 

activation of the rat promoter, an interaction between the distal and proximal response 

elements is required (31,32,61).  
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In response to GnRH, synthesis of early zinc-finger transcription factor Egr1 (early 

growth response1) occurs and is important for LHβ transcription. Egr1 knock-out mice 

are infertile primarily due to lack of LHβ expression (59), and mutation of either Egr1 site 

has been shown to significantly decrease both basal and GnRH stimulated LHβ 

transcription (30). Egr1 acts in concert with the orphan nuclear receptor SF1 to induce 

LHβ transcription (29,59,61,128). SF1 is an important transcription factor regulating 

genes related to steroidogenesis and reproduction. SF-1 knock-out mice showed failure 

of development of the adrenal glands, gonads, ventromedial hypothalamus and proper 

functioning of pituitary gonadotrophs (34,56,67,117). In the pituitary, SF1 is involved in 

the transcription of α and β subunit genes of LH and FSH, and also the GnRH receptor 

(33,35). In response to GnRH, cyclic and co-ordinated binding of the transcription 

factors EGR1 and SF1 occur on the chromatin associated with the LHβ promoter 

(29,60). GnRH-stimulated proteasomal degradation is required for the cyclic binding of 

SF1 and Egr1 on the promoter (29,112,128). These transcription factors recruit co-

activators (increase transcription) or co-repressors (decrease transcription) to the 

promoter and ultimately regulate LHβ transcription. SRC1 and GCN5 are the typical co-

activators of SF1 and SMRT is a typical co-repressor of SF1 (44,57,58). The cyclic 

binding of these co-regulators could also be influenced by proteasomal degradation, as 

is the case with transcription factor binding. 

 The co-regulator DAX1 was typically thought to be a repressor of SF1, but recently 

DAX1 has been shown to act either as a co-activator or co-repressor of SF1 depending 

on the cell and the promoter type (45,75). DAX1 is an orphan nuclear receptor encoded 
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by the gene NR0B1 and expressed throughout the entire HPAG axis (69). Mutation in 

this gene has been associated with the disorder AHC that causes underdevelopment of 

the adrenal cortex; secondary effects include hypogonadotropic hypogonadism (HH), a 

combined defect of both pituitary and the hypothalamus. Gene duplication causes 

dosage sensitive sex reversal (68,69). The structure of DAX1 differs from other general 

nuclear receptors in the sense that it doesn’t have the typical DNA binding domain, and 

therefore acts mainly through protein-protein interactions (69). Evidence of physical 

interaction, similar expression patterns, and knock down defects of DAX1 and SF1 

revealed that these two proteins take part in several common pathways (67,129). 

Several studies have depicted DAX1 to be acting as a repressor for SF1 target genes 

by physically interacting with SF1 (57,70). However, Xu et al showed DAX1 acting as a 

co-activator along with SRA (Steroid Receptor RNA Activator) for the SF1 target gene 

Mc2R (melanocortin 2 receptor) in the adrenal glands (75). The dosage of DAX1 

relative to other factors like SF1 and WT1 has been implicated to play a role in human 

sex determination, based on interactions between the three factors (74). In this work, 

we investigated the role of the proteasome in the cyclic association of co-regulator 

proteins, including DAX1, to the LHβ promoter, and further explored the biological role 

of DAX1 in LHβ transcription. Our data showed that proteasomal degradation was 

necessary to maintain the proper cycling of the co-regulatory proteins on the promoter, 

and that DAX1 could act as a positive or negative regulator of GnRH regulated LHβ 

transcription in a dose dependent manner. 
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MATERIALS AND METHODS:  
Cell culture, transient transfection and luciferase assay: All the experiments were 

performed using a clonal mouse gonadotrope cell line, LβT2 (originally obtained from 

Dr. Pamela Mellon, University of California, San Diego) as described in (29). Cells were 

maintained in Dulbecco’s Minimal Essential Medium (DMEM) with 10%FBS and 1% 

antibiotic/ antimycotic (GIBCO, Grand Island, New York).   For experiments, cells were 

plated in phenol red-free DMEM with 5% charcoal stripped newborn calf serum (SNCS) 

and 2%L-glutamine. Cells were treated with 50nM GnRH (Bachem Biosciences Inc, 

King of Prussia, PA under the name LHRH) as indicated. LβT2 cells were plated using 

DMEM plus 5% SNCS at the concentration of 500,000 cells per well in 12-well (20mm 

diameter) dishes. After 24h cells were transfected with a luciferase reporter construct 

driven by the rat LHβ promoter from -617 to +41 bp relative to the transcription start site 

(consisting of both distal and proximal GnRH response elements) or truncated 

promoter, 245 to +44 region (only the proximal region, contains only the downstream 

GnRH response element), 0.33 ug per reaction using Lipofectamine 2000 (Invitrogen, 

Carlsbad, California). In DAX1 overexpression/dose response studies constant (0.3ug) 

or several doses 0.1,0.3,0.5,1ug per reaction of DAX1 plasmid DNA was transfected 

along with the reporter plasmid. Empty vector pcDNA 3.1 plasmids were transfected in 

the control sets. To introduce mutations in the SF1 binding sites of the promoter, site-

directed mutagenesis was performed using the QuikChange kit (Stratagene, La Jolla, 

CA) as described in (28). Bold letters in the following sequences indicate mutated 

residues: 3’NR5A1GCCTCTGCTTAGTGGAATTCCCACCCCCACAACCCG, 

5’NR5A1GTCCCTGGCTTTTCTGAAATTGTCTGTCTCGCCCCC. After 48 h of 
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transfection, the cells were treated with or without GnRH for 6 h and the cell lysates 

were collected in 200ul of 1x passive lysis buffer (Promega, Madison, WI, cell culture 

lysis reagent). The samples were centrifuged at 13,000 rpm for 1 min and supernatant 

was collected. Luciferase activity was measured using a Turner TD-20e luminometer 

(Turner Designs, Mountain View, CA). Total proteins of each sample were measured 

using Bio-Rad (Hercules, CA) protein dye and used for normalizing the Luciferase 

activity of respective samples. Mean and standard error were calculated for 6 samples. 

Statistical significance was determined using paired student T-tests. 

 

 

siRNA delivery and primary transcript assay:  

siRNA were delivered into LβT2 cells using nucleofection technology according to the 

manufacturer’s instructions (Amaxa Corp., Gaithersburg, MD) as previously described in 

(26). The LβT2 cells were transfected with siGENOME SMARTpool siRNA 

(0.2nM;Dharmacon RNA Technologies, Lafayette, CO) directed toward mouse DAX1 or 

SF1 or a non-targeting negative control siRNA (0.2nM,siCON #1; Dharmacon), in 

Solution T and using Program A-020. Each reaction contained 5 X106 cells and was 

divided between three wells in a 35-mm plate containing 2 ml 5% SNCS. 48h post-

transfection cells were treated with GnRH for 90mins and cell lysates were collected for 

primary transcript assay and immunoblotting to confirm DAX-1 knockdown. Incase of 

siRNA-targeted knockdown of SF1 cells further were subjected to ChIP assay or 

luciferase assay after 72h. Experiments were performed in triplicate three times. Protein 

levels were analyzed on immunoblots. To measure specific mRNAs RNA was isolated 
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from the cell lysates using the QIAGEN (Valencia, CA) RNeasy kit and was briefly 

treated with DNase (Roche, Indianapolis, IN) to remove DNA contamination. Total RNA 

was subjected to reverse transcription of the mRNA using the iScript cDNA synthesis kit 

(Bio-Rad). Quantitative real-time PCR was performed using cDNA as template as 

described in (26,29). Primers were designed against the first intron/exon border of the 

mouse LHβ gene to detect unspliced mRNA Primary transcript (PT), forward primer 

sequence, 5’-AGAGGCTCCAG- GTAAGATGGTA-3’; reverse primer sequence, 5’-

CCACTCAGTATAATACAGAAAC-3’. All LHβ PT mRNA was normalized to GAPDH 

mRNA levels. Samples without the reverse transcriptase enzyme during cDNA 

synthesis were performed as a negative control. In the result a representative 

experiment among 4 experiments has been shown. Mean and SEM were calculated 

from PCR replicates. 

  

Western Blot: For Western blot analysis, 2 X 106 cells per well were plated in 6-well 35 

mm dishes. Cells were lysed and collected, using 2x gel loading buffer. [100 mM Tris-

HCL (pH 6.8), 4% SDS, 20% glycerol] plus protease inhibitors after 48h or 72h or as 

indicated. Protein concentration was measured using the Pierce (Rockford, IL) BCA Kit. 

