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Master of Science, 2011
Yungqing Li
Department of Physiology, University of Toronto

ABSTRACT

We investigated the gestational expression of androgen receptor (AR) and defined its
regulation and that of its co-repressors, PSF and p54nrb, by steroid hormones and
myometrial stretch in vivo in pregnant and non-pregnant rats. Our data demonstrate
that, 1) myometrial AR expression decreases prior to term; 2) AR expression is
up-regulated by MPA treatment and down-regulated by mechanical stretch; (3)
myometrial PSF protein expression is down-regulated by estrogen signaling and by
mechanical stretch, and up-regulated by androgen signaling; (4) while myometrial PSF
mRNA expression is also down-regulated by stretch, the regulation by estrogen and P4
on PSF mRNA appear to be opposite to the effects on PSF protein. We conclude that
the decreased androgen signaling in late pregnancy (as a result of decreased AR and
PSF expression mediated by hormonal and mechanical signals) may contribute to the

mechanisms leading to labor initiation.
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CHAPTER 1: LITERATURE REVIEW




1.1 Pregnancy, Parturition and Premature Labor

Normal pregnancy begins with embryo implantation, goes through embryogenesis
and fetal development, and ends with parturition, which is characterized by shortening
and dilation of the uterine cervix, polarized contraction of uterine corpus, and
progressive decent and expulsion of the fetus.

The outcome of pregnancy that is the health of the newborn, is affected by many
factors contributed through both the maternal and external environment. The timing of
the onset of labor is one determinant factor. In humans, normal term labor occurs
between 37 and 42 weeks of gestation, while preterm labor is defined as delivery prior
to 37 weeks of gestation. Preterm labor is associated with significant perinatal
mortality and morbidity, as a result of the prematurity of fetal organs which are
unable to support postnatal survival in the extra-uterine environment.

Preterm birth (PTB) is a global health issue. According to a United Nations report
2009, there are an estimated 13 million babies born prematurely worldwide, among
which more than one million die each year. Africa has the highest rate of PTB at
11.9% (1), considered to result largely due to malnutrition, infectious disease and lack
of prenatal health care. Of interest, the PTB rate in North America has increased 36%
over the past 25 years and now ranks second to Africa. This increase in PTB rate is
likely associated with a rise in average maternal age and an increase ratio of

twin/multiple pregnancy due to the growing use of assisted reproduction techniques.



Despite the 25% of neonatal death (2) as consequences of PTB, prematurely born
infants also have significant higher risk of chronic medical problems. A study of 241
six-year old children born between 22 and 25 weeks of gestation found 46% suffered
from severe or moderate disabling conditions such as cerebral palsy, vision
impairment or hearing loss and mental retardation (3).

The consequences of PTB and its highly associated mortality and morbidity are an
emotional, physical and financial burden for families as well as societal medical care
systems. It was estimated that in the United States PTB cost at least $26.2 billion in
2005, including costs of medical care ($16.9 billion), special education ($1.1 billion),
lost household/labor market productivity ($5.7 billion) and lifetime medical care for
disabling conditions (161).

To reduce peri-natal death rate and to improve neonatal health, there is a clear need
to understand the underlying mechanisms of PTB in order to develop effective
prevention strategies. However, while Neonatal Intensive Care has made significant

progress in terms of supporting neonatal survival, causes of PTB remains elusive.

1.2 Mechanisms Involved in the Onset of Labor

The onset of labor is triggered by rhythmic and coordinated uterine contraction,
based on the interaction between actin and myosin of myometrial smooth muscle

cells. This contractile interaction is driven by electrical activity mediated by



oscillating intracellular calcium levels and the balance between myosin light chain
kinase and myosin phosphatase activities (4).

The onset of labor results from the transformation of myometrium from a quiescent
state to an activated state of increased myometrial contractility. This transformation is
induced through both non-genomic and genomic pathways involving steroid hormone

regulation (13), mechanical stretch and inflammatory responses (12).

1.2.1 Genomic Pathway of Labor initiation:

The up-regulation of a group of genes encoding contraction associated proteins
(CAPs) is a downstream output of the genomic pathway. CAPs are categorized into
several subgroups: (1) ion channels, which potentiate myometrial contractility by
controlling membrane potential (K+ channels) or Ca2+ influx (Ca2+ channels) (59,
60, 61); (2) stimulatory uterotonin receptors such as oxytocin receptors (OTR),
stimulatory prostanoid receptors and endothelin receptors (62-64); (3) uterotonin
synthetic enzymes (65); (4) gap junctions which permit intercellular coupling (66).

Among all CAP genes, the gap junction protein connexin-43 (Cx43, Gjal) has
attracted the most attention and is best-studied. Gap junctions are responsible for
low-input resistance and coordinated contraction of myometrium. They directly
connect two adjacent cells and form a hydrophilic channel between the cytoplasm of
adjacent cells, which allows passage of small molecules such as ions, amino acids or
short peptides, second messengers (e.g. cAMP). One gap junction channel is

composed of two connexons, while six connexin monomers form one connexon. The
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myometrial expression of the gap junction protein, Cx43, spikes at parturition in both
mRNA and protein levels, associated with a decrease of P4/estrogen ratio in plasma
(67). Administration of P4 during late gestation can prevent the dramatic increase of
Cx43 expression and the onset of labor. In contrast, blocking P4 signaling and
estradiol (E2) administration are both able to induce Cx43 mRNA and protein levels.
Studies of the genomic sequence of Cx43 has identified several putative cis-acting
elements, including PRE, estrogen response element (ERE), activator protein-1
(AP-1), activator protein-2 (AP-2), cAMP-binding protein response element (CREB).

Nuclear transcription factors, Fos and Jun, bind to AP-1 site (150).

1.2.2 Non-genomic Pathway of Labor initiation:

The well-established core mechanism of the non-genomic pathway is associated
with G-protein coupled receptors (GPCRs) and cyclic nucleotides ((CAMP & cGMP) /
Calcium (Ca2+). Oxytocin receptors (5), prostanoid receptors (FP and TP) and
endothelin receptors (6) coupled to Ggq induce contraction of the myometrium by
activating the phospholipase C/Ca2+ pathway (7), while some receptors coupled to
Gy potentiate uterine contractility through inhibition of cAMP generation.
Meanwhile, other receptors such as prostanoid EP2 and IP coupled to Ggs inhibit

uterine contractions by increasing myometrial cAMP levels.



1.3 Steroid Hormone Pathway:

Steroid hormones are categorized into glucocorticoids, mineralocorticoids,
androgens, estrogens, and progestagens by molecular structure and biological
function. In females, the natural steroid hormones are generally synthesized from
cholesterol within the ovaries and adrenal glands after a series of enzyme-mediated
alterations.

Transported through the circulation by sex hormone-binding globulin (SHBG) or
transcortin, steroid hormones travel to their target cells and exert a variety of
biological effects via two possible pathways. The first pathway is to bind to respective
membrane-associated steroid hormone receptors and initiate rapid non-genomic
signaling cascade (34). The second pathway is to pass through cell membranes by
simple or facilitated diffusion and then bind to specific steroid hormone receptors
located in the cytoplasm (type 1 nuclear receptors) and then activate the receptors by
disassociating them from heat shock proteins (HSPs) followed by homo-dimerization.
After that, the receptors translocate into the nucleus, bind to corresponding HREs of
target genes and interact with transcription factors such as nuclear factor kappa B
(NFxB) (97), AP-1 and specificity protein 1 (SP-1) (98). Finally the complex further
recruits nuclear co-regulators including co-activators such as Steroid receptor
co-activator (SRC) family members and co-repressors such as nuclear receptor
co-repressor (NCoR) and silencing mediator for retinoid and thyroid hormone

receptors (SMRT), with sub-recruitment of histone acetyltransferase (HAT) or histone



deacetylases (HDACsSs) and finally regulate target gene expression. In addition, steroid
hormones can also modulate mRNA stability and translation efficiency in order to
modify target gene expression (38).

Moreover, some studies show that the complex formed by SHBG and its receptor
(SHBGR) activates adenylate cyclase (AC) upon binding with certain steroid
hormones (35).

Steroid hormone receptors have similar structures, including a variable domain at
the N-terminal, DNA binding domain, hinge region and hormone binding domain.
Starting from the N-terminal, the variable domains differ in both sequence and length,
and usually include a transactivation function (AF), which is a determinant of the
receptor’s transcriptional activity by interacting with the core transcriptional
machinery, co-regulators, et al (39, 40). In the middle, the DNA binding domain
recognizes and interacts with specific DNA sequence (hormone response element,
HRE), while hinge region is related to receptor’s translocation from cytoplasm to
nucleus. The C-terminal contains the hormone binding domain, which maintains the
receptor in an inactive status by binding to HSP, or facilitates ligand-dependent
transactivation, dimerization and nuclear localization upon hormone binding.
Phosphorylation enhances transcriptional capacity of steroid hormone receptors in
both ligand-dependent and ligand-independent pathways (41, 42). Through their
membrane receptors, some growth factors (such as EGF, 43) and neurotransmitters

(such as dopamine, 44) activate certain steroid hormone receptors synergistically or



additively with intracellular ligands. Furthermore, chromatin structure has been
shown to affect the transactiviting properties of steroid hormone receptors (68).
1.3.1 Progesterone Signaling Pathway:

During pregnancy, it is well-accepted that progesterone (P4) plays a key role in
maintaining the quiescence of the myometrium, while the down-regulation of P4
receptor (PR) in term pregnancy (69) in most species and the activation of estrogen
signaling triggers myometrial contraction and the onset of labor. However, there has
been a paradox about how labor initiates in the absence of systemic P4 withdrawal in
women as is the case in other mammals. PR antagonist RU486 is widely used to
terminate early pregnancy in women (70) and it is indicated by several clinical trials
that 17-alpha-hydroxyprogesterone (17P; a natural progestogen derived from P4 via
17-hydroxylase) inhibits the onset of preterm labor (71). This suggests the existence
of a mechanism for inducing “P4 functional withdrawal” in human myometrium.
Although there are several proposed theories for P4 functional withdrawal, the
mechanism remains unclear.

PR as a member of the nuclear receptor superfamily and functions mainly in a
ligand-dependent manner: ligand binding, discharged from HSP, dimerization,
translocation to nucleus, interaction with PRE, transformation of chromatin,
recruitment of transcription factors, and regulation of target genes (Figure 1.1) (164).
Nuclear PR has two main isoforms generated from two distinct estrogen-regulated
promoters including PR-B (the full length form) and PR-A (the truncated form,

repressor of PR-B) (72, 73), plus a second putative truncated isoform, PR-C. The
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Figure 1.1 Non-genomic (1-4) and genomic (5) pathways of P4 signaling: (adapted
from Rekawiecki R 2008, 164)

1. Influence on the affinity of oxytocin (OT) to oxytocin receptor (ROT),

2. Activation of membrane P4 receptor (mPR) coupled with an inhibitory G-protein,
subsequently inhibiting adenylate cyclase (CA) activity,

3. Stimulation of P4 membrane component 1 (PGRMC1),

4. Effect on intracellular P4 receptor (PR) through Src/MAPK (mitogen-activated
protein kinase) signaling pathway,

5. Activation of nuclear P4 receptor (PR).



structures of PR isofroms are demonstrated in Figure 1.2 (82). The structural
difference between PR-A and PR-B is the lack of activation function domains 3 (AF3)
in PR-A, which is crucial for inducing maximal transactivation of PR (74). The
PRA/PRB ratio in myometrium is significantly increased in human at labor, which
might partially explain P4 functional withdrawal (74). The transcriptional activity of
PR is assisted by the recruitment of other nuclear co-regulators, including
co-activators such as SRC/p160 and CBP/p300, and co-repressors such as NCoR or
SMRT and associated HDACs (79). The ligand-independent transcriptional activity of
PR can also be modulated as a result of phosphorylation by cyclin-dependent protein
kinase 2 (CDK2) (75).

Other than regulating gene transcription, some studies show that P4 exerts a rapid,
non-genomic, membrane-associated intracellular signaling effect. First of all, it is
implicated that P4 initiates a rapid independent action by inducing influx of Ca2+
(13). Non-genomic progestin action can also be initiated via membrane progestin
receptors (mPRs, ~40kDa) demonstrated in human myometrium (14) or P4 receptor
membrane component 1 (PGRMCI1) located at the plasma membrane (15) (Figure
1.1). Zhu et al. has identified three forms of mPRs (mPRa, mPRf and mPRy) in
several vertebrates including human (8). mPRs are well conserved among vertebrate
species with seven transmembrane domains and C/N terminus on inside/outside of
cells (16, 17, 18). In some species, mPRs has been proposed to be coupled with an
inhibitory G-protein and subsequently decrease cAMP levels with increased

phosphorylation of myosin light chain (9, 10, 21). In some other species, it is
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Figure 1.2 Structures of PR-B, PR-A and PR-C: (adapted from Rekawiecki R 2008,
164)

Structures of Nuclear PR isoforms (PR-B, PR-A and PR-C): common functional
domains are indicated, including the DBD, LBD, AF-1 and AF-2. In PR-A, there is a
special inhibitory domain (ID) instead of the extra AF domain (AF-3) in PR-B (83).
The proline-rich region, SH3 domain interaction motif is underlined (84), and
phosphorylation sites are indicated by asterisks (85).
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suggested that mPR coupled with a stimulatory G-protein could be activated by P4
and induce an increase in cAMP levels (11). The PGRMCI contains 194 amino acids,
an N-terminal transmembrane domain and a ligand-binding domain (19). It is
demonstrated that PGRMC1 decreases at term or preterm labor in human
myometrium and pretreatment with PGRMCI1 antibody inhibits the relaxation effect
by P4 (80). Interestingly, besides the well-defined transcriptional activity, nuclear P4
receptors also participate in the non-genomic progestin signaling pathway (20). This
action might be mediated by the interaction between PR and Src through its SH3
domain interaction motif followed by the activation of Src/MAPK (mitogen-activated
protein kinase) signaling pathway (81).

RU486 (Mifersterone) is a P4 antagonist that has been widely used in clinical
application. RU486 binds to LBD of PR with higher affinity than PR agonists (76).
Different from PR agonists, RU486 causes transformation of the C-terminal of PR
which inhibits AF-2 recruitment of co-activators (77), and impairs the physical

interaction between the C-terminus and N-terminus of PR (78).

1.3.2 Estrogen Signaling Pathway:

In contrast to PR, the estrogen receptor (ER) isoforms, ER-a and ER-f are encoded
by separate genes. Expression of ER-a, but not ER-B, is significantly elevated in the
myometrium during labor (87). Estrogen alters the rate of target gene transcription not

only by direct binding of ligand-bound receptor dimmers to ERE, but also by
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indirectly modifying the synthesis of nuclear transcription factors including Fos, Jun,

Myc et al (88, 89, 90).

1.3.3 Androgen Signaling Pathway:

There is substantial evidence implying that androgen signaling is also involved in
parturition and preterm labor. This evidence is listed below:
(1) Serum levels of androgen show a similar trend with P4 levels throughout gestation
in both human and rat. (Figure 1.3; 91, 92) In human, there is a progressive increase
in serum levels of androgen and P4 during pregnancy. Meanwhile, in rodents, during
early pregnancy androgen/P4 levels steadily increase, peak on day 16 or 17 of
gestation, and start decreasing until the onset of labor. Interestingly, administration of
RU486 elevates androgen serum levels during clinical interruption of human
pregnancy (128).
(2) The structure of PR and AR has some similarity (Figure 1.4, 93, 36). There are
two main isoforms of both PR and AR, although other androgen receptor (AR)
splicing variants have been identified in prostate cancer cells and may function in a
ligand-independent manner (37).
(3) A microarray study of human myometrial genes reveals that AR is one of the 77
genes down-regulated significantly in both preterm (0.4 fold) and term labor (0.3 fold)
(95).
(4) Androgen causes inhibition of spontaneous contractile activity in human

myometrium and inhibits contractions induced by high concentration of potassium
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Figure 1.3 Gestational profiles of serum hormone levels in humans and rats (91,
92)

(A) androgen and (B) P4 levels in human: there is a progressive increase in serum
levels of both androgen and P4 during pregnancy.