Cell lysates were heated for 5 min at 95 C and equal amounts of proteins of each 

sample were separated by 10% SDS-PAGE using 140 constant voltage for about 2 h. 

Proteins were transferred to a nitrocellulose membrane using 35v constant voltage for 

3hrs. Membranes were then blocked using 10% non-fat dry milk in Tris-buffered saline 

plus 1% Tween 20 (TBST) for 1hr in room temperature. Membranes were then 

incubated with a DAX1 primary antibody  (Santa Cruz Biotechnologies, Santa Cruz CA) 
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overnight (1:500) followed by three 5min washes with TBST and another incubation with 

secondary antibody, horseradish peroxidase-conjugated donkey anti-rabbit Fab 

fragment IgG (1:5000;GE HealthCare, Piscataway, New Jersey) for 2hrs.  Relative 

levels of proteins were detected with ECL, Super Signal West Pico Chemiluminescent 

Substrate (Pierce, Rockford, IL) and X-ray film autoradiography. Monoclonal anti-β-actin 

primary antibody (Sigma) was used, as a loading control, to re-probe the membrane. 

Band intensity was measured by densitometry and normalized against β-actin for 

respective samples. 

  

 

Chromatin immunoprecipitation assay (ChIP): ChIP assays were performed as 

previously described in (29). LβT2 cells were plated in 10cm dishes (10x106 cells per 

plate)  .The cells were first pre-treated with 2.5µm of α-amanitin for 1hr to synchronize 

the promoter, then thoroughly washed with PBS and incubated with or without 50 µm 

GnRH and collected every 10mins for 60mins or as indicated. Incase of proteasome 

studies the cells were also pretreated with vehicle (ethanol) or 50uM of MG132 

(proteasome inhibitor from Sigma St.Louis, MO, dissolved in ethanol) and collected 

every 10mins for 60mins.Chromatin immunoprecipitation (ChIP) assay was performed 

by cross-linking the chromatin with 1% formaldehyde for 10 min, and the reaction was 

stopped by addition of 1.25 M glycine. Cross-linked chromatin was sonicated to 

approximate lengths of 1000 bp, using a cup horn sonicator (Misonix, Farmingdale, NY). 

Whole-cell extract was diluted with ChIP sonication buffer plus protease inhibitors, 

divided and incubated with and without primary antibody overnight at 40 C temperature. 
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Antibody for GCN5, WT1, DAX1 (Santa Cruz Biotechnology), SF1, SRC1 (Upstate) and 

RNA polymerase II antibody (CTD4H8, Milipore) were used. Protein G PLUS agarose 

beads (SC-2002; Santa Cruz Biotechnology) were then added for 2 h to precipitate the 

antibody bound chromatin. Agarose-Beads were washed with sonication buffer and 

Tris-EDTA buffer. DNA-protein complex was released with elution buffer and cross-links 

were reversed by incubation with NaCl at 65 C overnight. DNA was purified using the 

QIAGEN PCR purification kit and promoter occupancy was measured with quantitative 

real-time PCR (iCycler; Bio-Rad) as described in (29). The following primer sequences 

were used to detect LHβ promoter, 102bp (forward - CTGTGTCTCGCC 

CCCAAAGAGATTA) and 1bp (reverse-CCTGGCTTTATACCT-GCGGGGTT). Each 

group was normalized using 10% input sample for that treatment group.  

 

RESULTS 
 

Rapid association of DAX1 with the LHβ promoter in response to GnRH   

GnRH stimulates the cyclic binding of transcription factors and co-regulatory proteins on 

the LHβ promoter (29,112,128). SF1 and Egr-1 transcription factors are stimulated to 

associate on LHβ promoter in response to GnRH (29). Since, DAX1 lacks the DNA 

binding domain (69), and  unable to directly  bind to DNA ,DAX1 mostly acts through 

protein-protein interactions.DAX1  has been shown to physically interact with SF1 and 

therefore ,it is likely that DAX1 binds to LHβ promoter via SF1, or other transcription 

factors like ER and AR (69,70,74,129–131). To check if DAX1 associates with the 

promoter in response to GnRH, we performed ChIP assay in the presence and absence 
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of GnRH. The cell lysates were immunoprecipitated with antibodies for pRNApol II, SF1 

and DAX1. LHβ promoter occupancy was measured by quantitative real time PCR with 

primers specific to LHβ promoter (-617 to +44 bp). In Fig.20, ChIP assay results shows 

that GnRH stimulates the binding of DAX1 to LHβ promoter along with SF1 and pRNA 

pol II (indicator of transcription) suggesting a possible role of DAX1 LHβ transcription.  

Cyclic association of LHβ co-regulators requires proteasome activity  

The ubiquitin-proteasome system has been shown to regulate transcription by 

influencing post-translational modification, protein-protein interactions, and ensuring 

proper degradation and recycling of the proteins involved in transcription (29,112). Our 

previous work demonstrated that proteasome inhibition by MG132 reduced the GnRH-

stimulated expression of endogenous LHβ primary transcript along with hindering the 

cyclic binding of the crucial transcription factors Egr1 and SF1 on the LHβ promoter 

(29). We therefore investigated the possible role of proteasome degradation in 

regulating the association of the co-regulatory proteins on LHβ promoter. Our results 

(Fig.21) show that proteasome inhibition compromises the binding of SF1 as well as 

pRNA POLII.  Similarly, inhibition of proteasome activity hinders the cyclic association of 

the co-activators SRC1 and GCN5 as well as DAX1, which can act as a positive or 

negative regulator of SF1 (69). In contrast, MG132 treatment sustains the binding of the 

co-repressor SMRT. Studies by another group (132) shows that the protein mSiah2 

targets the repressor protein NCoR for proteasomal degradation by direct binding and 

as a consequence half life of NCoR decreases from 14 to 3 hrs. By reducing the 

endogenous NCoR level mSiah2 regulates the repressive activity of nuclear receptor 

RevErb, which uses NCoR as a co-repressor, to repress its target gene (132) . Our 
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proteasomal study suggests that the repressor protein needs to be degraded before any 

transcription activator protein could be recruited to the promoter. Moreover, 

resemblance of the DAX1 binding pattern with those of the co-activators (GCN5 and 

SRC1) suggested that DAX1 could be a positive regulator of LHβ transcription. 

 

Reduced levels of endogenous DAX1 decrease GnRH-stimulated expression of 

endogenous LHβ primary transcript (PT) 

To further explore the role of DAX1 in LHβ transcription, endogenous DAX1 was 

decreased by siRNA. Cells were transfected with siRNA against DAX1 to bring down its 

cellular level and a non-targeting siRNA was used as a control. After 48hr of incubation, 

cells were treated with GnRH for 90 min and endogenous LHβ primary transcript was 

measured using real-time PCR. LHβ PT was normalized to GAPDH mRNA levels. 

Fig.23 demonstrates a 30% reduction of DAX1 protein levels in the cells transfected 

with siDAX1. In this experiment, reduced DAX1 levels increased the basal but 

decreased the GnRH stimulated expression of LHβ primary transcript, the nascent and 

unspliced form of RNA, by approximately 50% relative to the control set. Thus, under 

endogenous cell conditions, DAX1 appears to be a positive regulator of GnRH 

stimulated LHβ transcription. 

 

DAX1 overexpression increases GnRH stimulated LHβ transcription 

To further investigate the positive role of DAX1 in LHβ transcription, we overexpressed 

DAX1 in LβT2 cells and measured the LHβ promoter (-617 to 44bp) driven luciferase 

reporter gene activity in presence or absence of GnRH (50nM). Western blot analysis 
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shows DAX1 level in control and DAX1 transfected cells, showing an increase in DAX1 

levels with DAX1 transfection. DAX1 overexpression significantly increased the GnRH 

stimulated LHβ promoter activity by approximately 4-fold; however, DAX1 did not affect 

the basal transcription (Fig.22). To evaluate how increasing concentrations of DAX1 

could effect LHβ transcription, a DAX1 dose-response experiment was performed. LβT2 

cells were transfected with increasing concentration of DAX1 (0.1,0.3,0.5 and 1 ug 

concentration per reaction) and promoter activity was measured for each dose. Results 

showed significant enhancement, then inhibition of the GnRH stimulated promoter 

activity at 0.3ug and 1ug of DAX1 respectively. (Fig.22) Our overexpression data 

suggests that DAX1 could be a positive or negative regulator of LHβ transcription in a 

dose dependent manner. 

 

The proximal region of the LHβ promoter is sufficient for DAX1 mediated increase 

of GnRH stimulated LHβ transcription 

The LHβ promoter has two major GnRH response elements and the combined effect of 

both the distal and the proximal region is required for effective transcription to occur 

(30,31). Since DAX1 modulates GnRH stimulated LHβ transcription, we assessed 

whether DAX1 is able to enhance LHβ transcription through the proximal GnRH 

response region, or required both regions. LβT2 cells were transfected with both the full-

length (-617 to +44bp) and the truncated promoter (-245 to +44bp) and the effect of 

DAX1 overexpression was measured in presence or absence of GnRH with luciferase 

reporter assays. Fig.24 shows DAX1 was able to increase the GnRH stimulated LHβ 

transcription via both full-length and the truncated promoter region. Thus, the proximal 
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region of the promoter is sufficient to impart DAX1 activity. 

 

Potential role of SF1 sites in DAX1 mediated GnRH stimulation of LHβ 

transcription  

DAX1 cannot bind directly to the DNA and has been found to trans-activate SF1 target 

genes by direct protein-protein interaction with SF1. We mutated either of the two SF1 

binding sites (3’ or 5’) by site directed mutagenesis and transfected these mutated 

promoters along with DAX1 to measure DAX1 activation of GnRH stimulated LHβ 

transcription with luciferase assay. We used the full-length (-617 to +44bp) promoter as 

control for DAX1 activation and 0.3ug of DAX1 plasmid. Our results show that DAX1 

activated the GnRH stimulated LHβ transcription through the full-length promoter, 

however, DAX1 could not significantly activate or further enhance the GnRH stimulation 

of LHβ transcription through the promoter containing 5’SF1 and 3’SF1 mutations 

respectively. This suggests that SF1 sites could play a role in DAX1 activation of GnRH 

stimulated LHβ transcription (Fig.25). 

 

Cyclic association of DAX1 is independent of SF1 association on the LHβ 

promoter 

DAX1, as suggested by our results, can act through the proximal region and requires 

3’SF1 site for its ability to activate GnRH stimulated LHβ transcription. To understand  

the mode of action of DAX1, LβT2 cells were transfected with control siRNA or siRNA 

targeted against SF1. After 72h of post transfection SF1 protein levels were decreased 

by 70%. Our results (Fig.26) show that DAX1 is associated with the LHβ promoter in 
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presence or absence of SF1 (siSF1) indicating that the cyclic association of DAX1 on 

LHβ promoter can occur independently of SF1.  

 

DAX1 mediated regulation of LHβ promoter is not dependent on SF1 

Although DAX1 association to LHβ promoter occurs independently of SF1, it is possible 

that DAX1 activity might require SF1 protein. To examine this possibility we transfected 

LβT2 cells with siRNA against SF1 to reduce endogenous SF1 levels and also 

overexpressed DAX1 using a plasmid dose of 0.1ug. We then measured the basal and 

GnRH stimulated LHβ promoter activity by reporter gene assay. siRNA against SF1 

reduced the endogenous SF1 levels to about 60%. Under these conditions, DAX1 

enhanced GnRH-stimulated LHβ transcription in the presence or absence of SF1 

(Fig.27). 

GnRH and proteasome activity regulate WT1 but not DAX1 protein levels.  

Since DAX1 binding to LHβ promoter was regulated by proteasome activity and GnRH, 

we examined whether GnRH and proteasome regulates DAX1 protein levels. DAX1 has 

been suggested to interact with another protein, WT1 to regulate several reproductive 

genes including one essential for gonadogenesis prior to sexual differentiation (74,133). 

We therefore, investigated if GnRH and proteasome regulates DAX1 or WT1 protein 

levels. To measure the protein levels LβT2 cells were treated with 50nM GnRH for 0 to 

6 h in presence or absence of proteasome inhibitor MG132.Immunoblotting for β-actin 

was performed on the same blots used as loading control. Our results (Fig.28) suggest 

that GnRH and proteasome activity regulates WT1 protein but not DAX1 protein levels. 

As demonstrated in the previous chapter, GnRH reduces WT1 mRNA and protein 
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levels, however in Fig.28 we show that the rapid GnRH mediated decrease of WT1 

protein is prevented by MG132, causing accumulation of WT1 protein. 

Proteasome activity is required for the cyclic association of WT1 on LHβ 

promoter  

DAX1 interacts with WT1 to regulate several reproductive and steroidogenic genes 

(74,133). Since GnRH and proteasome activity were found to regulate WT1 protein 

levels, we investigated the role of proteasome activity on WT1 association with the LHβ 

promoter.WT1 protein occupancy on LHβ promoter was measured by quantitative real 

time PCR using primers specific for the LHβ promoter. Our results in the previous 

chapter show that WT1 is bound to LHβ promoter under basal conditions, and GnRH 

stimulates the cyclic association of WT1 to the LHβ promoter. In Fig.29 we demonstrate 

that proteasome inhibition prevents the GnRH-stimulated association. This suggests 

that proteasome degradation facilitates the GnRH stimulated cyclic association of WT1 

on the LHβ promoter.  

DISCUSSION 
Gene transcription requires the cyclic binding of transcription factors, co-regulatory 

proteins and basic transcriptional machinery including pRNApol II to the gene promoter. 

After each cycle of transcription, the proteins need to be removed from the promoter so 

that a new transcription cycle can begin. During transcription, the ubiquitin-proteasome 

system has been closely linked to alterations in protein–protein interactions, association 

of co-activators and co-repressors on transcription factors, turnover of transcription 

factors/co-regulators, and clearing proteins from the promoter to facilitate new rounds of 

transcription (55,101,103,104,109). In this work, we show proteasome activity regulates 
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the binding of the co-regulators GCN5, SRC1 (co-activators), SMRT (co-repressor) and 

WT1, DAX1 (both co-activator and co-repressor activities) on the LHβ promoter. We 

also show that the orphan nuclear receptor DAX1 acts as either a positive or negative 

regulator of LHβ transcription in a dose dependent manner. 

Previous studies have shown that association of the transcription factors SF1 and Egr-1 

with the LHβ promoter is cyclic, and coordinated by GnRH (29). Proteasomal inhibition 

has been shown to prevent the cyclic recruitment of these transcription factors on the 

LHβ promoter, (29) and we questioned if the association of the co-regulatory proteins 

were also affected by proteasome or not. Co-regulatory proteins that associate with SF1 

include the typical co-activators SRC1 and GCN5, the co-repressor SMRT (44,57,58), 

and DAX1, which  can act as a co-activator or co-repressor in a cell- and promoter-

specific manner (69,130,131,134). Our results (Figs 20 and 21,) show that GnRH 

stimulates the binding of the transcription factor SF1 and several co-regulators including 

co-activators (SRC1, GCN5) co-repressor (SMRT), and DAX-1, as well as pRNApol II, 

which indicates transcription.  Proteasomal inhibition with MG132 prevents the 

association of the co-activators SRC1, GCN5, as well as co-regulators DAX1 and WT1 

(Figs. 21 and 29). However, proteasome inhibition sustained the binding of the co-

repressor SMRT to the LHβ promoter, suggesting that the repressor protein may be 

required to be removed before transcriptional activators can be recruited. As previously 

shown by the O’Malley group, mono-ubiquitination of the coactivator SRC3 on 

promoters enhances its interaction with ER and stimulates ER-mediated transactivation 

(109). As transcription progresses, SRC3 is poly-ubiquitinated and ultimately degraded 

to assist promoter clearance (109). SF1, phosphorylated in response to GnRH, then 
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becomes mono-ubiquitinated; this is believed to favor interactions with Egr1 and Ptx-1 

(112).  Thus, protein-protein interactions and their modulation by the ubiquitin-

proteasome system may influence the transcriptional activation of SF1 and thus 

stimulate LHβ gene transcription (112).  

 

GnRH and proteasome activity regulates Egr1 protein levels as well as SF1 and Egr1 

ubiquitination (29). As demonstrated in the previous chapter, GnRH rapidly reduces 

WT1 mRNA and protein levels. In this work (Fig.28), we show that the GnRH-mediated 

decrease of WT1 protein is prevented by MG132, suggesting that proteasome activity 

regulates WT1 protein levels. However, DAX1 protein levels remained unaffected by 

GnRH or proteasome inhibition (Fig. 28).  The failure to see changes in DAX1 levels 

under these conditions does not mean, however, that DAX1 is not a target of the 

proteasome, as high basal expression of protein and/or long protein half-life might make 

such changes difficult to detect.  For example, SF1 ubiquitination is highly stimulated by 

GnRH, but SF1 levels are not significantly changed after MG132 treatment (29).  

Ubiquitination studies were not preformed on DAX1.    