(C) androgen and (D) P4 levels in rats: during early pregnancy androgen/P4 levels
steadily increase, peak on day 16 or 17 of gestation, and start decreasing until the
onset of labor.
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Figure 1.4 Structures of main isoforms of androgen receptor (AR) in human (36,
37 and 93).

A, structures of AR-A and AR-B;
B, structures of other AR splicing variants

AF = activation function; LBD = ligand binding domain; DBD = DNA binding
domain.
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chloride (KCl) solution through a non-genomic pathway. The effect is rapid,
unaffected by specific antiandrogen (Flutamide) and involves the blockade of L-type
calcium channels (94).

(5) In rat ventral prostate tissue, castration is shown to induce a dramatic increase of
Cx43 mRNA and protein, which is abolished after administration of the
non-aromatized androgen, dihydrotestosterone (DHT) (96).

To date, however, little is known about the role of androgen signaling during
pregnancy or parturition.

1.3.4 Nuclear Co-repressors (PSF and pS4nrb):

Our laboratory has identified two PR co-repressors, poly-pyrimidine tract-binding
protein-associated splicing factor (PSF) and non-POU domain containing,
octamer-binding protein (p54nrb). Both proteins can negatively regulate AR
transcriptional activity in a ligand-independent manner (99).

PSF and p54nrb are two highly homologous multi-functional polypeptides (Figure
1.5, 45). They contain similar structural elements including an RNA recognition motif
(RRM) at the C-terminus and regions rich in proline (P) and/or glutamine (Q). RRMs
are associated with localization to sub-nuclear foci. P/G rich regions might potentiate
protein-protein interactions (46). In contrast to pS4nrb, PSF has an RNA-binding
RGG element, while pS4nrb contains a potential DBD. PSF protein (100kDa) is
expressed in the nucleoplasma with diffuse and punctuate distribution (30, 31), mostly

associated with the nuclear matrix or binding to polypyrimidine tract-binding protein
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Figure 1.5 Structures of human nuclear co-repressors: PSF and p54nrb (45)
Homologous elements are identified as RNA recognition motifs (RRMs) at
C-terminus, and regions rich in proline (P) and/or glutamine (Q). Different from
pS4nrb, PSF has an RNA-binding RGG element and nuclear localization sequences,
while there is a potential DBD in p54nrb instead.
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(32, 33). In addition to co-localization with PSF in nucleus (47) and association with
the nuclear membrane (48), pS4nrb is also located in paraspeckles (49).

PSF can form heterodimers with its C-terminal homologue, p54nrb. Besides
forming a hetero-dimerized complex, PSF and p54nrb can function as monomers as
well by binding to RNA or DNA, with or without recruitment of other nuclear factors.

PSF interacts with RNA in the process of pre-mRNA splicing: binding to
polypyramidine tract within introns and defining splicing site for 3’ terminus.
Moreover, PSF and p54nrb also trap defective RNAs inside of the nucleus (50).

PSF exerts its inhibitory effect on transcription of target genes by either binding to
certain sequences within promoters, such as the insulin-like growth factor response
element, or binding to the DBD of nuclear hormone receptors (51). Meanwhile,
pS4nrb enhances the interaction between some transcriptional factors and their
specific DNA binding sequences (54). In addition, pS4nrb can also directly interact
with certain transcriptional factors (55). When the PSF/p54nrb complex binds to
promoters of target genes, it further recruits other nuclear regulators such as SF-1 and
the HDAC/mSin3A complex enhancing repression of target gene expression. This
repression can be abolished by cAMP stimulation, dephosphorylation of SF-1
controlled by phosphatase activity, and the release of HDAC/mSin3A from the
promoters (52, 53). Furthermore, the PSF/p54nrb complex is also involved in DNA
unwinding mediated by toposomerase I. PSF alone participates in DNA paring which
is an important step involved in DNA recombination, DNA repair, DNA replication

etc (162).
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PSF regulates PR and AR transactivation by preventing receptors from binding to
PRE and the androgen response element (ARE). In addition, PSF enhances PR
degradation through the proteasomal pathway (100) but does not affect AR protein
stability (101).

It was reported that myometrial PSF protein expression in the human is
significantly up-regulated as pregnancy progresses and levels remain elevated in labor
(103). However, in the rat both myometrial PSF and p54 protein levels decrease
dramatically at the approach to parturition (102). The expression of PSF and p54nrb
are also modified during myeloid (56) and neural differentiation (57), and in human

breast cancer cells (58).

1.4 Mechanical Stretch Pathway

By term pregnancy, the human uterus expands approximately 250 times in size.
Mechanical stretch of the uterine tissue by the growing fetus has been implicated in
the stimulation of myometrial contraction and is considered as one risk factor for
preterm labor, as exemplified by the known association between multi-fetal
pregnancy or polyhydramnios and PTB.

Animal experiments indicate that the expression of CAP genes including Cx43
(105), OTR (106) and cycloxygenase 2 (COX-2) (107) is up-regulated by uterine
stretch. In vitro experiments shows that stretch of human uterine myocytes collected
from pregnant women before labor results in up-regulation of OTR mRNA expression
and activation of the OTR promoter along with increased recruitment of AP-1 and

CCAAT/enhancer binding protein (C/EBP) (108).
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Furthermore, stretch can also induce expression of AP-1 transcription factors (109,
111) such as c-Fos by a rapid and transient phosphorylation of MAPK through three
different signaling pathways, extracellular signal-regulated protein kinase (ERK)
pathway, c-Jun NH2-terminal kinase (JNK) pathway, and p38 pathway in uterine
smooth muscle cells (110). Studies in the human myometrium demonstrate that
stretch-regulated uterine contractility might also be induced by the activation of focal
adhesion signaling assisted by the increase of ERK activator, smooth muscle
Archvillin (SmAV) (104).

Data suggest that the mechanical stretch pathway interacts with inflammation
response and steroid hormone signaling. First of all, intrauterine balloon insertion in
women elevates amniotic prostaglandin levels (151). In addition, static stretch of
human uterine myocytes increases IL-8 mRNA expression with activated promoter
activity (112). Moreover, there is a proven association between uterine occupancy and
increased expression of the pro-inflammatory chemokine, monocyte chemotactic
protein-1 (MCP-1) (113), which is also inhibited by P4 signaling. Last but not least,

stretch-induced up-regulation of CAP genes can be abolished by P4 treatment (107).

1.5 Inflammatory Pathway

An inflammatory cytokine-mediated response is also involved in parturition.
Various biomarkers of intra-amniotic inflammation, including C-reactive protein,
tumor necrosis factor-alpha (TNF-a), MCP-1, matrix metalloproteinase-8 (MMP-8),
and angiogenin have been associated with pregnancy loss (23). Cytokines such as

interleukin-1p (IL-1B), TNF-a, interleukin-8 (IL-8) and IL-6 have been shown to play
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an important role in preterm labor, as evidenced by both in vitro and in vivo studies
(22, 24, 25). Even in normal term labor without signs of inflammation, levels of IL-1[3
and IL-8 in the amnion increase (114). IL-1B, IL-6 and TNF-a can trigger an
inflammation cascade by translocating NFkB to the nucleus and promoting the
transcription of other inflammation mediators (118). There is also evidence showing
CAP genes, including Cx43, are up-regulated by cytokines (124).

Prostaglandins (PGs) as key inflammatory mediators for the initiation of labor can
promote myometrial contractility (26). Studies in both humans and animal models
suggest that prostaglandin concentrations increase prior to labor initiation (27, 28, 29).
Indomethacin, an inhibitor of PG endoperoxide H synthase (PGHS), postpones the
onset of term labor (115). It has been shown that IL-18 and TNF-a stimulate PGHS-2
expression and PG synthesis mediated by NFkB (119, 120). In contrast, PG
15-hydroxy dehydrogenase (PGDH) which catalyzes PGs into inactive metabolites,
decreases in human term and preterm labor (121), while IL-1f and TNF-a
down-regulate PGDH expression (122). Two types of PGs mediate myometrial
contraction: PGE2 via EP3 receptor, and PGF2a via FP receptor. During human
pregnancy, myometrial EP3 and FP gene expression is reduced by more than 40
percent (116); however, FP increases significantly at term labor (117).
Pro-inflammatory cytokines also up-regulate PG receptor expression (123) mediated
through binding to the NFkB response element.

In human myometrial cells, PGF2a increases the relative PR-A to PR-B ratio, and

IL-1B up-regulates the putative truncated PR isoform, PR-C, through an action on
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NF«B. This might be one mechanism by which a ‘functional P4 withdrawal’ is
induced (126,127).

The increase of matrix metalloproteinases, MMP-2 and -9, at term might enhance
leukocyte migration into the decidua and modify IL-1p activity (125).

PGs activate another pathway of non-genomic regulation of myometrial
contractility. PGF ,, directly induces uterine contractile activity by stimulating the
influx of Ca2+. In contrast, PGI, inhibits myometrial contraction by raising
intracellular cAMP levels. Oxytocin and relaxin partially follow the same pathways

with stimulatory or inhibitory PGs, respectively (163).

1.6 Hypothesis and Specific Aims

Hypothesis:

Androgen signaling plays a role similar to that of P4 signalling in
the maintenance of pregnancy; hormonal and mechanical stimuli
facilitate the onset of labor by down-regulating androgen signalling
and its co-repressors (PSF and p54nrb) at late pregnancy.

Specific Aims:
1. To examine myometrial AR expression:
a) Throughout gestation using normal pregnant rat model
b) By the regulation of steroid hormones using
non-pregnant ovariectomized rat model
c) By the regulation of physiological mechanical stretch
using unilaterally pregnant rat model
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d) By the regulation of artificial mechanical stretch using
Laminaria-inserted unilaterally pregnant rat model

2. To examine myometrial PSF and p54nrb expression:
a) By the regulation of steroid hormones and hormone
receptor blockers using non-pregnant ovariectomized rat
model
b) By the regulation of physiological mechanical stretch
using unilaterally pregnant rat model
c) By the regulation of artificial mechanical stretch using

Laminaria-inserted unilaterally pregnant rat model
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CHAPTER 2:

THE EXPRESSION OF ANDROGEN RECEPTOR IN RAT MYOMETRIUM

DURING GESTATION AND AT TERM LABOR IS REGULATED BY

HORMONAL AND MECHANICAL STIMULI
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2.1 Introduction

The association between androgen signaling and reduced myometrial
contractility/CAP gene expression suggests a potential role of androgen signaling in
the maintenance of pregnancy and labor initiation (94). However, the mechanisms
that regulate androgen signaling in the myometrium remain unclear. Steroid hormone
signaling and mechanical stretch are known to be two determining factors influencing
both term and PTB. Thus, we hypothesize that in concert with P4 signaling, androgen
signaling may inhibit myometrial contraction as well as the onset of labor.
Furthermore, we suggest that AR expression may be regulated by steroid hormones
and/or mechanical stretch. The goal of the present study was to investigate protein and
mRNA expression of AR in rat myometrium throughout normal gestation, during
labor and in postpartum, as well as to investigate the effect of hormonal and
mechanical signals on AR expression. In this study, we used rat models of
spontaneous term labor and hormone-treated non-pregnant, ovariectomized (OVX)
model. We also aimed to determine the impact on AR expression of mechanical
stretch exerted 1) physiologically as a result of embryo growth by using unilaterally
pregnant rat model, and 2) artificially through implantation of the expandable material
(Laminaria) within the non-gravid horn of unilaterally pregnant rats. Cx43 protein
expression was previously known to be up-regulated in rat myometrium during term
labor and by E2 treatment, but reduced by P4 treatment (143). We measured Cx43

expression in rat myometrium to validate our AR data in these in vivo rat models.
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2.2. Methods

2.2.1. Animals:

Wistar rats (Charles River Co., St. Constance, Canada) were housed individually
under standard environmental conditions (12 h light, 12 h dark cycle) and fed Purina
Rat Chow (Ralston Purina, St. Louis, MO) and water ad libitum. Female virgin rats
were mated with male Wistar rats. Day one of gestation was designated as the day
when vaginal plug was observed. The average time of delivery was the morning of
day 23. The Samuel Lunenfeld Research Institute Animal Care Committee approved
all animal experiments.

2.2.2. Experimental design:

Normal rat pregnancy and term labor:

Animals were euthanized by carbon dioxide inhalation and myometrial tissue
samples were collected on gestational days 0 (NP), 8, 10, 14, 15, 19, 21, 23 and 1 day
post partum (1PP) (n=4). Myometrial tissue was collected at 10 a.m. on all days
except for samples from laboring animals (d23), where tissues were collected once the
animals had delivered at least one pup.

Hormone-treated OVX rat model:

Ovariectomy was performed on virgin Wistar rats under general anesthesia via
isoflurane inhalation. Bilateral flank incisions were made from both sides of the
animal. A hemostat was clamped between the ovary and the tip of the uterine horn. A
surgical silk suture was tied to the area between the oviduct and the ovary, and then

the ovaries were removed using fine scissors. After the surgery, female rats were
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allowed to recover for seven days to ensure that the endogenous levels of estrogens
were reduced. The following hormone treatments were designed to modulate the
action of steroid hormones on the expression of AR and Cx43 in the myometrium.
The OVX animals were split into four groups (n =5, Figure 2.1):
Group 1 (control): treated with subcutaneous injections of vehicle (10% ethanol and
90% corn oil) at time 0 and time 12h.
Group 2 (estrogen): treated with subcutaneous injections of E2 only (4 pg/kg per
injection per rat) (130) at time 0 and time 12h.
Group 3 (P4): primed with subcutaneous injections of E2 (4 pg/kg per injection per
rat) at time 0 and subcutaneous injections of both E2 (4 pug/kg per injection per rat)
and MPA (medroxyprogesterone acetate, 16 mg/kg per injection per rat) (131) at time
12h.
Group 4 (androgen): primed with subcutaneous injections of E2 (4 pg/kg per injection
per rat) at time 0 and subcutaneous injections of E2 (4 pg/kg per injection per rat)
plus intraperitoneal injections of DHT (dihydrotestosterone, 1mg/kg per injection per
rat) (132) at time 12h.
Myometrial samples were collected at 24h for biochemical analysis.
Unilaterally pregnant rat model:

Under general anesthesia, virgin female rats underwent tubal ligation through a
flank incision to ensure that they subsequently became pregnant in only one horn
(133). Animals were allowed to recover from surgery for at least 7 days before

mating. Pregnant rat myometrial samples from non-gravid and gravid horns were
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Figure 2.1 Scheme of injections and tissue collection for hormone-treated OVX
rats.

Four different groups of OVX animals were treated with (1) vehicle (10% ethanol and
90% corn oil), (2) E2 (estradiol, 4 pg/kg per injection per rat), (3) E2 + MPA
(medroxyprogesterone acetate, 16 mg/kg per injection per rat), or (4) E2 + DHT
(dihydrotestosterone, Img/kg per injection per rat). Myometrial tissue was collected
24 hour after the first injection from all four groups.
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collected on gestational days 17, 21 and 23 (Labor) or day 1 postpartum (n = 3
animals at each time point). Labor samples (d23L) were collected during active labor
once the animals had delivered at least one pup.
Laminaria-inserted unilaterally pregnant rat model:

After pregnancy was confirmed, unilaterally ligated rats were randomized into 3

groups (Figure 2.2).

Group 1, Sham: On day 19, rats underwent sham surgery (n = 2).