 

The orphan nuclear receptor DAX1 interacts with SF1 on several reproductive and 

steroidogenic genes (74,75,133). DAX1 and SF1 are co-expressed throughout the 

Hypothalamic-Pituitary-Adrenal-Gonadal axis (69,72,135) and are both involved in 

regulation of several reproductive and steroidogenic genes (73–75,130,133). DAX1 has 

been shown to act as a co-repressor of SF1 by recruiting the repressor protein NCoR 

onto SF1(45).  As opposed to this well-known role of DAX1 as co-repressor of many 
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SF1 target genes (44,69,70), a recent report has shown DAX1 to be a co-activator of 

some SF1 target genes (75). DAX1 interacts with nuclear-receptor coregulator SRA 

(steroid receptor RNA activator) and p160 family co-activator TIF2 (transcription 

intermediary factor-2), to form a co-activator complex to increase SF1-mediated ACTH 

receptor (Mc2R) gene expression (75). Moreover, DAX1 knockdown also decreases the 

expression of the CYP11A1 and StAR genes in adrenal and leydig cells, suggesting 

DAX1 endogenously stimulates those genes(75). SF1 and DAX1 synergistically induce 

expression of several testis specific genes in developing mice testis (73).  Interestingly, 

WT1, DAX1 and SF1 have been shown to regulate the transcription of the MIS gene, 

which determines male reproductive tract formation during gonadogenesis (74), 

suggesting that the ratio of WT1 to DAX1 to SF1 can be important in determining gene 

expression. DAX1 interacts with other nuclear receptors such as androgen receptor 

(AR) and estrogen receptor (ER) in addition to SF1 (130,131).Reports show that DAX1 

directly interacts with AR and inhibits AR mediated transactivation. DAX1 has also been 

suggested to sequester the dimerized AR in the cytoplasm, preventing it from nuclear 

localization or preventing AR from recruiting co-activators by direct interaction inside the 

nucleus (130). DAX1 interacts with ERα and ERβ to co-repress their transactivation via 

the LXXLL motif at the N-terminal repeat domain of DAX1. The LXXLL domain is usually 

a distinctive feature of nuclear receptor co-activators; however DAX1 can also uniquely 

act as an LXXLL-containing co-repressor (131).  

Considering that DAX1 can act as negative or positive regulator and the pattern of 

DAX1 binding to LHβ promoter resembled the co-activator (GCN5 and SRC1) binding 

pattern in our experiments, we wanted to understand the biological role of DAX1 in LHβ 
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transcription. Our results (Fig.20) show that rapid binding of DAX1 occurs with 20 mins 

of GnRH treatment, this suggests that DAX1 binding is stimulated in response to GnRH. 

Moreover, increasing doses of DAX1 increased GnRH-stimulated LHβ transcription, but 

high dose of DAX1 repressed LHβ transcription, suggesting a dose-dependent 

regulation of DAX1 on LHβ transcription (Fig.22). To better understand the role of 

DAX1, siRNA was targeted against DAX1 to reduce endogenous DAX1 levels and LHβ 

primary transcript (PT) was measured (Fig.23). The GnRH stimulation of LHβ PT was 

decreased by 50% when compared to the control set; however, the basal LHβ PT level 

was increased 2 fold by DAX1 siRNA. Moreover DAX1 overexpression increased LHβ 

transcription as depicted by our reporter gene assay (Fig. 22). 

 

The proximal GnRH response element, consisting of the Egr1 and SF1 binding sites, on 

the LHβ promoter was sufficient to impart DAX1 stimulation (Fig.24). Since DAX1 has 

been shown to interact with SF1 on several reproductive and steroidogenic genes, there 

is a possibility that DAX1 is recruited to the LHβ promoter via SF1.To better understand 

the role of SF1 in DAX1 activation of LHβ transcription, we used promoter constructs 

carrying SF1 mutations at the 3’ and 5’ SF1 binding sites on the proximal promoter 

(Fig.25). DAX1 stimulation of LHβ transcription was not significant when 5’ SF1 site was 

mutated. Moreover with a 3’ SF1 mutated construct, DAX1 was unable to further 

enhance the GnRH stimulation of LHβ transcription, suggesting the SF1 sites, 

individually or together, could be aiding DAX1 stimulation  (Fig.25).  However, in cells 

treated with siRNA targeted against SF1 to reduce endogenous SF1 levels, GnRH-

stimulated cyclic binding of DAX1 on LHβ promoter remained unaffected by the 
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absence of SF1 (Fig.26). Under similar experimental conditions (reduced level of 

endogenous SF1), we also measured LHβ transcription with a reporter gene assay 

(Fig.27). These results show that siSF1 treatment did not disrupt the DAX1 

enhancement of GnRH-stimulated LHβ transcription. This suggests the role of DAX1 to 

enhance LHβ transcription is independent of SF1, at least under our experimental 

conditions. However, one caveat is that there was only a partial knockdown of SF1 in 

the transcription studies, and a much larger reduction in SF1 may be needed to observe 

a biological effect. In addition, the zero time point of SF1 binding was very high in the 

SF1 knockout study, even though subsequent points were low. Further experiments are 

required to investigate the involvement of SF1 in DAX1 mediated activation of LHβ 

transcription including a better and efficient knockdown of SF1 by siRNA. 

 

DAX1 also interacts with the nuclear receptor LRH1 (Liver Receptor Homolog-1), which 

shares structural similarity to SF1 and binds to SF1 binding sites (134,136,137). DAX1 

and SRA synergistically coactivate LRH1-mediated transactivation of Oct4 gene 

expression in mouse embryonic stem cells (134). LRH1 is expressed in LβT2 cells, and 

induces the basal and GnRH stimulated LHβ transcription (136). The SF1 knockout 

mice is able to produce LH when treated with GnRH, but mutation of both SF1 sites on 

LHβ promoter significantly reduces basal and GnRH stimulated LHβ transcription 

(136,138,139). Mutation of either 3’ or 5’ SF1 sites on the proximal GnRH responsive 

region of the LHβ promoter decreases the transactivation of LRH1 on LHβ promoter 

transcription, as shown by reporter gene assay using cells lacking endogenous SF1 

(136,140). This study suggests the importance of SF1 sites, more than the protein. Our 
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experiment suggests SF1 to be dispensable in DAX1 binding to the LHβ promoter, and 

DAX1 stimulation of LHβ transcription.  However, the inability of DAX1 to further 

enhance GnRH response significantly in the presence of mutated 3’SF1 or 5’SF1 sites 

suggests a possibility that DAX1 might be acting through LRH1 to regulate LHβ 

transcription. Moreover, as the SF1 binding sites are adjacent to Egr1 and Ptx1 binding 

sites, protein binding to the SF1 sites could be providing stability to transcriptional 

complexes involving Egr1, Ptx1 and other co-regulatory proteins. 

A few previously published studies (42,60) suggest DAX1 to be a negative regulator of 

LHβ transcription. The variation may occur from the experimental conditions used; we 

used different doses of DAX1 as opposed to a single constant dose of DAX1.  In studies 

using a human placental cell line it was shown that SF1 site mutations did not effect 

DAX1 regulation of LHβ transcription unless Egr1 was added, suggesting DAX1 

regulation is context dependent and might vary in the presence of other proteins (60). 

Our studies did not identify how DAX1 enhances GnRH stimulation, but it may occur 

through recruitment of additional co-activator, prevention of co-repressor recruitment, or 

stabilization of protein-protein interactions such as Egr1-LRH1/SF1.   

Overall, our studies show that the ubiquitin and proteasome system plays a crucial role 

in controlling the GnRH stimulated cyclic association of the regulatory proteins 

(inhibitory and stimulatory) on the LHβ promoter, and their degradation after each cycle 

of transcription. DAX1 and WT1 were identified as regulators of LHβ transcription. 

Modulated of DAX1 and WT1 by GnRH and proteasome activity maintained their 

dynamic association on the chromatin during LHβ transcription. 
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FIGURES 

	  

Figure 20 Rapid association of DAX1 with LHβ promoter in response to GnRH 
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Figure 20 Rapid association of DAX1 with LHβ promoter in response to GnRH:  

LβT2 cells were first pre-treated with 2.5µm of α-amanitin for 1hr to clear the promoter 

of proteins and to synchronize further protein association with the promoter.  Cells were 

then incubated with or without 50 nM GnRH and collected after 20mins. The ChIP assay 

was performed using antibodies for pRNApol, SF1 and DAX1, and LHβ promoter 

occupancy was measured by quantitative real time PCR using primers specific for the 

LHβ promoter (-102 to -1bp). Results show DAX1 associates with the LHβ promoter at 

the same time point as SF1 and pRNApol II. *P<0.05 control vs 20mins GnRH 
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Figure 21 Cyclic associations of coregulators to the LHβ promoter requires 

proteasomal degradation 
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Figure 21 cyclic associations of coregulators to the LHβ promoter requires 

proteasomal degradation  
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Figure 21 Cyclic associations of coregulators to the LHβ promoter requires 

proteasomal degradation:  

The LβT2 cells were first pre-treated with 2.5µm of α-amanitin for 1hr, then incubated 

with or without 50 µM MG132 (proteasome inhibitor) for 1hr. Cells were then treated 

with 50 nM GnRH and collected every 10min till 60min. The ChIP assay was performed 

using antibodies against pRNApol, SF1, GCN5, SMRT and DAX1 .LHβ promoter 

occupancy was measured by quantitative real time PCR using primers specific for the 

LHβ promoter (-102 to -1bp).  
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Figure 22 DAX1 modulates GnRH-stimulated LHβ transcription in a dose 
dependent manner 
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Figure 22 DAX1 modulates GnRH-stimulated LHβ transcription in a dose 

dependent manner: LβT2 cells were transfected with a luciferase reporter construct 

driven by the rat LHβ promoter (-617 to +41 bp), A) with or without constant dose of 0.5 

mg of DAX1 or B) increasing concentrations of DAX1 (0.1, 0.3, 0.5, 1ug per reaction). 

After 48h post-transfection, cells were treated with or without 50nM GnRH for 6h and 

collected for luciferase assays and western blot analysis. GnRH-stimulated LHβ 

transcription was increased significantly with 0.3ug of DAX1 and at higher 

concentrations (0.5,1ug) DAX1 decreased LHβ transcription. Average and standard 

error were calculated for 6 samples. Statistical significance was determined using 

paired student’s t-test. *P<0.05: –GnRH vs +GnRH, #P<0.05: Control +GnRH vs DAX1 

+ GnRH. 
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Figure 23 siDAX1 decreases the GnRH stimulation of endogenous expression of 

LHβ PT 
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Figure 23 siDAX1 decreases the GnRH stimulation of endogenous expression of 

LHβ PT 

LβT2 cells were transfected with siRNA against DAX1 and a non-targetting siRNA as a 

control. After 48h cells, were treated with or without GnRH for 90mins followed by cell 

lysate collection, RNA extraction and western blot analysis (30 ug protein) on 10% 

PAGE-SDS gel. DAX1 protein was detected by immunoblotting and normalized for β-

actin on the same blot. The expression of endogenous LHβ mRNA primary transcript 

(PT) was measured by real-time PCR. LHβPT was normalized to GAPDH mRNA levels. 

A representative experiment among 4 experiments has been shown. Statistical 

significance was determined using paired student’s t-test. *P<0.05: –GnRH vs +GnRH, 

#P<0.05: Control vs DAX1 
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Figure 24 The proximal promoter region of LHβ is sufficient for DAX1 mediated 
increase of GnRH-stimulated LHβ transcription 

 

 

 

 

 

 



	   120	  

 

Figure 24 the proximal promoter region of LHβ is sufficient for DAX1 mediated 

increase of GnRH-stimulated LHβ transcription. LβT2 cells were transfected with 

luciferase reporter construct driven by either A) the rat LHβ gene promoter (-617 to +44 

bp, contains both distal and proximal GnRH responsive promoter elements), or B) the 

truncated promoter (-245 to +44 bp, contains only the proximal GnRH responsive 

promoter region). Constructs were co-transfected with 0.3ug of DAX1 plasmid or control 

plasmid to normalize total DNA. After 48 h, cells were treated with 50nM GnRH for 6hrs 

and collected in lysis buffer. Luciferase activity was measured, and data expressed as 

mean + SE for 3 samples; the experiment was performed 3 times. Statistical 

significance was determined using paired student T-test. *P<0.05,  –GnRH vs +GnRH, 

#P<0.05: Control vs DAX1 
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Figure 25 Potential roles of SF1 sites in DAX1 mediated GnRH stimulation of LHβ 
transcription. 
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Figure 25 Potential roles of SF1 sites in DAX1 mediated GnRH stimulation of LHβ 

transcription. LβT2 cells were transfected with a luciferase reporter construct driven by 

A) the rat LHβ gene promoter (-617 to +44 bp) or with similar promoter construct 

carrying mutation at the B) 3’SF1 or C) 5’SF1 sites, with or without DAX1.Constructs 

were co-transfected with 0.3ug of DAX1 plasmid or control plasmid to normalize total 

DNA. After 48 h, cells were treated with or without 50nM GnRH for 6hrs and collected in 

lysis buffer. Average and standard error were calculated for 6 samples. Statistical 

significance was determined using paired student’s t-test. *P<0.05: –GnRH vs +GnRH, 

#P<0.05: Control vs DAX1. 
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Figure 26 Cyclic association of DAX1 is independent of SF1 association on the 

LHβ promoter: 
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Figure 26 Cyclic association of DAX1 is independent of SF1 association on the 

LHβ promoter: 

LβT2 cells were transfected with control siRNA or siRNA targeted against SF1. After 

72h of post-transfection, cells were pre-treated with 2.5µm of α-amanitin for 1hr followed 

by washing with PBS.  Cells were then treated with 50 nM GnRH and collected every 

10min for 50min. ChIP assays were performed using antibodies against DAX1 and SF1. 

LHβ promoter occupancy was measured by quantitative real time PCR using primers 

specific for LHβ promoter (-102 to -1bp). 
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Figure 27 DAX1 mediated regulation of the LHβ promoter is not dependent on SF1 
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Figure 27 DAX1 mediated regulation of the LHβ promoter is not dependent on SF1 

LβT2 cells were transfected with DAX1 expression plasmid (0.1ug and 0.3ug) and 

control siRNA or siRNA targeted against SF1. A luciferase reporter construct driven by 

the rat LHβ promoter (-617 to +41 bp) was transfected the following day. After 72h of 

post-transfection cells were treated with or without 50nM GnRH for 6hrs and collected in 

lysis buffer for western blot and reporter gene assays. Luciferase activity was 

measured, and data expressed as mean + SE for 3-6 samples; the experiment was 

performed once. Statistical significance was determined using using paired student’s t-

test and ANOVA (with differences between treatment groups determined by Bonferroni 

multiple comparison test). * P<.05 siControl vs siSF1, # P<. 05 -GnRH vs +GnRH, a 

P<.05 +GnRH vs GnRH + DAX1. 

 



	   127	  

	  

Figure 28 WT1 but not DAX1 protein levels are regulated by GnRH and 

proteasome activity 

WT1 and DAX1 protein levels in LβT2 cells treated with or without 50nM GnRH for 0 to 

6 h with (right panel) or without (left panel) proteasomal inhibitor 50 µM MG132.  Cells 

were lysed after GnRH treatment at indicated time points and proteins (30 mg) were 

separated by 10% SDS-PAGE, then detected with antibodies against WT1 or DAX1. 

Immunoblotting for β-actin was performed on the same blots used as loading control.  
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Figure 29 Proteasome degradation facilitates the cyclic association of WT1 on the 

LHβ promoter  

The LβT2 cells were first pre-treated with 2.5µm of α-amanitin for 1hr, then incubated 

with or without 50 µM MG132 (proteasome inhibitor) for 1hr. Cells were treated with 50 

nM GnRH and collected every 10min for 60min. A ChIP assay was performed using 

antibodies against WT1. LHβ promoter occupancy was measured by quantitative real 

time PCR using primers specific for LHβ promoter (-102 to -1bp).  
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Chapter 4: Discussion and Perspectives 
 

GnRH regulation of the Gonadotropin genes: differential gene regulation  

Pulsatile release of GnRH differentially regulates the synthesis and secretion of several 

gonadotropin genes, such as α-subunit, LHβ, and FSHβ, along with its own receptor 

(GnRHR) in the anterior pituitary(1). How this one hormone differentially controls 

several subunit genes in same location (pituitary) has been an intriguing question. The 

release of GnRH at various pulse frequencies is one key element which in turn 

differentially regulates several other processes, such as triggering selective signaling 

pathways, protein synthesis, protein modification and turnover to modulate relevant 

transcription factors and co-regulators (1).  

 

Fast GnRH pulse frequency (1/30 mins) favors alpha-subunit, LHβ synthesis and 

GnRHR mRNA expression; slow GnRH pulses (1/120 min) favor FSHβ synthesis and 

low GnRHR expression in the rat pituitary (141). Increased expression of GnRHR was 

observed at faster pulses favoring LHβ synthesis. With slow pulses, GnRHR mRNA 

expression was low but maximal FSHβ mRNA expression occurred, which shows 

differential regulation of subunit genes by GnRH could occur through the variation of its 

own receptor levels (141). Modulation of GnRHR expression and thus effective GnRH 

activity might result in triggering different signaling pathways and /or expression of 

proteins that can differentially regulate various gonadotropin subunit genes. One study 

shows that acute GnRH treatment induces and long term GnRH represses LHβ 
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transcription by separate signaling pathways. Acute induction was mediated by PKC 

signaling and repression by long term GnRH was mediated by calcium signaling (142). 