Group 2, Control Tube: On day 19, rats underwent insertion of an non-stretchable

polyvinyl tube, 1 mm in diameter and 3 cm in length, into the non-gravid uterine horn
through a midline abdominal incision (n = 3). This tube is a control for insertion of a
foreign object into the uterine lumen and does not impart stretch to the uterine wall.

Group 3, Laminaria: On day 19, rats underwent insertion of an expandable Laminaria

tube, 2 mm in diameter and 3 cm in length, into the non-gravid uterine horn through
midline abdominal incision. Laminaria, dried seaweed stem of 2 mm width which
swells as it absorbs moisture (in sifu for 12 hours achieving 6-8 mm dilation and
becoming comparable in size to the gravid horn) (n = 3).
Myometrial samples were collected on day 23 during spontaneous term labor once the
animals had delivered at least one pup.
Casodex-treated pregnant rat model:

Androgen levels have been reported to be high during late gestation in rats and may
inhibit the synthesis of the "contraction associated proteins". To investigate the impact

of AR signaling on the initiation of labour we treated animals subcutaneously
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Figure 2.2 Scheme of Laminaria-inserted unilaterally pregnant rat model.

(A) Tubal ligation surgery was performed on one of the two uterine horns on virgin
female rat. (B) After 7-day recovery, the rats were mated and subsequently became
pregnant in only one horn. (C) On day 19 of gestation, the rats were randomized into
3 groups: 1) sham group (sham surgery), 2) control tube insertion group (insertion of
a non-stretchable polyvinyl tube into the non-gravid uterine horn as control for
intrauterine device) and 3) Laminaria group (insertion of an expandable Laminatira
tube into the non-gravid uterine horn, which swells as it absorbs moisture and
achieved comparable size to the gravid horn after 12 hours). Myometrial tissues were
collected 24 hours later (n=5/group).
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with the AR antagonist Casodex (bicalutamide, 100mg/kg) or vehicle (dimethyl
sulfoxide, DMSO) on day 17 of gestation. Myometrial samples were collected after
48 hours (n=5/group).

DHT-treated pregnant rat model:

Plasma androgen levels normally fall prior to the onset of labor in rats. To prevent
the fall in androgen at term and to check whether maintaining androgen levels
postpone the onset of term labor, rats were treated with DHT (dehydrotestosterone,
non-aromatized androgen, intraperitoneally, 1mg/kg per day) or vehicle (10% ethanol
and 90% corn oil) starting from day 18 of gestation. Myometrial samples were

collected once the animals had delivered at least one pup (n=5/group).

2.2.3. Tissue collection:

For protein extraction, the uterine horns were placed into ice-cold PBS, bisected
longitudinally and dissected away from both pups and placentas. The endometrium
was carefully removed from the myometrial tissue by mechanical scraping on ice
which eliminates the entire luminal epithelium and the majority of the uterine stroma.
The myometrial tissue was flash-frozen in liquid nitrogen and stored at —80°C. For
immunohistochemical studies the uterine horns were placed in formalin or 4%
paraformaldehyde (PFA) for fixation and then -cross-sectioned or sectioned

longitudinally.
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2.2.4. Western immunoblot analysis:

Frozen myometrial tissue was crushed under liquid nitrogen using a mortar and
pestle. Crushed tissue was homogenized for 1 minute in RIPA lysis buffer [S0 mM
Tris-HCI1 pH 7.5, 150 mM NaCl, 1% (vol/vol) Triton X-100, 1% (vol/vol) sodium
deoxycholate, 0.1% (wt/vol) SDS, supplemented with 100 pM sodium
orthovanadate and protease inhibitor cocktail tablets (Complete™ Mini, Roche,
Quebec, Canada). Samples were spun at 12 000g for 15 min at 4°C and the
supernatant was transferred to a fresh tube to obtain a crude protein lysate. Protein
concentrations were determined using Pierce® BCA Protein Assay Kit (Pierce
Biotechnology, Thermo Scientific, USA). Protein samples (40-50 pg) were
resolved by electrophoresis on 8 or 12% SDS-polyacrylamide gel. Proteins were
transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford,
MA) in 25 mM Tris-HCI, 250 mM glycine, 0.1% (wt/vol) SDS, pH 8.3, for 1 h at 100
volts at room temperature. Protein expression levels of AR and Cx43 were measured
by immunoblot analysis using primary and secondary antibodies summarized in Table
2.1. Probed membranes were developed using Luminata™ Crescendo Western HRP
detection system (Millipore Corporation, USA) and analyzed using densitometry. To
confirm that equal amount of total protein was examined in each sample, the blot was
stripped and reprobed with alpha-Tubulin primary antibody using the condition
described above. The expression of AR and Cx43 was normalized to alpha-Tubulin

expression.
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Table 2.1. Summary of Antibodies Used in Immunoblot Analysis.

Primary or | Mono or
Antibody Dilution | Source
secondary | polyclonal

AR (N-20) Primary Polyclonal | 1:2000 | (Rabbit) Santa Cruz

Cx43 Primary Polyclonal | 1:2000 | (Rabbit) Millipore

Anti-mouse IgG | Secondary | HRP-linked | 1:2000 | GE Healthcare

Anti-rabbit IgG | Secondary | HRP-linked | 1:2000 | (Donkey) GE Healthcare

Alpha Tubulin | Primary Monoclonal | 1:2000 | (Mouse) Sigma

2.2.5. Real-time PCR analvysis:

Total RNA was extracted from the frozen tissues using TRIZOL (Gibco BRL,
Burlington, ON, Canada) according to manufacturer's instructions. RNA samples were
column purified using RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada), and
treated with 2.5 pl DNase I (2.73 Kunitz units/pl; Qiagen) to remove genomic DNA
contamination. Total RNA (2 pg) was primed with random hexamers to synthesize
single-strand cDNAs in a total reaction volume of 100 pl using the TagMan Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). The thermal cycling
parameters of RT were modified according to the Applied Biosystems manual.
Hexamer incubation at 25°C for 10 min and RT at 42°C for 30 min were followed by

reverse transcriptase inactivation at 95°C for 5 min. Complementary DNA (20 ng)
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from the previous step was subjected to real-time PCR using specific sets of primers
(Table 2.2) in a total reaction volume of 5 ul (Sigma). Primer specificity was
confirmed by blast analysis. Real-time PCR was performed in an optical 384-well
plate with a BIO-RAD CFX384TM Real-Time System (BIO-RAD) using SYBR
Green detection chemistry. The run protocol was as follows: initial denaturation stage
at 95°C for 20 sec, and 40 cycles of amplification at 95°C for 5 sec and 60°C for 20
sec. After PCR, a dissociation curve was constructed by increasing temperature from
65°C to 95°C for detection of PCR product specificity. In addition, a no-template
control (H2O control) was analyzed for possible contamination in the master mix. A
cycle threshold (Ct) value was recorded for each sample. PCR reactions were set up in
triplicates, and the mean of the three Cts was calculated. A comparative Ct method
(AACt method) was applied to the raw Ct values to find a relative gene expression
across normal gestation. PAPPA, IGFIR and PDGFA were chosen as candidate
reference genes based on their gestational profiles of myometrial expression (Figure
2.3). In Figure 2.4, we showed standard curves and melting curves for all our target
genes and reference gene. We checked consistency of their expression in all rat models
and PDGFA appears to have the most consistent expression among all experiment
groups (Figure 2.5). Therefore, mRNA level from each rat myometrial sample was
normalized to PDGFA mRNA. Validation experiments were performed to ensure the

PCR efficiencies between the target genes and PDGFA were approximately equal.
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Table 2.2. Real-time PCR primer sequences of target genes and housekeeping

gene.

Genes Primer Sequences Accession #

AR Forward 5’ - CCTGGATTCTGTGCAGCCTATTGCA-3’ NM 012502
Reverse 5" - AGGATCTTGGGCACTTGCACAGA-3’

Cx43 Forward 5 - TGGGGGAAAGGCGTGAGGAAAGT -3’ NM_012567
Reverse 5 — ACCCATGTCTGGGCACCTCTCTT -3’

PDGFA Forward 5 — AGCGACTGGCTCGAAGTC -3’ NM_012801

Reverse 5" - CTCCAAGGCATCCTCAGC -3’

2.2.6. Immunohistochemistry:

The formalin fixed myometrial tissues were gradually dehydrated in ethanol and
embedded in paraffin. Sections of 5 um thickness were collected on Superfrost Plus
slides (Fisher scientific 1Itd.,, Nepean, ON, Canada). Paraffin sections were
deparaftinized and rehydrated. After immersion in 3% hydrogen peroxide (Fisher
Scientific, Fair Lawn, NJ) the antigens were unmasked using a microwave heating
retrieval treatment in 10 mM Sodium Citrate solution (pH6) in 2 steps for 5 and 3 min
with 20 min cooling down, blocked for 1 hour with DAKO Protein Serum-Free
Blocking solution (DAKO Corporation, Casrpinteria, CA) and incubated with primary
AR polyclonal rabbit antibody (1:100, Santa Cruz, USA) overnight. For the negative
controls, ChromPure non-specific sheep IgGs (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) were used at the same concentration and sections
were also incubated with secondary antibodies in the absence of primary antibodies.

Secondary antibodies used for detection were biotinylated goat anti-rabbit (1:300,
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Figure 2.3 Gene expression profiles of PAPPA, IGF1R and PDGFA across
gestation in the rat myometrium. Statistical analysis was performed with
one-way ANOVA followed by Student-Newman-Keuls test. Results are expressed
as mean £ SEM (n=4). Data labeled with same letters are not significantly
different from each other (P>0.05). Adapted from Master thesis of Prudence
Pui-Hing Tsui.
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Figure 2.4 Standard curves and melting curves of primers for real-time PCR.
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Figure 2.5 Gene expression profiles of candidate reference genes. IGFIR (A),
PAPPA (B) and PDGFA (C) in OVX + E2 model. PDGFA (D) in OVX treated with
E2, E2+DHT, E2+MPA.
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DAKO Corporation, Casrpinteria, CA) in combination with Streptavidin HRP (DAKO
Corporation, Casrpinteria, CA). Final visualization was achieved using Dako Liquid
DAB+ Substrate Chromogen System (DAKO Corporation, Casrpinteria, CA).
Counterstaining with Harris® Hematoxylin (Sigma diagnostics, St. Louis, MO) was
carried out before slides were mounted with Cytoseal XYL (Ricard-Allan Scientific,
Kalamazoo, MI). For the assessment of staining intensity, myometrial cells from each
set of tissues were observed on a Leica DMRXE microscope (Leica Microsystems,
Richmond Hill, ON, Canada). A minimum of five fields were examined for each
uterine horn for each set of tissue, and representative tissue sections were
photographed with a Sony DXC-970 MD (Sony Ltd., Toronto, ON, Canada) 3CCD

color video camera.

2.2.7. Statistical analvsis:

To determine differences between groups, data from real-time PCR and
immunoblot analysis of AR and Cx43 expression in gestational profiles and
hormone-treated model were subjected to a one-way analysis of variance (ANOVA)
followed by pairwise multiple comparison procedures (Tukey Post-Hoc Test). Data
from unilaterally pregnant model and Laminaria-inserted unilaterally pregnant model
were subjected to a two-way ANOVA followed by Bonferroni post-tests. Results are
transformed by logarithmic (log) transformation if necessary. Statistical analysis was
carried out using GraphPad Prism 5 for Windows (Graph Pad Software; San Diego,

CA, USA) with the level of significance for comparison set at P<(.05.
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2.3. Results

2.3.1. AR gestational profile in rat myometrium

Myometrial tissue was collected throughout rat gestation and protein expression
of AR and Cx43 was examined by immunoblot. As was reported previously (144),
there was a significant up-regulation of Cx43 protein expression during active labor
(D23L vs. NP, p < 0.001, Figure 2.6). We found that AR protein expression during
early gestation was not significantly different from non-pregnant stage (Figure 2.7)
AR expression in the non-pregnant rat myometrium was quite variable, possibly due
to variance in hormone levels during estrous cycles since we did not control for stage
of estrous cycle when tissue was collected. Starting from gestational day 14, the
expression of AR decreased gradually until term labor and was low on day 1
postpartum. There was a significant 3 fold decrease in AR expression during term
labor as compared to early gestation (day 8) (D8 vs. D21 & D23L & Dlpp, p <0.01).
To localize AR protein expression in rat uterine tissue, uterine samples from pregnant
rats were immunostained with anti-AR antibody. As shown in Figure 2.8, in both
longitudinal and circular myometrium layers, anti-AR immunostaining was detected
in the nuclei of uterine myocytes at early gestation (day 8). In mid gestation (day 15),
however, anti-AR immunostaining was decreased in both layers and on day 23 during
labor, only little trace of anti-AR immunostaining was detected. In summary,
immunostaining of AR in both longitudinal layer and circular layer showed a similar

trend with immunoblot (Figure 2.8).
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Figure 2.6 Immunoblot analysis of Cx43 protein expression in rat myometrium
throughout gestation, during term labor and postpartum. (A) Representative
immunoblots of Cx43 and a-Tubulin protein expression. (B) Densitometric analysis
illustrating Cx43 protein expression, normalized against o-Tubulin. Results are
expressed as mean + SEM at each time point in relative optical density (ROD) value
(n=4). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s Multiple Comparison test. A significant difference between NP and D23L is

indicated by *** (p <0.001).
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Figure 2.7 Immunoblot analysis of AR protein expression in rat myometrium
throughout gestation, during term labor and postpartum. (A) Representative
immunoblots of AR and a-tubulin protein expression. (B) Densitometric analysis
illustrating AR protein expression, normalized against o-Tubulin. Results are
expressed as mean + SEM at each time point in relative optical density (ROD) value
(n=4). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s Multiple Comparison test. A significant difference between D8 and D21 &
D23L & Dl1pp is indicated by ** (p <0.01).
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Figure 2.8 Immunohistochemical staining of AR protein expression in rat
myometrium throughout gestation. For each day of gestation, tissues were collected
from 3 different animals. Images were taken under 400X magnification.
Immunohistochemical AR staining of rat myometrium on non-pregnant (A), day 8
(B), day 15 (C), day 23 during labor (D), one day postpartum (E) of gestation are
shown above. Note the lack of staining after incubation of myometrial tissue with
non-specific rabbit IgG (F).
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2.3.2. Hormonal regulation of myometrial AR protein expression using a
non-pregnant OVX rat model

Circulating levels of P4 in rat maternal serum peak at day 15-19 and dramatically
decrease by day 23, the day of delivery. To examine the effect of steroid hormones on
myometrial AR expression, we treated OVX rats with different combinations of
steroid hormones (E2, E2 + MPA, E2 + androgen. Our results presented in Figure
2.9 indicated that, similar to the findings in human myometrium, Cx43 protein
expression in our OVX rat model was also significantly up-regulated by E2 treatment
(vehicle vs. E2, p < 0.05) and down-regulated by MPA treatment. Importantly Cx43
was significantly inhibited by androgen treatment after priming with E2 (E2 vs. E2 +
DHT, p < 0.05) (Figure 2.9). In contrast to Cx43, AR expression was not significantly
changed by E2 treatment of non-pregnant OVX, however, levels were significantly
higher in rats treated with MPA after priming with E2, compared to E2 only treated
animals (E2 + MPA vs. E2, p < 0.05). Androgen (DHT) treatment did not change AR

expression in E2-primed myometrium (Figure 2.10).
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Figure 2.9 Immunoblot analysis of myometrial Cx43 protein expression in
hormone-treated OVX rat model. (A) Representative immunoblots of Cx43 and
a-Tubulin protein expression. (B) Densitometric analysis illustrating AR protein
expression, normalized against a-Tubulin. Results were transformed by logarithmic
(log) transformation and expressed as mean + SEM for each treatment group in
relative optical density (ROD) value (n=4). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s Multiple Comparison test. A significant
difference between V and E2, and between E2 and E2 + DHT is indicated by * (p <
0.05).
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Figure 2.10 Immunoblot analysis of myometrial AR protein expression in
hormone-treated OVX rat model. (A) Representative immunoblots of AR and
a-Tubulin protein expression. (B) Densitometric analysis illustrating AR protein
expression, normalized against o-Tubulin. Results are expressed as mean + SEM for
each treatment group in relative optical density (ROD) value (n=5). Statistical
analysis was performed using one-way ANOVA followed by Tukey’s Multiple
Comparison test. A significant difference between E2 and E2 + MPA is indicated by *

(p <0.05).
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2.3.3. Physiological mechanical stretch inhibits myometrial AR protein
expression

Since immunoblot analysis in bilaterally pregnant rats demonstrated an induction of
Cx43 expression and a decrease of AR expression in the myometrium during labor,
experiments were conducted to investigate the mechanisms involved. We collected
myometrial tissue from both non-gravid and gravid uterine horns of tubal-ligated rats
during late gestation (day 17 and day 21), during spontaneous labor, as well as 1-day
post-partum. Similar to bilaterally pregnant model, our data revealed a significant
increase of Cx43 protein expression in labor as compared to other gestational days (p
< 0.01). There was a significant difference in Cx43 expression between non-gravid
and gravid horns on gestational day 17 (p < 0.05), day 21 (p < 0.05), and 1 day
postpartum (p < 0.001) (Figure 2.11). AR expression decreased throughout gestation
(p <0.001) in both non-gravid and gravid uterine horns of unilaterally pregnant rats,
similar to our finding in bilaterally pregnant rats (Figure 2.12). On all gestational days
we studied, levels of AR were significantly lower in gravid horns than non-gravid
horns (gestational day 17, p < 0.01; day 21, p < 0.01; day 23 during labor, p < 0.01
and 1 day postpartum, p < 0.05) indicating that physiological stretch exerted by

growing embryo down-regulated myometrial AR expression.

~47 ~



D17 D21 D23L Dipp
E G E G E G E G

Cxd3 - o 1 . H3KDa

o-Tubulin "— — — — e W — 55kDa

B
4- .
B [ Non-gravid
£ Bl Gravid
S
E
Ly
g a A
> *k%k
o
a
®)
- 1
D17 D21 D23L D1pp

Gestational Day

Figure 2.11 Immunoblot analysis of Cx43 protein expression in unilaterally
pregnant rat model during late gestation. (A) Representative immunoblots of Cx43
and o-Tubulin protein expression. (B) Densitometric analysis illustrating Cx43
protein expression, normalized against a-Tubulin. Results were transformed by log
transformation and expressed as mean = SEM at each time point in relative optical
density (ROD) value (n=3). Empty bar represents non-gravid horn, and solid bar
represents gravid horn. A significant difference between matching non-gravid and
gravid horns is indicated by * (p < 0.05) or *** (p < 0.001). Data labeled with
different letter indicates significant changes in Cx43 expression in non-gravid horns
(small letters) or gravid horns (capital letters) during gestation (p < 0.01).
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Figure 2.12 Immunoblot analysis of AR protein expression in unilaterally
pregnant rat model during late gestation. (A) Representative immunoblots of AR
and o-Tubulin protein expression. (B) Densitometric analysis illustrating AR protein
expression, normalized against o-Tubulin. Results were transformed by log
transformation and expressed as mean + SEM at each time point in relative optical
density (ROD) value (n=3). Empty bar represents non-gravid horn, and solid bar
represents gravid horn. A significant difference between matching non-gravid and
gravid horns is indicated by * (p < 0.05) or ** (p < 0.01). Data labeled with different
letter indicates significant changes in AR expression in non-gravid horn (small letters)
or gravid horn (capital letters) during gestation (p < 0.001).
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2.3.4. Artificial mechanical stretch inhibits mvometrial AR gene expression

Since a further decrease in AR expression occurred in the gravid uterine horn
compared to the non-gravid horns, we speculated that the presence of the fetal
placental unit might be responsible for the decrease in AR expression. Therefore, we
investigated whether artificial mechanical stretch of the uterine wall by an expendable
material that mimics the effect of gravidity might inhibit AR gene expression. Using
the unilaterally pregnant rat model, we inserted Laminaria or a non-expendable
control tube into the non-gravid uterine horns or performed sham surgery on day 19 of
gestation and collected myometrial tissue from both non-gravid and gravid uterine
horns on day 23 during labor. AR and Cx43 mRNA levels were analyzed by real-time
PCR.

As shown in Figure 2.13, artificial mechanical stretch imposed by Laminaria
insertion did not influence Cx43 expression. AR expression, however, was
significantly down-regulated by Laminaria insertion into the non-gravid horn, to a
level similar to that of the matching gravid horn. Sham surgery or insertion of a
non-expandable plastic tube, did not reduce AR expression and levels remained
significantly higher (p < 0.01) than that of the gravid or Laminaria-inserted horns

(Figure 2.13).
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Figure 2.13 AR gene expression on Laminaria-inserted unilaterally pregnant rat
model. Cx43 (A) and AR (B) mRNA levels in the myometrium of OVX rats were
analyzed by Real-Time PCR using specific forward and reverse primers (see Table
2.2), normalized to PDGFA mRNAs. The bars represent mean = SEM (n=3 for
Laminaria-inserted and tube-inserted groups, n=2 for sham surgery group). A
significant difference between non-gravid and gravid horns in both tube-inserted and
sham surgery group is indicated by ** (p <0.01).

~ 51~



2.3.5. Modulation of androgen signaling in late pregnancy

Our data suggest that androgen signaling may have a similar effect to that of P4
signaling in maintaining pregnancy and the quiescence of the myometrium. Plasma P4
and androgen levels normally fall prior to the onset of labor. It was reported earlier
that daily injection of P4 starting from day 20 to maintain plasma P4 levels to that
during early stage of pregnancy can delay the onset of spontaneous labor up to 24
hours (P4-delayed labor rat model). Based on androgen serum levels during
pregnancy, we performed daily injection of DHT starting from day 18 of gestation
until the day of delivery. However, in contrast to that of P4 treatment, there was no
change regarding the timing of parturition between DHT and vehicle treated group
(data not shown).

High levels of P4 during pregnancy inhibit the synthesis of CAP genes. When PR
antagonist RU486 is administrated, preterm labor is induced. To test our hypothesis
that androgen signaling has a similar effect as P4 signaling in maintaining pregnancy,
we treated rats with Casodex (bicalutamide, AR inhibitor) to determine whether
blocking androgen signaling could induce preterm labor similar to RU486. In contrast
to RU486 treatment, Casodex did not induce preterm labor in pregnant rats (data not
shown).

These experiments suggest that while AR expression falls at term, modulation of

AR signaling does not impact the timing of delivery.
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2.4 Discussion

To our knowledge, this is the first study in which myometrial androgen signaling
was investigated throughout pregnancy, during labor and postpartum, and in which
the expression of AR by steroid hormones and mechanical stretch in myometrium was
systemically studied using rat models. Data from our study show that (1) myometrial
AR protein expression throughout gestation demonstrated a similar trend to that of PR
protein expression, most notably a significant decrease in expression at term prior to
the onset of labor; (2) AR expression in myometrium was up-regulated by P4
treatment, but down-regulated by both physiological and artificial mechanical stretch.

During pregnancy the uterine myocytes undergo a program of differentiation,
including hyperplasia during early pregnancy (proliferative phase) and hypertrophy in
mid gestation (synthetic phase) (145-148). Our data suggest that these phases are
mediated by changes in the endocrine and mechanical environment (the latter as a
result of tension placed on the uterine wall by the growing fetus). We found that
during early gestation, myometrial AR protein was highly expressed. We speculate
therefore that androgen signaling might be directly involved in the process of
myometrial differentiation during early pregnancy. It was reported that androgen
induces skeletal muscle hypertrophy in human (138, 139) and promotes myogenic
differentiation through activating follistatin, known as activin-binding protein (140).

It is plausible therefore that similar to the skeletal muscle, androgen signaling is also
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involved in the induction of cellular hypertrophy in uterine smooth muscle,
myometrium.

It is well-known that P4 signaling plays a predominant role in maintaining the
quiescence of myometrium during pregnancy. Solid evidence from previous studies
and our own research indicate that androgen signaling might assist P4 signaling in
maintaining pregnancy, and that the reduction of androgen signaling at term might
facilitate the onset of labor. Evidence to support this notion includes: (1) a similar
trend in serum levels of androgen and P4 throughout gestation in both human and rat;
(2) similarity in the structure of PR and AR; (3) a similar trend of myometrial PR and
AR expression throughout gestation in both human and rat; (4) a similar relaxing
effect of P4 and androgen signaling on spontaneous contractile activity in human
myometrium; (5) similar down-regulation of CAP gene Cx43 expression by P4 and
androgen signaling.

To investigate hormonal regulation of myometrial AR expression, we used a
non-pregnant OVX rat model. Our data demonstrated that after surgical removal of
endogenous hormones by ovariectomy, MPA treatment boosts the expression of
myometrial AR protein in rat, which indicates that AR protein expression in
myometrium is positively regulated by P4 signaling, and might also be a possible
explanation for the similar trend in rat AR and PR expression profiles during
pregnancy. However, we could not detect any significant effect of E2 alone or E2 plus
DHT treatment on the regulation of AR protein levels in rat myometrium. Similar

experiments have been conducted in other species. In OVX mice, Pelletier G et al.
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found E2 administration induces myometrial AR gene expression in 12 hours (149),
while in OVX rhesus monkeys, it was shown that E2 treatment alone did not increase
myometrial AR mRNA levels significantly, but both E2 plus P4 and E2 plus
testosterone treatments increased myometrial AR mRNA levels to approximately the
same level (152). It was also reported that the concentration of bovine cytosolic AR is
significantly correlated with cytosolic PR and ER concentrations (153). Thus there
seems to be no clear consensus relating to the steroid regulation of AR expression.
This could in part be due to species differences, further confounded due to the use of
different combinations of hormones (or forms of androgen) or the experimental
design. It is clear that further investigations need to be conducted to more fully define
the role of steroid hormone in the regulation of AR expression.

To investigate the effect of mechanical stretch on myometrial AR expression, we
used both a physiological mechanical stretch model as well as an artificial mechanical
stretch model. Our data show that mechanical stretch imposed by fetal growth exerts a
consistent inhibitory effect on myometrial AR expression at both the mRNA and
protein level. Our results of artificial mechanical stretch model confirm that the
decrease in AR expression in the gravid horns is not due to the presence of the
fetal/placental unit or factors produced by deciduas by showing that mechanical
stretch imposed by expandable material Laminaria insertion alone could also reduce
myometrial AR expression to the same level as in gravid horns. Our data clearly
indicate that mechanical stretch participates in the down-regulation of myometrial AR

expression during late pregnancy.
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Our data suggest that androgen and P4 signaling have similar effects on the
regulation of CAP gene expression and that androgen signaling might assist P4 with
maintaining pregnancy. We therefore speculate therefore that (1) similar to
P4-delayed labor, the administration of DHT might postpone labor in rats and (2)
similar to RU486-induced preterm labor, administration of the antiandrogen
(Casodex) would induce preterm labor. We chose the dosage and time of
administration based on established animal models and also on the
pharmacodynamics of both drugs. However, modulation of androgen signaling in late
pregnancy by these treatments had no effect on the timing of labor. This failure to
induce preterm labor or to delay term labor could be explained by the fact that (1)
androgen signaling might not be a determinant factor in maintaining pregnancy; (2)
the role of androgen signaling in maintaining myometrium quiescence might also
depend on other intracellular players, such as nuclear co-activators and co-repressors.
The role of myometrial AR during pregnancy and the onset of labor needs to be

uncovered by further research.
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CHAPTER 3:

THE EXPRESSION OF PSF AND P54 IN RAT MYOMETRIUM BY

HORMONAL AND MECHANICAL REGULATION
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3.1. Introduction

PSF and p54nrb have been identified as nuclear co-repressors for both PR and AR.
They contribute to the transactivation properties of PR and AR through the
recruitment of proteins comprising the general transcriptional machinery to AR / PR
target promoters. Previous studies have demonstrated that myometrial PSF and
pS4nrb protein expression decreases significantly near term and during labor (102).
The molecular function of PSF and p54nrb, together with their gestational profiles
implies that both proteins may play an important role in labor initiation through
regulating myometrial contractility and CAP gene expression. However, the exact
mechanism remains unclear. Steroid hormone signaling and mechanical stretch are
well-accepted as two determining factors regulating both term and PTB. Thus, we
hypothesized that the expression of PSF and p54nrb may be regulated by steroid
hormones and/or mechanical stretch. Protein and/or mRNA expression of PSF and
pS4nrb was analyzed by immunoblot analysis, immunohistochemical staining, or
real-time PCR analysis in rat myometrium of hormone-treated non-pregnant,
ovariectomized (OVX) model, unilaterally pregnant model and Laminaria-inserted
unilaterally pregnant model. Cx43 expression was measured by immunoblot to

validate our in vivo rat models.

3.2. Methods

3.2.1. Animals:

Animal housing information is described in detail under section 2.2.1.
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3.2.2. Experimental Design:

Hormone-treated OVX rat model:

All information about model design is described in detail under section 2.2.2.

Hormone/receptor blocker-treated OVX rat model:

Ovariectomy was performed on virgin Wistar rats as described in 2.2.2. The
following hormone or hormone receptor treatments were designed to modulate the
action of steroid hormones on the expression of PSF and p54nrb in the myometrium.
The OVX animals were split into seven groups (Figure 3.1):

Group 1 (control): treated with subcutaneous injections of vehicle (10% ethanol and
90% corn oil) at time 0 and time 12h (n=5).

Group 2 (estrogen): treated with subcutaneous injections of E2 only (10 pg/kg) (130)
at time 0 to test estrogen regulation on PSF and p54nrb expression and as control for
E2-primed MPA treated group (n=4).

Group 3 (P4): treated with subcutaneous injections of E2 (10 pg/kg) at time 0 and
subcutaneous injections of MPA (medroxyprogesterone acetate, 16 mg/kg) (131) at
time 12h to test MPA regulation after E2-priming (to boost PR expression in OVX
myometrium) on PSF and p54nrb expression (n=5).

Group 4 (blockade of P4 signaling): treated with subcutaneous injections of E2 (10
ng/kg) and RU486 (mifepristone: 17B-hydroxy-11p-[4-di-methylaminophenyl]-17-[1-

propynyl]-estra-4,10-dien-3-one (Biomol), 10 mg/kg) at time O and subcutaneous
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injections of MPA (medroxyprogesterone acetate, 16 mg/kg) (131) at time 12h to test
the effect of blocking PR on PSF and p54nrb expression (n=5).

Group 5 (androgen): treated with intraperitoneal injections of DHT
(dihydrotestosterone, 1mg/kg) (132) at time 0 and 12h to test androgen regulation on
PSF and p54nrb expression (n=5).

Group 6 (blockade of androgen signaling 1): treated with subcutaneous injections of
anti-androgen Casodex (ICI 176,334: (2RS)-4-cyano-3-(4-fluorophenylsulphonyl)-2
-anilide, 100mg/kg) (135) at time -1h and 12h, and intraperitoneal injections of DHT
(dihydrotestosterone, 1mg/kg) (132) at time 0 and 12h to test the effect of blocking
AR by Casodex on PSF and p54nrb expression (n=5).

Group 7 (blockade of androgen signaling 2): treated with subcutaneous injections of a
potent anti-androgen Hydroxyflutamide (5 mg/rat) (136) at time -1h and 12h, and
intraperitoneal injections of DHT (dihydrotestosterone, 1mg/kg) (132) at time 0 and
12h to test the effect of blocking AR by Hydroxyflutamide on PSF and p54nrb
expression (n=5).