Other studies showed GnRH utilizes specific singling pathways to induce specific 

subunit gene transcription; for example, ERK is important for induction of alpha-subunit, 

FSHβ subunit and LHβ transcription via Egr1, however, JNK is specifically involved in 

LHβ transcription (23). Discrepancies in studies related to GnRH action might occur due 

to different experimental systems; for example, primary cell culture and in-vivo systems 

are heterologous in nature and results might be influenced by other cell-types through 

paracrine signaling (142,143) . Studies using engineered GH3 cell lines derived from 

somatomammotropes of the pituitary might not reflect similar signaling cascades as 

gonadotopes (142,143). For example, GH3 cells do not express SF1, important for 

transcription of GnRH-R and gonadotropin subunit genes, and the cells may not contain 

all the requisite pathways to alter SF1 function (142,143).  

 

There are a few investigations demonstrating alterations in GnRH signaling pathways 

depending on the mode of GnRH treatment. A recent study involving pulsatile and 

continuous GnRH treatment to LβT2 cells showed differential modulation of ERK and 

MAP kinase phosphatase 1 signaling. After static, continuous GnRH treatment; 

ERK1/2(MAPK) was significantly activated within 10 min and sustained with gradual 

decreases between 4-20hrs.  With fast GnRH pulse treatment (1/30 mins) ERK was 

activated within 5 min and gradual decrease occurred by 20-30mins resulting in an 

oscillating pattern of activity every 30 min. At slow GnRH pulse frequency (1/120mins) 

the decrease took 40-50 min to come to the baseline level. Similarly, MAPK 
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phosphatase enzymes (MKPs), that deactivate the family of MAPK signaling molecules, 

showed variation at continuous and pulsatile GnRH frequencies and are maximally 

activated by pulses of 1/30min versus 1/120 min, confirming the differential regulation of 

signaling pathways by pulsatile GnRH (144). Blocking ERK-phosphorylation suppressed 

Egr1 mRNA expression and LHβ transcription in response to GnRH. Rapid activation of 

ERK might thus facilitate the translation of fast GnRH pulses (1/30mins) by rapidly 

inducing Egr1 and LHβ transcription (36,144). Sustained ERK activation by static GnRH 

treatment to LβT2 cells can stimulate LHβ transcription even without pulsatile GnRH 

treatment.  

In this thesis we have focused on the transcriptional regulation of the LHβ subunit gene 

in response to constant GnRH using LβT2 cells. LβT2 cells are an immortalized murine 

pituitary cell line able to produce the gonadotropin proteins along with GnRH receptor, 

and respond to either static or pulsatile GnRH (144,145). Moreover, continuous GnRH 

treatment on LβT2 cells has been shown to stimulate all the gonadotropin subunit genes 

(α-subunit, LHβ and FSHβ) along with the GnRH receptor. In addition, presence of 

continuous GnRH, transcription factor association on the LHβ promoter occurred with a 

30-35min interval, as expected with pulsatile GnRH treatment (29,146). LHβ primary 

transcript mRNA (LHβPT) was stimulated in the presence of continuous GnRH till 2 h, 

followed by decreasing LHβPT expression between 3-6h, correlating with GnRH-

receptor desensitization (29). This suggests that LβT2 cells could be successfully used 

to study LHβ transcription in presence of continuous GnRH, although pulsatile GnRH 

treatment might be more physiological. In addition to signaling pathways, GnRH also 

differentially regulates the synthesis, modification and degradation of transcription 
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factors and their co-regulators. GnRH rapidly induces the expression of the transcription 

factor Egr1, which is almost undetectable in the absence of GnRH. Egr1 knockout mice 

are infertile due to lack of LHβ expression (59) and mutation of either Egr1 site on the 

LHβ promoter significantly decreased GnRH stimulated LHβ transcription (29,128). WT1 

might add another layer to the Egr1-mediated LHβ transcription as it can bind to Egr1 

binding sites and is regulated by GnRH. In our studies we show that WT1 protein 

expression is more stable compared to the transient expression of Egr1 protein, and is 

suppressed by GnRH. However, we could not distinguish the protein expression levels 

between the two WT1 splice variants, which have differential effects on LHβ 

transcription. WT1 could also be regulating Egr1 levels, as we have shown that Egr1 

levels are reduced in presence of WT1siRNA with reduced –KTS variant mRNA. GnRH 

induces Egr1 and decreases –KTS mRNA expression; we speculate that –KTS is a less 

potent positive regulator however; it might also induce Egr1 expression to indirectly 

enhance LHβ transcription. 

The orphan nuclear receptor SF1 is involved in the transcription of all the gonadotropin 

subunit genes and the GnRH receptor, and works in concert with Egr1 during LHβ 

transcription (33–35). WT1 has been shown to physically interact with SF1 and can also 

regulate SF1 gene expression (74,83). In this thesis we show that mutation of both SF1 

sites abolished the repressive effect of WT1 +KTS, suggesting that the negative 

regulation by WT1 (+KTS) is mediated through one or both the SF1 sites on the 

promoter. On the contrary, mutation of 3’Egr1 site but not SF1 sites influences the WT1 

(-KTS) mediated increase of LHβ transcription. Therefore it is possible that two splice 

variants of WT1 might form active or repressive transcriptional complexes by interacting 
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with different transcription factor or co-regulators to regulate LHβ transcription.   

 

Co-regulators of SF1 such as GCN5, SRC1 and SMRT also associate to LHβ promoter 

in a cyclic manner. GCN5 has HAT activity and chromatin remodeling has been 

previously speculated to be another aspect of differential regulation by GnRH (1). For 

example, the HAT activity of P300 may aid in the synergy between Egr1-SF1 in 

response to GnRH. The co-activator activity of P300 is reinforced in presence of other 

transcriptional co-activators such as SRC/P160 proteins (39). In this thesis we have 

shown that DAX1, another co-regulator of SF1, associates with the LHβ promoter and 

positively or negatively regulates LHβ transcription in a dose dependent manner. DAX1 

interrupted the synergy between WT1 (-KTS) and SF1 on MIS gene expression during 

male gonadal development (74). Although in this thesis we show that DAX1 can activate 

LHβ transcription independent of SF1, the mechanism of DAX1 activation was not fully 

explored and investigating the interaction among WT1, SF1 and DAX1 might illuminate 

the role of DAX1 in LHβ transcription. 

 

GnRH also implements post-translational modifications to differentially regulate 

gonadotropin gene transcription. Post-translational modifications such as 

phosphorylation and ubiquitination have been shown to play important roles in 

transcription by regulating protein–protein interactions, association of co-activators and 

co-repressors on transcription factors, turnover of transcription factors/co-regulators, 

and clearing proteins from the promoter to facilitate new rounds of transcription 

(55,101,103,104,109). SF1 is an orphan nuclear receptor and doesn’t have a known 
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ligand; instead, posttranslational modifications such as phosphorylation and 

ubiquitination regulate its activity. SF1 is phosphorylated on Serine203 by the MAPK 

signaling pathway in response to GnRH. Phosphorylation of SF1 regulates its 

interaction with other proteins such as GRIP1, SMRT and Pitx1 (44,112) . Serine203 

phosphorylation also primes SF1 for ubiquitination. GnRH induced mono-ubiquitination 

of SF1 increases its transcriptional activity by synergizing the SF1-Pitx1 association 

during the LHβ transcription in LβT2 cells (112). Ubiquitination of Egr1 in response to 

GnRH ensures its cyclic association with the LHβ promoter to maintain several 

transcriptional cycles.	   Egr1 is post transcriptionally modified by phosphorylation, 

sumoylation and ubiquitination (40,64). The phosphorylated form(s) of Egr1 binds DNA 

more efficiently and in a dose dependent manner (65). Both WT1 splice-variants are 

phosphorylated by PKA and PKC which modulates transcription activity, cellular 

localization and DNA binding ability of WT1. In our studies we show WT1 protein levels 

and association to the LHβ promoter is modulated by proteasome activity in response to 

GnRH ,however we could not distinguish between the splice-variants in association with 

the promoter and their response to the proteasome. It will be interesting to test the 

mono and polyubiquitination levels of WT1. It might be possible that GnRH is 

modulating WT1 phosphorylation and thus ubiquitination and/or promoter association by 

PKC or PKA signaling pathways in response to GnRH (147). 