Myometrium was collected at 24h for biochemical analysis.

E2-treated OVX rat model:

Ovariectomy was performed on virgin Wistar rats under general anesthesia via
isoflurane inhalation. Bilateral flank incisions were made from both sides of the

animal, and the ovaries were removed using fine scissors. Rats were allowed to
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Figure 3.1 Scheme of injections and tissue collection for hormone/receptor
blocker-treated OVX rat model.

Seven different groups of OVX animals were treated with steroid hormones and/or
steroid hormone receptor blockers as described in the table above with the dosages of
E2 (estrodiol 10 pg/kg per rat), MPA (Medroxyprogesterone acetate, 16 mg/kg per
rat), DHT (Dihydrotestosterone, 1mg/kg per injection per rat), Casodex (100mg/kg
per injection per rat), and Hydroxyflutamide: 5 mg per injection per rat. Myometrium
samples were collected at 24 hour.
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recover for 7 d to ensure that the endogenous levels of estrogens were reduced. The
OVX animals were split into four groups. Each group consisted of 4 animals and were
treated with sc injections of E2 (4 pg/kg per injection per rat) at time 0, 3h, and 6h.

Animals (n=4) were euthanized at time 0, 3h, 6h and 24 h.

Unilaterally pregnant rat model:

All information about model design is described in detail under section 2.2.2.

Laminaria-inserted unilaterally pregnant rat model:

All information about model design is described in detail under section 2.2.2.

3.2.3. Tissue collection:

All information about tissue collection is described in detail under section 2.2.3.

3.2.4. Western immunoblot analysis:

Frozen myometrial tissue was crushed under liquid nitrogen using a mortar and
pestle. Total proteins were extracted as described in section 2.2.3 and 2.2.4.
Protein expression levels of PSF and p54 were measured by immunoblot analysis

using primary and secondary antibodies summarized in Table 3.1.
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Table 3.1. Summary of antibodies used in immunoblot analysis.

Primary or | Mono or
Antibody Dilution | Source

secondary polyclonal
PSF Primary Polyclonal 1:1000 (Rabbit) Cedarlane
P54 Primary Monoclonal 1:2000 (Mouse) BD Biosciences
Anti-mouse IgG | Secondary HRP-linked 1:2000 GE Healthcare
Anti-rabbit IgG | Secondary HRP-linked 1:2000 (Donkey) GE Healthcare
Alpha Tubulin Primary Monoclonal 1:2000 (Mouse) Sigma

3.2.5. Real-Time PCR Analvysis:

Total mRNAs were extracted as described in section 2.2.5. mRNA expression

levels of PSF and p54 were measured by real-time PCR analysis using primary and

secondary antibodies summarized in Table 3.2.

Table 3.2. Real-time PCR primer sequences of target genes and housekeeping gene.

Genes

PSF Forward
Reverse

P54 Forward
Reverse

PDGFA Forward
Reverse

Primer Sequences

5’ - CCAGGAAGAATTAAGGCGCA -3’
5’ - TCCTCTTGCCTCAACTGCATT -3’
5" - TGGAAACACGAACCCTAGCG -3’
5’ - CACGTACTGAGGAAGGTTGCG -3’
5" —= AGCGACTGGCTCGAAGTC -3’

5" - CTCCAAGGCATCCTCAGC -3’

Accession #

NM 001025271
NM 001012356

NM_012801
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3.2.6. Immunohistochemistry:

Immunohistochemical analysis was performed as described in detail under section
2.2.6. The antigens were unmasked using Trypsin 0.125% 15mins, and incubated with
primary PSF monoclonal mouse antibody (1:250, Sigma, USA) overnight. Secondary
antibodies used for detection were biotinylated goat anti-mouse (1:300, DAKO
Corporation, Casrpinteria, CA) in combination with Streptavidin HRP (DAKO
Corporation, Casrpinteria, CA). Stained and total consecutive cells were counted
using 400X magnification, from 5 noncontiguous, randomly selected fields of all
layers of myometrium under blinded experimental design. Percentages of
PSF—positive nuclei were determined by the number of cells having positively
staining nuclei divided by total number of cells in the field (labeled and unlabeled)

and multiplied by 100.

3.2.7. Statistical Analysis:

To determine differences between groups, data from hormone-treated OVX model
were subjected to a one-way analysis of variance (ANOVA) followed by pairwise
multiple comparison procedures (Tukey Post-Hoc Test). Data from unilaterally
pregnant model and Laminaria-inserted unilaterally pregnant model were subjected to
a two-way ANOVA followed by Bonferroni post-tests. Results were transformed by
log transformation if necessary. Statistical analysis was carried out using GraphPad
Prism 5 for Windows (Graph Pad Software; San Diego, CA, USA) with the level of

significance for comparison set at P<0.05.
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3.3. Results

3.3.1. E2 regulation of myometrial PSF expression on OVX rat model

P4 plays a predominant role in maintaining pregnancy. In our laboratory, PSF has
been identified as a PR co-repressor and has been considered to play a major role in
the putative mechanisms leading to a “functional withdrawal of P4”. Yu et al.
reported earlier that myometrial PSF protein level in rats was down-regulated at term
and during spontaneous labor. To investigate whether the increase in estrogen
concentrations at term contributes to the decrease of PSF expression at labor, we
treated OVX rats with E2 and collected uterine tissue at different time points to
examine myometrial PSF expression by immunohistochemical staining. Relative PSF
protein expression, calculated by PSF positive cells versus total cell number is shown
in Figure 3.2 B. In myometrium, PSF expression significantly decreased, starting
from 6h (vehicle vs. 6h, p < 0.05, vehicle vs. 24h, p < 0.01). Our data indicates
estrogen signaling down-regulates myometrial PSF expression.

Importantly, consistent with our data from the E2-treated OVX rat model, Cx43
expression was significantly up-regulated by E2 treatment as detected by immunoblot

analysis (vehicle vs. 24h, p <0.01) (Figure 3.2 A).
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Figure 3.2 Myometrial Cx43 (A) and PSF (B) protein expression in E2-treated
OVX rat model. (A) Densitometric analysis illustrating Cx43 protein expression,
normalized against o-Tubulin. (B) Relative PSF protein expression was determined
by the number of cells having PSF positively staining divided by total number of cells
in the field and multiplied by 100. Results are expressed as mean + SEM for each
treatment group in relative optical density (ROD) value (n=4). Statistical analysis was
performed using one-way ANOVA followed by Tukey’s Multiple Comparison test. A
significant difference in Cx43 expression between V and 24h is indicated by ** (p <
0.01); in PSF expression between V and 6h, and between V and 24h is indicated by *
(p <0.05) and ** (p <0.01).
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3.3.2. Hormonal regulation of myometrial PSF and p54 protein expression on
OVX rat model

During rat pregnancy, circulating levels of P4 and androgen levels are elevated in
rat maternal serum, but levels falls towards term, when estrogen levels increase. To
mimic pregnancy and labor conditions in OVX rats and to compare the effect of
androgen with P4 on myometrial PSF and p54nrb expression, we treated OVX rats
with different combinations of steroid hormones (E2, E2 + MPA, E2 + DHT) and
examined myometrial PSF and p54 expression. In our OVX model, PSF protein
expression was significantly up-regulated by DHT treatment (E2 + DHT vs. E2, p <
0.05), but not significantly regulated by either E2 or MPA treatment (E2 vs. E2 +
MPA, p > 0.05) (Figure 3.3). Our data indicate that androgen signaling has a greater
effect on regulating myometrial PSF expression than P4 signaling, which might
account for the high expression of PSF during early pregnancy. p54nrb expression

was not influenced by any of the hormones examined (p > 0.05) (Figure 3.4).
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Figure 3.3 Immunoblot analysis of myometrial PSF protein expression in
hormone-treated OVX rat model (A) Representative immunoblots of PSF and
a-Tubulin protein expression. (B) Densitometric analysis illustrating PSF protein
expression, normalized against o-Tubulin. Results are expressed as mean = SEM for
each treatment group in relative optical density (ROD) value (n=5). Statistical
analysis was performed using one-way ANOVA followed by Tukey’s Multiple
Comparison test. A significant difference between E2 and E2 + DHT is indicated by *
(p <0.05).
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Figure 3.4 Immunoblot analysis of myometrial pS4nrb protein expression in
hormone-treated OVX rat model (A) Representative immunoblots of p54nrb and
a-Tubulin protein expression. (B) Densitometric analysis illustrating p5S4nrb protein
expression, normalized against o-Tubulin. Results are expressed as mean + SEM for
each treatment group in relative optical density (ROD) value (n=5). Statistical
analysis was performed using one-way ANOVA followed by Tukey’s Multiple
Comparison test, no significance detected.
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3.3.3. Regulation of myometrial PSF and p54 mRNA expression by modulation
of steroid hormone signaling in OVX rat model

Interestingly, reports suggest that there are differences in the expression of PSF
mRNA and protein during rat gestation: up-regulation of PSF gene expression
occurred near term and during labor whereas PSF protein was down-regulated. Our
data (Figure 3.4) indicate that androgen treatment up-regulates the expression of
myometrial PSF protein. To systemically study the regulation of myometrial PSF and
pS4nrb gene expression by steroid hormone signaling, we treated OVX rats with
different combinations of steroid hormones (E2, E2 + MPA, DHT) and/or steroid
hormone receptor blockers (PR blocker: RU486, AR blockers: Hydroxyflutamide and
Casodex) and examined myometrial PSF and p54 mRNA expression by real-time
PCR. To examine the effect of DHT alone, in this set of experiment, DHT treatment
was not preceded by E2.

Similar to what was observed in protein levels, Cx43 mRNA expression in OVX
rats was significantly up-regulated by E2 treatment (vehicle vs. E2, p < 0.001) and
significantly down-regulated by MPA treatment (E2 vs. E2 + MPA, p < 0.001).
Injection of RU486 before MPA treatment blocked the effect of MPA treatment (E2 +
MPA + RU486 vs. E2 + MPA, p <0.001). However, there were no changes in Cx43
mRNA expression after modulation of androgen signaling by DHT alone or in
combination with AR inhibitor (Hydroxyflutamide or Casodex) (Figure 3.5).

Consistent with the gestational profile of PSF mRNA expression, PSF mRNA
expression was significantly up-regulated by E2 treatment (vehicle vs. E2, p < 0.01).

Although the reduction of PSF mRNA by MPA did not reach significance (E2 vs. E2
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+ MPA, p > 0.05), RU486 treatment increased PSF mRNA expression significantly
(E2 + MPA + RU486 vs. E2+ MPA, p < 0.01), whereas neither androgen nor
androgen blockers changed PSF mRNA expression (Figure 3.6). Similar to the results
of protein study, p54nrb expression was not influenced by any hormone or hormone

blocker examined in our OVX model (p > 0.05) (Figure 3.7).

~71 ~



* k% **k%k

**k*

Cx43/PDGFA

\ E2 E2+MPA E2+MPA+RU DHT  Caso+DHT HF+DHT

Figure 3.5 Cx43 gene expression on hormone/receptor blocker treated OVX rat
model. Cx43 mRNA levels in the myometrium of OVX rats were analyzed by
Real-Time PCR using specific forward and reverse primers (see Table 3.2),
normalized to PDGFA mRNAs. The bars represent mean + SEM (n=5). A significant
difference between vehicle and E2, between E2 and E2 + MPA, and between E2 +
MPA and E2 + MPA + RU486 is indicated by *** (p <0.001).
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Figure 3.6 PSF gene expression on hormone/receptor blocker treated OVX rat
model. PSF mRNA levels in the myometrium of OVX rats were analyzed by
Real-Time PCR using specific forward and reverse primers (see Table 3.2),
normalized to PDGFA mRNAs. The bars represent mean + SEM (n=5). A significant
difference between vehicle and E2, and between E2 + MPA and E2 + MPA + RU486
is indicated by ** (p <0.01).
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Figure 3.7 pS4nrb gene expression on hormone/receptor blocker treated OVX
rat model. P54nrb mRNA levels in the myometrium of OVX rats were analyzed by
Real-Time PCR using specific forward and reverse primers (see Table 3.2),
normalized to PDGFA mRNAs. The bars represent mean + SEM (n=5). No
significant difference was detected (p > 0.05).
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3.3.4. Physiological mechanical stretch inhibits myometrial PSF and p54nrb
protein expression

Immunoblot analysis in bilaterally pregnant rats demonstrated a decrease of both
PSF and p54nrb protein expression in the myometrium during labor. We therefore
focused our attention on the impact of mechanical stretch during late gestation and
labor. We collected myometrial tissue from both non-gravid and gravid uterine horns
of tubal-ligated rats during late gestation including day 17 and day 21, during
spontaneous labor, as well as 1- day post-partum. Similar to the bilaterally pregnant
model, our data revealed significant decrease of PSF protein expression near term and
during labor in gravid uterine horns compared to matching non-gravid uterine horns
(p < 0.001). There was a significant reduction in PSF mRNA in gravid versus
non-gravid horns on gestational day 21 (p < 0.05), day 23 during labor (p < 0.05), and
1 day postpartum (p < 0.01) (Figure 3.8). For p54nrb expression, there was significant
reduction in mRNA expression in gravid versus non-gravid horns only on gestational
day 23 during labor (p < 0.05) (Figure 3.9). Our data indicate that physiological
mechanical stretch inhibits myometrial PSF protein expression and may also influence

myometrial p54nrb protein expression during late pregnancy and labor.
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Figure 3.8 Immunoblot analysis of PSF protein expression in unilaterally
pregnant rat model during late gestation. (A) Representative immunoblots of PSF
and o-Tubulin protein expression. (B) Densitometric analysis illustrating PSF protein
expression, normalized against o-Tubulin. Results were transformed by log
transformation and expressed as mean + SEM at each time point in relative optical
density (ROD) value (n=3). Empty bar represents non-gravid horn, and solid bar
represents gravid horn. Statistical analysis was performed using two-way ANOVA
followed by Bonferroni posttests. A significant difference between non-gravid and
gravid horns on D21, D23L and D1pp is indicated by * (p <0.05) and ** (p <0.01).
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Figure 3.9 Immunoblot analysis of pS4nrb protein expression in unilaterally
pregnant rat model during late gestation. (A) Representative immunoblots of
p54nrb and a-Tubulin protein expression. (B) Densitometric analysis illustrating
pS4nrb protein expression, normalized against o-Tubulin. Results were transformed
by log transformation and expressed as mean + SEM at each time point in relative
optical density (ROD) value (n=3). Empty bar represents non-gravid horn, and solid
bar represents gravid horn. Statistical analysis was performed using two-way
ANOVA followed by Bonferroni posttests. A significant difference between D23L
non-gravid and D23L gravid is indicated by * (p < 0.05)
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3.3.5. Atrtificial mechanical stretch influences myometrial PSF and p54nrb
gene expression

Since a decrease in PSF and p54nrb expression occurred only in the gravid uterine
horn, we speculated that the presence of the fetal-placental unit might be responsible
for the decrease in PSF and p54nrb expression. Therefore we investigated whether
artificial mechanical stretch of the uterine wall by an expendable material that mimics
the effect of gravidity could inhibit PSF and p54nrb mRNA expression. Using the
unilaterally pregnant rat model, we either inserted Laminaria or non-expendable
control tube into non-gravid uterine horns, or performed sham surgery on day 19 of
gestation. Myometrial tissue was collected from both non-gravid and gravid uterine
horns on day 23 during labor. PSF and p54nrb mRNA levels were analyzed by
real-time PCR.