Overall differential gene regulation by GnRH is a combination of different signaling 

pathways, protein synthesis, modification and degradation. Moreover, to maintain the 

periodicity of transcription cycles, GnRH regulates both activation and deactivation of 

signaling pathways and synthesis and degradation of the proteins (transcription factors 
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and co-regulators). This thesis identifies WT1 as a new-regulator for LHβ transcription 

that might be differentially regulated by GnRH, favoring LHβ transcription.  

 

Another layer of regulation that remains unexplored in this study is the effect of steroid 

hormones that can feedback to the hypothalamus regulating GnRH pulse frequency and 

the pituitary to directly regulate gonadotropin gene transcription. WT1 has been shown 

to down regulate both AR and ER in vitro (148,149). Our preliminary data shows that 

DHT decreases overall WT1 protein levels in the presence of GnRH, however, it would 

be informative to know if the effect of DHT is splice variant specific. In PCOS patients, 

high androgen levels may contribute to increased LH synthesis and gene transcription. 

It is possible that androgen specifically down regulates WT1 (+KTS), a repressor of LHβ 

transcription and thereby indirectly increases LHβ transcription as observed in PCOS 

patients. Moreover, a study shows that DHT treatment downregulates WT1 expression 

in endometrial stromal cells, and significant decreases in WT1 expression was found in 

endometrium of PCOS patients compared to non-PCOS endometrium (150). WT1 

expression is required for decidualization to facilitate successful embryo implantation. 

DHT has been shown to downregulate WT1 and dysregulate its target genes such as 

EGFR and Bcl-2, which might adversely affect embryo implantation in the endometrium 

(150). Investigating the effect of estrogen and androgen on WT1 mediated 

transcriptional regulation of LHβ transcription might give an insight into how 

dysregulation of steroid levels affects LH and fertility in PCOS and other infertility 

syndromes.  

In this work we have used continuous GnRH treatment on LβT2 cells, however, to have 
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a deeper physiological insight, testing the effect of various GnRH pulse pattern needs to 

be addressed in future studies. 

 

GnRH regulation of LHβ transcription: Proteasome Hypothesis 

GnRH stimulates LHβ transcription by inducing Egr1 synthesis and stimulating the cyclic 

binding of the transcription factors Egr1 and SF1 on the LHβ promoter (29). A previous 

publication from our lab shows that blocking proteasomal degradation severely impedes 

the GnRH-induced cyclic association of the transcription factors Egr1 and SF1 on the 

LHβ promoter (29). Since proteasomal inhibition hampered the cyclic binding of these 

transcription factors we hypothesized there could be inhibitory proteins, either bound to 

the DNA or to the transcription factors Egr1 or SF1, and that those inhibitory proteins 

are hindering protein cycling on the promoter. These inhibitory proteins might require to 

be removed by proteasomal degradation in order to recruit transcriptional activators. 

Our candidate for the DNA-binding repressor protein was WT1 and the potential 

candidate for the transcription factor-bound inhibitory protein was DAX1. The zinc 

finger  transcription factor   WT1 is essential for urogenital  system  development. It 

also regulates  several reproductive genes by interacting with SF1 or binding to GC-

rich elements such as Egr1 binding sites (74,83,87,88) (62,63).DAX1 is expressed 

throughout the Hypothalamic-Pituitary-Adrenal-Gonadal axis and regulates several 

reproductive and steroidogenic genes via interaction with SF1; it has been suggested to 

have both co-activator and co-repressor properties(45,68,69,71,75)(72,135). In this 

thesis we investigated the potential roles for b o t h  W T 1  a n d  D A X 1  in LHβ 

transcription using clonal mouse gonadotrope LβT2 cells. Furthermore, we have 
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examined the role of GnRH and the proteasome in regulating the cyclic association of 

the co-regulatory proteins (SRC1, GCN5, SMRT, DAX1, WT1) on the promoter.  

Overall in chapter 2, we have confirmed a regulatory role of WT1 in the pituitary 

gonadotropes and also determined specific roles of the WT1 splice variants; -KTS, a 

positive regulator and +KTS, a negative regulator of LHβ transcription. Fig.30 is a 

simplified model that summarizes and explains the possible role of the WT1 splice 

variants in LHβ transcription. 

Role of –KTS: At the basal level (in absence of GnRH) WT1–KTS could be binding to 

the 3’Egr1 binding site to maintain low LHβ promoter activity. This is supported by our 

data that shows WT1 is bound to the LHβ promoter at the basal level and WT1 (-KTS) 

somewhat enhances LHβ transcription at the basal level. Upon GnRH stimulation, Egr1 

synthesis is induced dramatically and being a potent activator, Egr1 could replace –KTS 

and occupy one or both of the Egr1 binding sites to further stimulate LHβ transcription. 

Since Egr1 protein expression is more transient and WT1 expression is more stable, it 

is possible that WT1 (-KTS) continues to stimulate LHβ transcription in the presence or 

absence of Egr1, and a competitive and cyclic binding between Egr1 and WT1 might be 

occurring on the 3’Egr1 binding site. Furthermore, our WT1siRNA data suggests that 

WT1–KTS could be influencing Egr1 synthesis directly or indirectly, asWT1 –KTS 

knockdown resulted in reduced Egr1 primary transcript expression in the same 

experiment. WT1 (-KTS) could also interact with other proteins and/or regulate other 

genes to indirectly influence LHβ transcription. 
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Role of +KTS: At the basal level (in the absence of GnRH) WT1 (+KTS) may associate 

with one or both the SF1 sites most probably via the SF1 protein, as the SF1 binding 

site is not recognized by WT1. Moreover, WT1 (+KTS) could also be binding to the 

3’Egr1 binding site that is adjacent to the SF1 binding site and repress LHβ promoter 

activity. As WT1 (+KTS) requires all 4 zinc-fingers to bind to the DNA, it is also possible 

that WT1 (+KTS) intrudes somewhat into the 3’SF1 binding site. Since our data shows 

that the mutation of the Egr1 3’site; and double mutation of 3’5’ SF1sites, on the LHβ 

promoter compromises the repressive effect of WT1 (+KTS), these sites are vital for 

+KTS repressive activity. Our data shows that WT1 is bound to the LHβ promoter at the 

basal level. However, due to the absence of specific antibody to distinguish between the 

two splice variants, it could not be evaluated if one or both the WT1 splice variants bind 

to the LHβ promoter, or if a differential binding pattern is exhibited in presence or 

absence of GnRH. WT1 (+KTS) represses LHβ transcription at the basal level. Upon 

GnRH stimulation, Egr1 synthesis is induced dramatically and WT1 (+KTS) mRNA 

expression is reduced. GnRH suitably stimulates the activator, Egr1, and 

simultaneously represses the repressor, WT1 (+KTS), in order to stimulate LHβ 

transcription. GnRH possibly triggers the removal of WT1 (+KTS) from the promoter, 

thus facilitating Egr1 and WT (-KTS) to potentially replace WT1 (+KTS) binding to 

stimulate LHβ transcription. We further speculate that that WT1 (+KTS) could be 

interacting with or regulating Egr1 or other proteins, to directly or indirectly influence 

LHβ transcription. The Egr1 promoter has a GC rich region that could be a potential 

binding site for WT1(62,63). More importantly, the ratio of the WT1 splice variants might 

be crucial to balance their opposing effects in regulating LHβ transcription. 
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Figure 30 Role of WT1 splice variants (-KTS and +KTS) on LHβ transcription 
 

 

 

 

 

 

 

 

 



	   140	  

Figure 30 Role of WT1 splice variants (-KTS and +KTS) on LHβ Transcription 

WT1 (-KTS) may associate directly with the 3’Egr1 site of the LHβ promoter to stimulate 

basal promoter activity, but in the presence of GnRH stimulates Egr1 expression. Egr1 

then binds to both the 3’- and 5’-Egr1 sites on the promoter and further increases LHβ 

transcription. WT1 (+KTS) may associate with the 3’-Egr1 site, but also requires the 

SF1 site for biological activity. Decreased expression of WT1 (+KTS) would stimulate 

basal LHβ expression as the suppressor is reduced. The isoforms likely compete for 

association to the LHβ promoter at the same sites 
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In Chapter 3 we have shown that the binding of the co-regulators GCN5, SRC1 (co-

activators), SMRT (co-repressor) and WT1 and DAX1 (both co-activator and co-

repressor activities) with the LHβ promoter is regulated by proteasome activity. We also 

show that whether the orphan nuclear receptor DAX1 acts as a positive or a negative 

regulator of LHβ transcription is dose dependent.  

The model 

The possible role of the proteasome in LHβ transcription is described in Fig.31 through 

a simplified model. At the basal level, a DNA binding repressor protein is bound to the 

LHβ promoter and/or the transcription factors may also be bound to repressor proteins. 