As shown in Figure 3.10, artificial mechanical stretch imposed by Laminaria
insertion down-regulated PSF mRNA expression, to a level similar to that of the
matching gravid horn. There was a non-significant trend for higher PSF mRNA level
in non-gravid horns compared to gravid horns in the control groups. While the values
of PSF mRNA were higher in the non-gravid versus gravid horns of both sham and
tube groups these levels did not reach statistical significance. This is likely due to the
small sample size (n=3). We found no significant difference in p54nrb mRNA

expression between non-gravid and gravid horns in any group.
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Figure 3.10 PSF and p54 gene expression on Laminaria-inserted unilaterally
pregnant rat model. PSF (A) and p54nrb (B) mRNA levels in the myometrium of
OVX rats were analyzed by Real-Time PCR using specific forward and reverse
primers (see Table 2.2), normalized to PDGFA mRNAs. The bars represent mean *
SEM (n=3 for Laminaria-inserted and tube-inserted groups, n=2 for sham surgery
group). No significant difference was detected (p > 0.05).
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3.4 Discussion:

The splicing factors, PSF and p54nrb are two highly homologous multifunctional
factors that have been identified as nuclear co-repressors for both PR and AR and are
considered participating into the putative mechanism of “P4 functional withdrawal”.
It has been suggested that PSF and p54nrb might play an important role in pregnancy
and during labor by modulating the transcriptional activity of PR and AR. In this
study we investigated two potential mechanisms of hormonal and mechanical
regulation of nuclear co-repressors PSF and p54nrb expression in myometrium.

Data from our study suggest that (1) myometrial PSF protein expression was
down-regulated by estrogen signaling, and up-regulated by androgen signaling; (2)
myometrial PSF mRNA expression was up-regulated by estrogen signaling and also
by blocking P4 signaling with RU486; (3) myometrial PSF protein and mRNA
expression was both down-regulated by physiological and artificial mechanical
stretch.

PSF and p54nrb are highly homologous proteins that can form heterodimers which
might interact to regulate transcription of target genes. Our data suggest that hormone
signaling regulates the expression of myometrial PSF but not p54nrb. It was shown
that PSF protein expression was induced by androgen signaling but reduced by
estrogen signaling in OVX models, while pS4nrb expression was not regulated by
steroid hormone treatment. Dieli-Conwright et al. reported differential regulation of

ER co-regulators gene expression in human skeletal muscle cells by estrogen and
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selective ER modulators (SERMs): (1) E2 and SERMs up-regulate steroid receptor
co-activator (SRC) mRNA expression and down-regulate the silencing mediator of
retinoid and thyroid hormone receptors (SMRT, tamoxifen (TAM) and raloxifene
(RAL)); (2) E2 treatment increases MyoD mRNA expression but SERMs decrease
expression; (3) E2 and RAL up-regulate GLUT4 mRNA expression; however, TAM
down-regulates it (154). It was also reported that the expression of nuclear
co-regulators, SRC-1 and NCoR was differentially regulated in different parts of
neonatal rat brain (155). All these evidence indicates that the regulation of nuclear
co-regulators is a complex process, which may involve hormone signaling crosstalk
and depend on cell type and location. Differential recruitment of nuclear
co-regulators, SRC-1 and SMRT to ERE by E2 treatment and ER inhibitor 4-
Hydroxy-tamoxifen treatment was also reported (156). We speculate, therefore, that
while hormone treatment may not alter the expression of p54nrb it could influence the
recruitment of pS4nrb to the promoters of target genes.

Mechanical stretch also regulated myometrial PSF and p54nrb expression
differentially. Our data showed that mechanical stretch imposed by fetal growth exerts
consistent inhibitory effect on myometrial PSF expression at both the gene and
protein levels. Our finding that insertion of an expandable material into the
non-gravid horn is able to reduce PSF expression to levels similar to that of the gravid
horn, supports a specific role for mechanical stretch (rather than the presence of the
fetal/placenta unit) in the down-regulation of PSF at term. However, stretch does not

appear to regulate pS4nrb expression in myometrium.
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Our lab previously reported that mechanical stretch in primary rat myometrial
smooth muscle cells increased the expression of activator protein-1 (AP-1) family
members, including c-fos, fosB, fra-1, c-jun, and junB (157). We speculate that
mechanical stretch may regulate the recruitment of p54nrb to target gene promoters
instead of directly regulating myometrial p54nrb expression, as p54nrb can be
recruited to AP-1 transcriptional factors and regulate target gene expression (102).

The differential regulation of PSF and p54nrb expression in myometrium could
possibly be explained as that (1) the regulation of myometrial p54nrb expression is a
result of the synergistic effect of steroid hormones and mechanical stretch; (2) the
expression of p54nrb is not regulated by either steroid hormones or mechanical
stretch, however, hormonal and mechanical stimuli may influence the recruitment of
p54nrb to AP-1 binding to the target gene promoters in order to regulate target gene
expression. The differential regulation of PSF and p54nrb might also lead to different
PSF/pS4nrb ratio under diverse hormonal or mechanical stimuli, which might cause
different recruitment of other nuclear factors (such as mSin3A) to the transcription
machinery to regulate target genes differently.

Our data also indicate that the expression of myometrial PSF mRNA and protein
were differentially regulated by hormone signaling. It was shown by immunostaining
that E2 treatment decreased PSF protein expression in myometrium, whereas by
real-time PCR, E2 treatment up-regulated PSF gene expression. Interestingly, this
differential regulation also occurred during normal rat gestation: in early pregnancy

while P4 signaling dominated, PSF gene expression was low and PSF protein

~82 ~



expression was high; but in late pregnancy and during labor, PSF gene expression was
up-regulated (134), while PSF protein expression was down-regulated instead. It
might be related to post-transcription modulation, which involves polyadenylation and
RNA editing.

Surprisingly, we did not detect any effect of blocking androgen signaling on
myometrial PSF or pS4nrb expression, although we found an inductive effect of DHT
treatment on myometrial PSF expression in the OVX model. This observation might
be due to cross talk between androgen and other steroid hormone signaling. It was
reported that anti-androgen Hydroxyflutamide participated into the regulation of PR
in rat uterus (141). Cardenas et al. also reported the association between
DHT-attenuated estrogenic effect and the down-regulation of ER (142).

In summary, our data suggest that P4 signaling and mechanical stretch in
association with estrogen and androgen signaling regulate the myometrial expression
of the nuclear co-repressor PSF, which in turn can modulate PR and AR
transactivation. This might act as a feedback mechanism, which can partially explain
P4 functional withdraw at the onset of labor. Putative mechanism of labor initiation

by hormonal and mechanical stimuli is shown in Figure 3.11.
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Figure 3.11 Putative mechanism of labor initiation by hormonal and mechanical
stimuli.

A. During pregnancy, P4 up-regulates myometrial AR expression. Androgen in
myometrium consequently binds with more AR which interacts with AP-1 on the
promoters of target genes such as CAP gene Cx43 and further recruits nuclear
co-repressors such as PSF. In addition, androgen up-regulates AR co-repressor PSF
expression, which assists AR further suppressing CAP expression.

B. At the onset of labor, mechanical stretch inhibits AR myometrial expression.
Androgen in myometrium consequently binds with less AR which interacts with AP-1
on promoters of CAP genes. In addition, mechanical stretch and estrogen signaling
inhibits PSF expression, which further de-repress CAP expression. As a result, CAP
expression is up-regulated followed by myometrial contraction and baby expulsion.
Note that the myometrial PSF expression regulated by hormonal and mechanical
stimuli may also modulate CAP expression through interaction with PR.
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CHAPTER 4:

SUMMARY OF RESULTS AND FUTURE DIRECTIONS
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4.1 Summary of Results

In summary, our data demonstrate that (1) myometrial AR protein expression
throughout gestation shows a trend similar to that of PR protein expression: it is
highly expressed in early gestation and levels fall significantly towards term before
the onset of labor; (2) AR expression in the myometrium is up-regulated by MPA
treatment, but down-regulated by both physiological and artificial mechanical stretch;
(3) myometrial PSF protein expression is down-regulated by estrogen signaling, and
up-regulated by androgen signaling; (4) myometrial PSF mRNA expression is
up-regulated by estrogen signaling and also by blocking P4 signaling with RU486; (5)
myometrial PSF protein and gene expression are both down-regulated by
physiological and artificial mechanical stretch; (6) pS54nrb expression in the
myometrium is not regulated by either steroid hormone treatment or mechanical

stretch.

4.2 Future Directions

It was reported that androgen induces skeletal muscle hypertrophy in human (138,
139) and promotes myogenic differentiation through Wnt signaling cascade or
myostatin (158, 159). In our in vivo model for pregnancy and term labor, we detected
high expression of AR protein in myometrium during early gestation, when uterine
myocytes undergo hyperplasia (proliferative phase of myometrial differentiation). To
investigate the role of AR in myometrial differentiation, we can use normal pregnancy

rat model to check (1) the expression of upstream and downstream molecules of Wnt
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signaling cascade, such as beta-catenin, follistatin and T-cell factor-4 (TCF-4); (2) the
expression of myostatin gene and/or protein expression throughout gestation. In
addition, we can treat OVX animals with testosterone or its non-aromatized analog
DHT to check the morphology of the uterus after hormone administration, and the
expression of differentiation-related factors. We can also knock-down the key factors
of Wnt pathway (beta-catenin, follistatin et al.) either in vitro using primary
myometrial cells in combination with siRNA or in vivo using an animal model to
check the effect of blocking Wnt pathway on myometrial tissue differentiation.

We investigated the hormonal and mechanical regulation of myometrial AR
expression using in vivo rat models. To check whether the same mechanism also
applies to human myometrium, we can treat primary human myometrial cells or
h-TERT human myometrium cell lines with steroid hormones in combination with
static mechanical stretch to mimic gestational changes and measure AR and
co-repressors (PSF and p54nrb) expression. We can also knock-down AR in the
h-TERT human myometrium cell line and check whether this influences hormonal or
mechanical regulation of PSF and p54nrb expression.

One weakness of our study on artificial stretch is the limited sample size, which
might explain why we were unable to detect a significant difference in PSF
expression between the non-gravid and gravid uterine horns. To confirm the effect of
mechanical stretch on myometrial PSF and p54nrb expression, we would need to

increase the sample size.

~ 87 ~



We found no effect on the course of pregnancy by modulating androgen signaling.
It might, nevertheless, be possible that modulation of androgen signaling affects
proximal components of the labor process, such as CAP gene expression. This could
be investigated in future studies. Based on the results of CAP gene expression, we
can design dosage curve and time curve for each drug using rats during late gestation.

Our data showed hormonal and mechanical regulation of PSF but not p54nrb. To
test whether hormone treatment or mechanical stretch influences recruitment of PSF
and p54nrb to HRE or the phosphorylation of PSF and p54nrb proteins, chromatin
immunoprecipitation (ChIP) could be used to measure PSF and pS54nrb binding to
HRE and measure the phosphrylated PSF and p54nrb proteins in OVX model treated
with steroid hormones, and following physiological or artificial mechanical stretch.

Steroid hormone regulation, mechanical stretch and inflammatory responses are
three determining factors in pregnancy and the onset of labor. Our study focused on
hormone signaling and mechanical stretch. However, it is reported that in prostate
cancer cells, IL-1P secreted by macrophages can de-repress steroid hormone receptors
(PR, ER and AR) through interaction with MEKK1 and NCoR/TAB2 complex
mediated by L/HX7LL motif (160). We can treat OVX rats or primary human
myometrial cells with IL-1p and test the recruitment of MEKK1 and NCoR/TAB2
complex on promoters of steroid hormone receptors. This might integrate hormone
signaling, mechanical stretch and inflammatory responses together and add additional

insights to the current view of the mechanisms of labor initiation.

~ 88 ~



REFERENCES

1 Dimes M. O. (2009). "White Paper on PTB: The Global and Regional Toll ".

2 Mathew TJ, MacDorman MF. (2006). "Infant Mortality Statistics from the 2003
Period Linked Birth/Infant Death Data Set." National Vital Statistics Reports 54(16).

3 Samara M, Marlow N, Wolke D. (2008). "Pervasive Behavior Problems at 6 Years
of Age in a Total-Population Sample of Children Born at <25 Weeks of Gestation ".
Pediatrics 122: 562.

4 Word RA, Tang DC, Kamm KE. (1994). "Activation properties of myosin light
chain kinase during contraction/relaxation cycles of tonic and phasic smooth
muscles." J Biol Chem 269: 21,596- 21,602.

5 Phaneuf S, Europe-Finner GN, Carrasco MP, Hamilton CH, Lopez Bernal A.
(1995). "Oxytocin signalling in human myometrium." Adv Exp Med Biol. 395:
453-67.

6 Shraga-Levine Z, Sokolovsky M. (2000). "Functional coupling of G proteins to
endothelin receptors is ligand and receptor subtype specific." Cell Mol Neurobiol.
20(3): 305-17.

7 Alberts B, L. J., Raff M, Roberts K, Walter P (2002). "Molecular biology of the cell
(4th ed.)." New York: Garland Science (ISBN 0-8153-3218-1.).

8 Zhu Y, Bond J, Thomas P (2003). "Identification, classification, and partial
characterization of genes in humans and other vertebrates homologous to a fish
membrane progestin receptor." PNAS 100 (5): 2237-2242.

9 Thomas P, Z. Y. P. M. (2002). "Progestin membrane receptors involved in the
meiotic maturation of teleost oocytes: a review with some new findings." Steroids 67:
511-517.

10 Zhu Y, R. C., Pang Y, Pace M & Thomas P (2003). "Cloning, expression, and
characterization of a membrane progestin receptor and evidence it is an intermediary
in meiotic maturation of fish oocytes." PNAS100: 2231-2236.

11 Kalinowski RR, B. C., Jone TL, Ross LLF, Jaffe LA & Mehlmann LM (2004).
"Maintenance of meiotic prophase in vertebrate oocytes by a Gs protein mediated
pathway." Developmental Biology 267: 1-13.

12 Michiel L. Houben, P. G. J. N., Grada M. van Bleek, Gerard H. A. Visser,
Maroeska M. Rovers, Hilda Kessel, Wouter J. de Waal, Leontine Schuijff, Annemiek

~ 89 ~



Evers, Jan L. L. Kimpen, and Louis Bont (2009). "The Association between
Intrauterine Inflammation and Spontaneous Vaginal Delivery at Term: A
Cross-Sectional Study." PLoS One 4(8).

13 Mesiano S. (2004). "Myometrial progesterone responsiveness and the control of
human parturition." J Soc Gynecol Investig. 11(4): 193-202.

14 Blackmore PF, N. J., Lattanzio F, Beebe SJ. (1991). "Cell surface-binding sites for
progesterone mediate calcium uptake in human sperm." J Biol Chem. 266(28):
18655-9.

15 Karteris, E., Zervou, S., Pang, Y., Dong, J., Hillhouse, E., Randeva, H., Thomas, P.
(2006). "Progesterone signaling in human myometrium through two novel membrane
G protein-coupled receptors: potential role in functional progesterone withdrawal at
term." Mol. Endocrinol. 20: 1519-1534.

16 Peluso, J., Romak, J., Liu, X. (2008). "Progesterone receptor membrane
component-1 (PGRMC1) is the mediator of progesterone's anti-apoptotic action in
spontaneously immortalized granulosa cells as revealed by PGRMCI1 siRNA
treatment and functional analysis of PGRMCI1 mutations." Endocrinology 149:
534-543.

17 Zhu, Y., Bond, J., Thomas, P. (2003). "Identification, classification, and partial
characterization of genes in humans and other vertebrates homologous to a fish
membrane progestin receptor." PNAS 100: 2237-2242.

18 Thomas, P., Pang, Y., Dong, J., Groenen, P., Kelder, J., de Vlieg, J., Zhu, Y.,
Tubbs, C. (2007). "Steroid and G protein binding characteristics of the seatrout and
human progestin membrane receptor alpha subtypes and their evolutionary origins."
Endocrinology 148: 705-718.

19 Thomas, P., Pang, Y., Zhu, Y., Detweiler, C., Doughty, K. (2004). "Multiple rapid
progestin actions and progestin membrane receptor subtypes in fish." Steroids 69:
567-573.

20 Mifsud, W., Bateman, A. (2002). "Membrane-bound progesterone receptors
contain a cytochrome b5-like ligand-binding domain." Genome Biol. 3(12).

21 Faivre, E., Skildum, A., Pierson-Mullany, L., Lange, C. (2005). "Integration of
progesterone receptor mediated rapid signaling and nuclear actions in breast cancer

cell models: role of mitogen-activated protein kinases and cell cycle regulators."
Steroids 70: 418-426.

~ 90 ~



22 Karteris E, Z. S., Pang Y, Dong J, Hillhouse EW, Randeva HS, Thomas P. (2006).
"Progesterone signaling in human myometrium through two novel membrane G
protein-coupled receptors: potential role in functional progesterone withdrawal at
term." Mol Endocrinol. 20(7): 1519-34.

23 Romero R, Y. B., Kenney JS, Gomez R, Allison AC, Sehgal PB. (1993).
"Amniotic fluid interleukin-6 determinations are of diagnostic and prognostic value in
preterm labor." Am J Reprod Immunol. 30(2-3): 167-83.

24 Chaiworapongsa T, R. R., Tolosa JE, Yoshimatsu J, Espinoza J, Kim YM, Kim JC,
Bujold E, Kalache K, Edwin S. (2002). "Elevated monocyte chemotactic protein-1 in
amniotic fluid is a risk factor for pregnancy loss." J Matern Fetal Neonatal Med.
12(3): 159-64.

25 Hertelendy F, Rastogi P, Molnar M. & Romero R. (2001). "Interleukin-1
B-induced prostaglandin E2 production in human myometrial cells: role of a pertussis
toxin-sensitive component." Am. J. Reprod. Immunol. 45: 142-147.

26 Romero R., Mazor M. & Tartakovsky B.(1991). "Systemic administration of
interleukin-1 induces preterm parturition in mice." Am. J. Obstet. Gynecol. 165:
969-971.

27 Wiqvist N, Lindblom B, Wikland M. & Wilhelmsson L. (1983). "Prostaglandins
and uterine contractility." Acta Obstet. Gynecol. Scand. 113: 23.

28 Romero R, M. H., Gomez R, Parra M, Polanco M, Valverde V, Hasbun J, Garrido
J, Ghezzi F, Mazor M, Tolosa JE, Mitchell MD. (1996). "Increase in prostaglandin
bioavailability precedes the onset of human parturition."Prostaglandins Leukot Essent
Fatty Acids. 54(3): 187-91.

29 Dray F, F. R. (1976). "Primary prostaglandins in amniotic fluid in pregnancy and
spontaneous labor." Am J Obstet Gynecol. 126(1): 13-9.

30 Keirse MJ, Mitchell MD, Turnbull AC. (1977). "Changes in prostaglandin F and
13,14-dihydro-15-keto-prostaglandin F concentrations in amniotic fluid at the onset of
and during labour." Br J Obstet Gynaecol. 84(10): 743-6.

31 Shav-Tal Y, L. B., Bar-Haim S, Schori H, Zipori D. (2001). "Reorganization of
nuclear factors during myeloid differentiation." J Cell Biochem. 81(3): 379-92.

32 Shav-Tal Y, C. M., Lapter S, Dye B, Patton JG, Vandekerckhove J, Zipori D.
(2001). "Nuclear relocalization of the pre-mRNA splicing factor PSF during apoptosis
involves hyperphosphorylation, masking of antigenic epitopes, and changes in protein
interactions." Mol Biol Cell. 12(8): 2328-40.

~91 ~



33 Patton JG, P. E., Galceran J, Tempst P, Nadal-Ginard B. (1993). "Cloning and
characterization of PSF, a novel pre-mRNA splicing factor." Genes Dev. 7(3):
393-406.

34 Norman AW, M. M., Norman DP. (2004). "Steroid-hormone rapid actions,
membrane receptors and a conformational ensemble model." Nat Rev Drug Discov
3(1): 27-41.

35 Rosner W, H. D., Kahn SM, Nakhla AM, Romas NA (2010). "Interactions of sex
hormone-binding globulin with target cells." Mol. Cell. Endocrinol. 316(1): 79-85.

36 Chabbert-Buffet N, Meduri G, Bouchard P. and Spitz IM. (2005). "Selective
progesterone receptor modulators and progesterone antagonists: mechanisms of action
and clinical applications." Hum. Reprod. Update 11(3): 293-307.

37 Guo Z, Y. X., Sun F, Jiang R, Linn DE, Chen H, Chen H, Kong X, Melamed J,
Tepper CG, Kung HJ, Brodie AM, Edwards J, Qiu Y. (2009). "A novel androgen
receptor splice variant is up-regulated during prostate cancer progression and
promotes androgen depletion-resistant growth." Cancer Res. 69(6): 2305-13.

38 M Tsai, a. B. W. O. M. (1994). "Molecular Mechanisms of Action of
Steroid/Thyroid Receptor Superfamily Members." Annual Review of Biochemistry
63: 451-486.

39 Giguere V, H. S., Rosenfeld MG, Evans RM. (1986). "Functional domains of the
human glucocorticoid receptor." Cell 46(5): 645-52.

40 Kumar V, G. S., Stack G, Berry M, Jin JR, Chambon P. (1987). "Functional
domains of the human estrogen receptor." Cell 51(6): 941-51.

41 Bagchi MK, Tsai SY, Tsai MJ. and O'Malley BW. (1992). "Ligand and
DNA-dependent phosphorylation of human progesterone receptor in vitro." Proc Natl
Acad Sci U S A. 89(7): 2664-2668.

42 Denner LA, W. N., Maxwell BL, Schrader WT, O'Malley BW. (1990).
"Regulation of progesterone receptor-mediated transcription by phosphorylation."
Science 250(4988): 1740-3.

43 Smith CL, C. O., O'Malley BW. (1993). "Modulation of the ligand-independent

activation of the human estrogen receptor by hormone and antihormone." Proc Natl
Acad Sci U S A. 90(13): 6120-4.

~92 ~



44 Power RF, L. J., Conneely OM, O'Malley BW. (1991). "Dopamine activation of an
orphan of the steroid receptor superfamily." Science. 252(5012): 1546-8.

45 Dye BT, P. J. (2001). "An RNA recognition motif (RRM) is required for the
localization of PTB-associated splicing factor (PSF) to subnuclear speckles." Exp Cell
Res. 263(1): 131-44.

46 Patton JG, P. E., Galceran J, Tempst P, Nadal-Ginard B. (1993). "Cloning and
characterization of PSF, a novel pre-mRNA splicing factor." Genes Dev. 7(3):
393-406.

47 Andersen JS, L. C., Fox AH, Leung AK, Lam YW, Steen H, Mann M, Lamond Al.
(2002). "Directed proteomic analysis of the human nucleolus." Curr Biol. 12(1): 1-11.

48 Dreger M, B. L., Schoneberg T, Otto H, Hucho F. (2001). "Nuclear envelope
proteomics: novel integral membrane proteins of the inner nuclear membrane." Proc
Natl Acad Sci U S A. 98(21): 11943-8.

49 Fox AH, L. Y., Leung AK, Lyon CE, Andersen J, Mann M, Lamond Al (2002).
"Paraspeckles: a novel nuclear domain." Curr Biol. 12(1): 13-25.

50 Zhang Z, C. G. (2001). "The fate of dsSRNA in the nucleus: a p54(nrb)-containing
complex mediates the nuclear retention of promiscuously A-to-I edited RNAs." Cell
106(4): 465-75.

51 Mathur M, T. P., Samuels HH. (2001). "PSF is a novel corepressor that mediates
its effect through Sin3A and the DNA binding domain of nuclear hormone receptors."
Mol Cell Biol. 21(7): 2298-311.

52 Sewer MB, N. V., Huang CJ, Tucker PW, Kagawa N, Waterman MR. (2002).
"Transcriptional activation of human CYP17 in H295R adrenocortical cells depends
on complex formation among p54(nrb)/NonO, protein-associated splicing factor, and

SF-1, a complex that also participates in repression of transcription." Endocrinology
143(4): 1280-90.

53 Sewer MB, W. M. (2002). "Adrenocorticotropin/cyclic adenosine
3',5'-monophosphate-mediated transcription of the human CYP17 gene in the adrenal
cortex is dependent on phosphatase activity." Endocrinology 143(5): 1769-77.

54 Yang YS, Y. M., Tucker PW, Capra JD. (1997). "NonO enhances the association
of many DNA-binding proteins to their targets." Nucleic Acids Res. 25(12): 2284-92.

~ 93 ~



55 Hallier M, T. A., Moreau-Gachelin F. (1996). "The transcription factor Spi-1/PU.1
binds RNA and interferes with the RNA-binding protein p54nrb." J Biol Chem.
271(19): 11177-81.

56 Shav-Tal Y, L. B., Bar-Haim S, Schori H, Zipori D. (2001). "Reorganization of
nuclear factors during myeloid differentiation." J Cell Biochem. 81(3): 379-92.

57 Shinozaki A, A. K., Tsukahara T. (1999). "Changes in pre-mRNA splicing factors
during neural differentiation in P19 embryonal carcinoma cells." Int J Biochem Cell
Biol. 31(11): 1279-87.

58 Pavao M, H. Y., Hafer LJ, Moreland RB, Traish AM. (2001). "Immunodetection
of nmt55/p54nrb isoforms in human breast cancer." BMC Cancer. 1: 15.

59 Boyle MB, M. N., Naftolin F, Kaczmarek LK. (1987). "Hormonal regulation of
K+-channel messenger RNA in rat myometrium during oestrus cycle and in
pregnancy." Nature 330(6146): 373-5.

60 Parkington HC, C. H. (1988). "Ionic mechanisms underlying action potentials in
myometrium." Clin Exp Pharmacol Physiol. 15(9): 657-65.

61 Collins PL, M. J., Lundgren DW, Choobineh E, Chang SM, Chang AS. (2000).
"Gestational changes in uterine L-type calcium channel function and expression in
guinea pig." Biol Reprod. 63(5): 1262-70.

62 Soloff MS, B. G., Potier M. (1988). "Determination of the functional size of
oxytocin receptors in plasma membranes from mammary gland and uterine
myometrium of the rat by radiation inactivation." Endocrinology 122(5): 1769-72.

63 Maggi M, V. G., Peri A, Brandi ML, Fantoni G, Giannini S, Torrisi C,
Guardabasso V, Barni T, Toscano V, et al. (1991). "Immunolocalization, binding, and
biological activity of endothelin in rabbit uterus: effect of ovarian steroids." Am J
Physiol. 260(2 Pt 1): E292-305.

64 Senior J, S. R., Baxter GS, Marshall K, Clayton JK. (1992). "In vitro
characterization of prostanoid FP-, DP-, IP- and TP-receptors on the non-pregnant
human myometrium." Br J Pharmacol. 107(1): 215-21.

65 Smith WL, G. R., DeWitt DL. (1996). "Prostaglandin endoperoxide H synthases
(cyclooxygenases)-1 and -2." J Biol Chem. 271(52): 33157-60.

66 Lefebvre DL, P. M., Bai XH, Chen ZQ, Lye SJ. (1995). "Myometrial
transcriptional regulation of the gap junction gene, connexin-43." Reprod Fertil Dev.

7(3): 603-11.

~ 94 ~



67 Lye SJ, N. B., Mascarenhas M, MacKenzie L, Petrocelli T. (1993). "Increased
expression of connexin-43 in the rat myometrium during labor is associated with an
increase in the plasma estrogen:progesterone ratio." Endocrinology 132(6): 2380-6.

68 Archer TK, L. P., Wolford RG, Hager GL. (1992). "Transcription factor loading
on the MMTV promoter: a bimodal mechanism for promoter activation." Science
255(5051): 1573-6.

69 Giannopoulos G, T. D. (1979). "Cytoplasmic and nuclear progestin receptors in
human myometrium during the menstrual cycle and in pregnancy at term." J Clin
Endocrinol Metab. 49(1): 100.

70 Avrech OM, G. A., Weinraub Z, Bukovsky I, Caspi E. (1991). "Mifepristone
(RU486) alone or in combination with a prostaglandin analogue for termination of
early pregnancy: a review." Fertil Steril. 56(3): 385.

71 Yemini M, B. R., Dreazen E, Apelman Z, Mogilner BM, Kessler I, Lancet M.
(1985). "Pre-vention of premature labor by 17 alpha-hydroxyprogesterone caproate."
Am J Obstet Gynecol. 151(5): 574.

72 Vegeto E, S. M., Wen DX, Goldman ME, O'Malley BW, McDonnell DP. (1993).
"Human progesterone receptor A form is a cell- and promoter-specific repressor of
human progesterone receptor B function." Mol Endocrinol. 7(10): 1244.

73 Kastner P, K. A., Turcotte B, Stropp U, Tora L, Gronemeyer H, Chambon P.
(1990). "Two distinct estrogen-regulated promoters generate transcripts encoding the

two functionally dif-ferent human progesterone receptor forms A and B." EMBO J.
9(5): 1603.

74 Dong X, C. J., Lye SJ. (2004). "Intramolecular interactions between the AF3
domain and the C-terminus of the human progesterone receptor are mediated through
two LXXLL motifs." J] Mol Endocrinol. 32(3): 843.

75 Pierson-Mullany LK, L. C. (2004). "Phosphorylation of progesterone receptor
serine 400 mediates ligand-independent transcriptional activity in response to

activation of cyclin-dependent protein kinase 2." Mol Cell Biol. 24(24): 10542-57.

76 Baulieu E-E. (1989) "Contragestion and other clinical applications of RU486, an
antiprogesterone at the receptor." Science (245): 1351-7.

77 Onate S, Tsai SY, Tsai MJ, Malley BW. (1995). "Sequence and characterization of
a coactivator for the steroid hormone receptor superfamily." Science 270: 1354-7.

~ 0§ ~



78 Tetel MJ, G. P., Leonhardt SA, McDonnell DP, Edwards DP. (1999).
"Hormone-dependent interaction between the amino- and carboxyl-terminal domains
of progesterone receptor in vitro and in vivo." Mol Endocrinol. 13: 910-24.

79 Onate S, B. V., Spencer T, Tsai SY, Tsai MJ, Edwards D, et al. (1998). "The
steroid receptor coactivator-1 contains multiple receptor interacting and activation
domains that cooperatively enhance the activation function 1 (AF1) and AF2 domain
of steroid receptors." J Biol Chem 273: 12101-8.

80 Wu W, S. S., Huang HJ, Balducci J, Garfield RE. (2011). "Changes in PGRMCI, a
potential progesterone receptor, in human myometrium during pregnancy and labour
at term and preterm." Mol Hum Reprod. 17(4): 233-42.

81 Migliaccio A, P. D., Castoria G, Di Domenico M, Bilancio A, Lombardi M, et al.
(1998). "Activation of the Src/p2lras/Erk pathway by progesterone receptor via
cross-talk with estrogen receptor." EMBO J. 17: 2008-18.

82 Gellersen B, F. M., Brosens JJ. (2009). "Non-genomic progesterone actions in
female reproduction."” Hum Reprod Update. 15(1): 119-38.

83 Leonhardt SA, B. V., Edwards DP. (2003). "Progesterone receptor transcription
and non-transcription signaling mechanisms." Steroids 68(10-13): 761-70.

84 Boonyaratanakornkit V, S. M.., Ribon V, Sherman L, Anderson SM, Maller JL,
Miller WT, Edwards DP. (2001). "Progesterone receptor contains a proline-rich motif
that directly interacts with SH3 domains and activates c-Src family tyrosine kinases."
Mol Cell 8: 269-280.