For example the co-repressor proteins Nab1 and Nab2 can bind to Egr1 to repress Egr1 

trans activity. Similarly SMRT can act as a co-repressor of SF1 through direct physical 

interaction. WT1 (+KTS) may be a DNA-bound repressor protein. Upon GnRH 

stimulation, exchange between the co-repressor and the co-activators occur at the 

promoter. GnRH stimulates the ubiquitination of the repressor and co-repressor proteins 

to facilitate the proper recruitment of the transcription factors (Egr1, Ptx1, SF1, -KTS) 

along with their co-activators .In this work we have shown that GnRH stimulates the 

binding of the typical co-activators of SF1: GCN5, SRC1 as well as DAX1 and WT1 (-

KTS). However, DAX1 can act as either co-activator co-repressor of SF1, to the LHβ 

promoter. The positive or negative role of DAX1 is dose dependent and context 

dependent in LHβ transcription. The dose dependent role of DAX1 could be due to 

postranslational modification modulating the protein-protein interaction or degradation of 

DAX1 or the protein it interacts with.  
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Once a transcriptionally active complex is formed, pRNApol II can bind and carry on 

LHβ transcription. Moreover, mono ubiquitination can assist protein-protein interactions. 

The proteins involved in LHβ transcription, could be modified by monoubiquitination in 

order to facilitate co-activator recruitment. After each round of transcription the 

components of the transcription complex is ubiquitinated and degraded by the 

proteasome machinery, to clear off the promoter and begin a new cycle of transcription.  

Overall, as we speculated/suggested in our hypothesis, WT1 (+KTS) could serve as the 

DNA-bound inhibitory protein and DAX1 as a protein-bound regulator, positive or 

negative depending on its dose. In course of our research we found WT1 (–KTS) to be a 

positive regulator that enhances GnRH-stimulated LHβ transcription. This thesis is the 

first work that identifies a regulatory role of WT1 in the pituitary gonadotropes. We have 

also demonstrated that GnRH and proteasome activity regulates the cyclic binding of 

the transcription factors and their co-regulators (SRC1, GCN5, SMRT, DAX1, WT1) on 

the LHβ promoter. GnRH stimulation results in association and disassociation of both 

stimulatory and inhibitory proteins on the promoter. GnRH regulates LHβ transcription 

by controlling the cyclic association and dissociation of the regulatory proteins with the 

LHβ promoter and their degradation via the ubiquitin proteasome system after each 

cycle of transcription to support the dynamic nature of the transcribing chromatin.  
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Figure 31 Role of the proteasome and regulators in GnRH stimulated LHβ 
transcription 
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Figure 31 Role of the proteasome and regulators in GnRH stimulated LHβ 

transcription 

To stimulate the LHβ transcription GnRH facilitates the exchange of the corepressors 

with the transcriptional activators on the promoter. GnRH could be stimulating mono-

ubiquitination, to favor protein-protein interactions between the positive regulators and 

poly-ubiquitination to remove the repressors via and proteasomal degradation. After 

each transcription cycle all the components of the transcriptional complex are degraded 

via proteasome activity to clear off the promoter and start a new transcriptional cycle 

and in this way several rounds of transcription is maintained. This overall cyclic process 

is regulated by GnRH at various levels; activating and deactivating several signaling 

molecules, transcription factors, co-regulatory proteins and regulation of post-

translational modifications. GnRH mediates the co-ordination of various events in a 

rhythmic manner to influence LHβ transcription. 
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Perspective on PCOS and other diseases 

PCOS is characterized by increased LH and androgen levels, therefore understanding 

the detailed mechanism of LH transcription was the broad goal of this study. However, 

the role of androgen on WT1 or DAX1 mediated effects on LHβ transcription is yet to be 

addressed. Preliminary data from our lab (by Carlos Santos) shows that androgen 

treatment down-regulates WT1 protein but not DAX1. A study on endometrial stromal 

cells shows cAMP-incuded WT1 expression to be down regulated in presence of DHT. 

The same study shows that cAMP-induced WT1 expression is significantly less in 

primary cells of PCOS endometrium when compared with fertile endometrium 

suggesting that hyperandrogenemia interferes with the required WT1 expression during 

embryo implantation (150). Another study showed that WT1 can bind to the AR 

promoter and also regulate AR target gene in presence or absence of androgen 

depending on the cell type (148).  

In the case of LHβ transcription, the two variants play opposing roles, WT1 (-KTS) being 

a positive regulator and WT1 (+KTS) being a negative regulator. It will be interesting to 

investigate the affect of androgen on the splice variant specific regulation of LHβ 

transcription that can give more insight to PCOS with regard to WT1-AR interaction. The 

ratio between +KTS and –KTS and their interaction with AR may play a crucial role in 

influencing LHβ transcription. A proper ratio between the WT1 splice variants, +KTS: -

KTS (2:1), is required for normal urogenital development and the reproductive system. 

Other human reproductive anomalies characterized by urogenital defects that occur due 

to WT1 mutations are WAGR, DDS and Frasier syndrome. Frasier syndrome, 
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characterized by sex reversal and developmental defects in the kidney and the gonads, 

is caused by an incorrect ratio between the WT1 splice variants. The imbalance 

between the splice variants in Frasier syndrome occurs due to a mutation in intron 9 of 

the WT1 gene, carrying the alternative splicing site that generates +KTS and –KTS 

proteins (94,95,126,127). Considering the significant role of WT1 on the reproductive 

system and the feedback mechanisms that exist between steroids in the hypothalamus 

and pituitary, it is difficult to evaluate the effects of WT1 mutations on the pituitary 

function. However, a particular WT1 mutation (IVS9+5G>A) that causes Frasier 

syndrome has been linked to hypergonadotropic hypogonadism and increased 

gonadotropin (LH and FSH) levels in the serum of the affected patients (126). In one 

report, the WT1 mutation (IVS9+4C>T) caused a decreased ratio of WT1 (+KTS) to 

WT1 (-KTS) that led to production of high levels of basal LH (127). This report is in 

agreement with our WT1siRNA data where the increase in basal LH transcription was 

observed when knockdown of both the splice variants occurred. 

DAX1 is a critical protein that regulates several reproductive and steroidogenic genes in 

the pituitary, andrenal gland and the gonads and its interaction with SF1 and WT1 is 

worth exploring with regard to LHβ transcription (45,72,135).Our studies did not identify 

how DAX1 enhances GnRH stimulation, but it may occur through recruitment of 

additional co-activators, prevention of co-repressor recruitment, or stabilization of 

protein-protein interactions such as Egr1-LRH1/SF1. A potential interplay of DAX1 and 

WT1 splice variants (+KTS and –KTS) could be explored in the future, as the dosage 

sensitivity of DAX1, relative to WT1, has been suggested to play a role in MIS 

expression (74). For example, in normal males the gene dosage ratio of WT1 (-KTS): 
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DAX1 is 1:2, since DAX1 is an X-linked gene and WT1 is autosomal. However, in 

Denys Drash syndrome (WT1 mutation in human) the WT1 (-KTS): DAX1 ratio is 

altered. Due to the specific WT1 mutation in Denys Drash syndrome the wild-type -KTS 

dose is reduced and DAX1 become more abundant compared to WT1 (–KTS). This 

altered ratio interrupts the WT1-SF1 synergy that promotes MIS gene transcription (74). 

In the case of LHβ transcription, this interplay of DAX1, WT1 and SF1 proteins could be 

influenced by GnRH mediated posttranslational modifications or degradation, altering 

the DAX1: WT1 ratio and help explain the dose dependent regulation by DAX1. 

Moreover, the question if WT1 regulates the transcription of other gonadotropin genes 

such as the FSHβ or the common α-subunit or if is it specific to LHβ transcription needs 

to be addressed. 

Finally, to investigate the importance of WT1, and our other findings in normal and 

PCOS animal model (PNA mice) will be of more physiological approach. Prenatally 

androgenized mice or PNA mice exhibits characteristics of PCOS such as disrupted 

estrous cycle, high LH and androgen levels (151).  We speculate that WT1 (+KTS) 

might be repressed and /or WT1 (-KTS) might be stimulated in the pituitary of PNA 

mice, as androgen has stimulatory effect on LH. Our preliminary data shows DHT 

downregulates WT1 protein levels. Possibly the WT1 (+KTS) variant is repressed by 

androgen facilitating the increase in LH level. Moreover, elevated androgen levels have 

been shown to increase GnRH pulse frequency by interfering with the negative 

feedback by progesterone (13).Variation in the GnRH pulses (due to androgen) might 

affect WT1 expression or ratios between the WT1 splice variants and thus regulation of 

LHβ transcription in PNA mice. 
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