85 Weigel NL, M. N. (2007). "Steroid receptor phosphorylation: a key modulator of
multiple receptor functions." Mol Endocrinol. 21: 2311-2319.

86 MA C. (2007). "Progesterone receptor membrane component 1: an integrative
review." J Steroid Biochem Mol Biol. 105: 16-36.

87 Mesiano S, C. E., Fitter JT, Kwek K, Yeo G, Smith R. (2002). "Progesterone
withdrawal and estrogen activation in human parturition are coordinated by
progesterone receptor A expression in the myometrium." J Clin Endocrinol Metab.
87(6): 2924-30.

88 Murphy LJ, M. L., Friesen HG. (1987). "Estrogen induction of N-myc and c-myc
proto-oncogene expression in the rat uterus." Endocrinology 120(5): 1882-8.

89 Loose-Mitchell DS, C. C., Stancel GM. (1988). "Estrogen regulation of c-fos
messenger ribonucleic acid." Mol Endocrinol. 2(10): 946-5.

~ 96 ~



90 Weisz A, B. F. (1988). "Estrogen induces expression of c-fos and c-myc
protooncogenes in rat uterus." Mol Endocrinol. 2(9): 816-24.

91 Nadal A, A.-M. P., Soriano S, Ropero AB, Quesada 1. (2009). "The role of
oestrogens in the adaptation of islets to insulin resistance." J Physiol. 587(Pt 21):
5031-7.

92 Gibori G, C. R. J., Chien JL. (1979). "Ovarian and serum concentrations of
androgen throughout pregnancy in the rat." Biol Reprod. 21(1): 53-6.

93 Gregory CW, H. B., Wilson EM. (2001). "The putative androgen receptor-A form
results from in vitro proteolysis." J Mol Endocrinol. 27(3): 309-19.

94 Perusquia M, N. E., Jasso-Kamel J, Montafio LM. (2005). "Androgens induce
relaxation of contractile activity in pregnant human myometrium at term: a
nongenomic action on L-type calcium channels." Biol Reprod. 73(2): 214-21.

95 Bethin KE, Nagai Y, Sladek R, Asada M, Sadovsky Y, Hudson TJ. and Muglia LJ.
(2003). "Microarray Analysis of Uterine Gene Expression in Mouse and Human
Pregnancy." Molecular Endocrinology 17(8): 1454-1469.

96 Huynh HT, A. L., Laird DW, Batist G, Chalifour L, Alaoui-Jamali MA. (2001).
"Regulation of the gap junction connexin 43 gene by androgens in the prostate." J
Mol Endocrinol. 26(1): 1-10.

97 Mendelson CR. (2009). "Minireview: fetal-maternal hormonal signaling in
pregnancy and labor." Mol Endocrinol. 23(7): 947-54.

98 Geimonen E, B. E., Royek A, Andersen J. (1998). "Elevated connexin-43
expression in term human myometrium correlates with elevated c-Jun expression and
is independent of myometrial estrogen receptors." J Clin Endocrinol Metab. 83(4):
1177-85.

99 Dong X, S. J., Challis JR, Brown T, Lye SJ. (2007). "Transcriptional activity of
androgen receptor is modulated by two RNA splicing factors, PSF and p54nrb." Mol
Cell Biol. 27(13): 4863-75.

100 Dong X, S. O., Challis JR, Lye SJ. (2005). "Identification and characterization of

the pro-tein-associated splicing factor as a negative co-regulator of the progesterone
receptor." J Biol Chem. 280(14): 13329.

~97 ~



101 Dong X, S. J., Challis JR, Brown T, Lye SJ. (2007). "Transcriptional activity of
androgen receptor is modulated by two RNA splicing factors, PSF and p54nrb." Mol
Cell Biol. 27(13): 4863.

102 Dong X, Y. C., Shynlova O, Challis JR, Rennie PS, Lye SJ. (2009). "p54nrb is a
transcrip-tional corepressor of the progesterone receptor that modulates transcription
of the la-bor-associated gene, connexin 43 (Gjal)." Mol Endocrinol. 23(8): 1147.

103 Tyson-Capper AJ, S. E., Robson SC. (2009). "Interplay between polypyrimidine
tract binding protein-associated splicing factor and human myometrial progesterone
receptors." J Mol Endocrinol. 43(1): 29-41.

104 Li Y, R. M., Tribe RM, Hess PE, Taggart M, Kim H, DeGnore JP,
Gangopadhyay S, Morgan KG. (2009). "Stretch activates human myometrium via
ERK, caldesmon and focal adhesion signaling." PLoS One. 4(10): ¢7489.

105 Ou CW, Orsino. A. Lye SJ. (1997). "Expression of connexin-43 and connexin-26
in the rat myometrium during pregnancy and labor is differentially regulated by
mechanical and hormonal signals." Endocrinology 138: 5398-5407.

106 Ou CW, C. Z., Qi S and Lye SJ (1998). "Increased expression of the rat
myometrial oxytocin receptor messenger ribonucleic acid during labor requires both
mechanical and hormonal signals." Biol Reprod. 59: 1055-1061.

107 Wu WX, M. X., Yoshizato T, Shinozuka N and Nathanielsz PW (1999).
"Differential expression of myometrial oxytocin receptor and prostaglandin H
synthase 2, but not estrogen receptor alpha and heat shock protein 90 messenger
ribonucleic acid in the gravid horn and nongravid horn in sheep during
betamethasone-induced labor." Endocrinology 140: 5712-5718.

108 Terzidou V, S. S., Kim LU, Thornton S, Bennett PR, Johnson MR. (2005).
"Mechanical stretch up-regulates the human oxytocin receptor in primary human
uterine myocytes." J Clin Endocrinol Metab. 90(1): 237-46.

109 Mitchell JA, L. S. (2002). "Differential expression of activator protein-1
transcription factors in pregnant rat myometrium." Biol Reprod. 67(1): 240-6.

110 Oldenhof AD, S. O., Liu M, Langille BL and Lye SJ (2002). "Mitogen-activated
protein kinases mediate stretch-induced c-fos mRNA expression in myometrial
smooth muscle cells." Am J Physiol Cell Physiol 283: C1530-C1539.

111 Shynlova OP, O. A., Liu M, Langille L and Lye SJ (2002). "Regulation of c-fos

expression by static stretch in rat myometrial smooth muscle cells." Am J Obstet
Gynecol. 186: 1358-1365.

~ 98 ~



112 Loudon JA, S. S., Bennett PR, Johnson MR. (2004). "Mechanical stretch of
human uterine smooth muscle cells increases IL-8 mRNA expression and peptide
synthesis." Mol Hum Reprod. 10(12): 895-9.

113 Shynlova O, T. P., Jaffer S, Lye SJ. (2009). "Integration of endocrine and
mechanical signals in the regulation of myometrial functions during pregnancy and
labour." Eur J Obstet Gynecol Reprod Biol. 144Suppl 1: S2-10.

114 Elliott CL, L. J., Brown N, Slater DM, Bennett PR, Sullivan MH. (2001).
"IL-1beta and IL-8 in human fetal membranes: changes with gestational age, labor,
and culture conditions." Am J Reprod Immunol. 46(4): 260-7.

115 Novy MJ, C. M., Manaugh L. (1974). "Indomethacin block of normal onset of
parturition in primates." Am J Obstet Gynecol. 118(3): 412-6.

116 Matsumoto T, S. N., Yoshida M, Mori T, Tanaka I, Mukoyama M, Kotani M,
Nakao K. (1997). "The prostaglandin E2 and F2 alpha receptor genes are expressed in
human myometrium and are down-regulated during pregnancy." Biochem Biophys
Res Commun. 238(3): 838-41.

117 Brodt-Eppley J, M. L. (1999). "Prostaglandin receptors in lower segment
myometrium during gestation and labor." Obstet Gynecol. 93(1): 89-93.

118 Iwamoto GK, K. S. (1997). "Cytomegalovirus immediate early genes upregulate
interleukin-6 gene expression." J Investig Med. 45(4): 175-82.

119 Kniss DA, Z. P., Garver CL, Fertel RH. (1997). "Interleukin-1 receptor antagonist
blocks interleukin-1-induced expression of cyclooxygenase-2 in endometrium." Am J
Obstet Gynecol. 177(3): 559-67.

120 Molnér M, R. R., Hertelendy F. (1993). "Interleukin-1 and tumor necrosis factor
stimulate arachidonic acid release and phospholipid metabolism in human myometrial
cells." Am J Obstet Gynecol. 169(4): 825-9.

121 Van Meir CA, R. M., Matthews SG, Calder AA, Keirse MJ, Challis JR. (1997).
"Chorionic prostaglandin catabolism is decreased in the lower uterine segment with
term labour." Placenta 18(2-3): 109-14.

122 Pomini F, C. A., Challis JR. (1999). "Interleukin-10 modifies the effects of
interleukin-1beta and tumor necrosis factor-alpha on the activity and expression of
prostaglandin H synthase-2 and the NAD+-dependent 15-hydroxyprostaglandin
dehydrogenase in cultured term human villous trophoblast and chorion trophoblast
cells." J Clin Endocrinol Metab. 84(12): 4645-51.

~99 ~



123 Zaragoza DB, W. R., Mitchell BF, Olson DM. (2006). "The interleukin
Ibeta-induced expression of human prostaglandin F2alpha receptor messenger RNA
in human myometrial-derived ULTR cells requires the transcription factor,
NFkappaB." Biol Reprod. 75(5): 697-704.

124 Tonon R, D. A. P. (2000). "Interleukin-1beta increases the functional expression
of connexin 43 in articular chondrocytes: evidence for a Ca2+-dependent
mechanism." J Bone Miner Res. 15(9): 1669-77.

125 Schoénbeck U, M. F., Libby P. (1998). "Generation of biologically active IL-1
beta by matrix metalloproteinases: a novel caspase-1-independent pathway of IL-1
beta processing." J Immunol. 161(7): 3340-6.

126 Condon JC, H. D., Kovaric K, Mendelson CR. (2006). "Up-regulation of the
progesterone receptor (PR)-C isoform in laboring myometrium by activation of
nuclear factor-kappaB may contribute to the onset of labor through inhibition of PR
function." Mol Endocrinol. 20(4): 764-75.

127 Goldman S, W. A., Almalah I, Shalev E. (2005). "Progesterone receptor
expression in human decidua and fetal membranes before and after contractions:
possible mechanism for functional progesterone withdrawal." Mol Hum Reprod.
11(4): 269-77.

128 Wang JD, S. W., Zhang GQ, Bai XM. (1994). "Tissue and serum levels of steroid
hormones and RU 486 after administration of mifepristone." Contraception 49(3):
245-53.

129 Manabe Y, M. A., Takahashi A. (1982). "F prostaglandin levels in amniotic fluid
during balloon-induced cervical softening and labor at term." Prostaglandins Leukot
Essent Fatty Acids. 23(2): 247-256.

130 Sahlin L, N. G., Eriksson H. (1994). "Estrogen regulation of the estrogen receptor
and insulinlike growth factor-I in the rat uterus: a potential coupling between effects
of estrogen and IGF-L." Steroids 59: 421-430.

131 Shynlova O, M. J., Tsampalieros A, Langille BL, Lye SJ. (2004). "Progesterone
and gravidity differentially regulate expression of extracellular matrix components in
the pregnant rat myometrium." Biol Reprod. 70(4): 986-992.

132 Paris F, W. G., Bliim V, Nieschlag E. (1994). "The effect of androgens and
antiandrogens on the immunohistochemical localization of the androgen receptor in
accessory reproductive organs of male rats." J Steroid Biochem Mol Biol. 48(1):
129-137.

~ 100 ~



133 Ou C, O. A,, Lye SJ. (1997). "Expression of connexin-43 and connexin-26 in
the rat myometrium during pregnancy and labor is differentially regulated by
mechanical and hormonal signals." Endocrinology 138: 5398-5407.

134 Dong X, S. O., Challis JR, Lye SJ. (2005). "Identification and characterization of
the protein-associated splicing factor as a negative co-regulator of the progesterone
receptor." J Biol Chem. 280(14): 13329-13340.

135 Cockshottt ID, Plummer JF, Cooper KJ. and Warwick MJ. (1991). "The
pharmacokinetics of Casodex in laboratory animals." Xenobiotica 21(10): 1347-1355.

136 Chandrasekhar Y, A. D. (1991). "Regulation of uterine progesterone receptors by
the nonsteroidal anti-androgen hydroxyflutamide." Biol Reprod. 45(1): 78-81.

137 Ou CW, O. A., Lye SJ. (1997). "Expression of connexin-43 and connexin-26 in
the rat myometrium during pregnancy and labor is differentially regulated by
mechanical and hormonal signals." Endocrinology 138(12): 5398-5407.

138 Bhasin S, W. L., Casaburi R, Singh AB, Bhasin D, Berman N, Chen X,
Yarasheski KE, Magliano L, Dzekov C, Dzekov J, Bross R, Phillips J, Sinha-Hikim I,
Shen R, Storer TW. (2001). "Testosterone dose-response relationships in healthy
young men." Am J Physiol Endocrinol Metab 281(6): E1172-1181.

139 Blackman MR, S. J., Miinzer T, Bellantoni MF, Busby-Whitehead J, Stevens TE,
Jayme J, O'Connor KG, Christmas C, Tobin JD, Stewart KJ, Cottrell E, St Clair C,
Pabst KM, Harman SM. (2002). "Growth hormone and sex steroid administration in
healthy aged women and men: a randomized controlled trial." JAMA. 288(18):
2282-2292.

140 Singh R, B. S., Braga M, Artaza JN, Pervin S, Taylor WE, Krishnan V, Sinha
SK, Rajavashisth TB, Jasuja R. (2009). "Regulation of myogenic differentiation by
androgens: cross talk between androgen receptor/ beta-catenin and

follistatin/transforming growth factor-beta signaling pathways." Endocrinology
150(3): 1259-1268.

141 Chandrasekhar Y, A. D. (1991). "Regulation of uterine progesterone receptors
by the nonsteroidal anti-androgen hydroxyflutamide." Biol Reprod. 45(1): 78-81.

142 Cérdenas H, P. W. (2004). "Attenuation of estrogenic effects by

dihydrotestosterone in the pig uterus is associated with downregulation of the
estrogen receptors.” Biol Reprod. 70(2): 297-302.

~101 ~



143 Kilarski WM, H. J., Semik D, Roomans GM. (2000). "Effect of progesterone and
oestradiol on expression of connexin43 in cultured human myometrium cells." Folia
Histochem Cytobiol. 38(1): 3-9.

144 Lye SJ, N. B., Mascarenhas M, MacKenzie L, Petrocelli T. (1993). "Increased
expression of connexin-43 in the rat myometrium during labor is associated with an

increase in the plasma estrogen:progesterone ratio." Endocrinology. 132(6):
2380-2386.

145 Ferre F, G. G., Breuiller M, Jolivet A. (1985). "A longitudinal study of cyclic
nucleotide phosphodiesterase activity and its relationship with nucleic acid content in
the myometrium of cynomolgus monkeys (Macaca fascicularis) between days 39 and
162 of gestation." Gynecol Obstet Invest 19: 42-52.

146 Lintner F, H. F., Zsolnai B. (1986). "The effect of fetectomy on prostaglandin
receptors of the rat myometrium." Acta Chir Hung 27: 177-184.

147 Douglas AJ, C. E., Goldspink DF. (1988). "Influence of mechanical stretch on
growth and protein turnover of rat uterus." Am J Physiol Cell Physiol 254: E543-548.

148 Reynolds LP, R. D. (1992). "Growth and microvascular development of the
uterus during early pregnancy in ewes." Biol Reprod. 47: 698-708.

149 Pelletier G, L.-T. V., Li S, Labrie F. (2004 ). "Localization and estrogenic
regulation of androgen receptor mRNA expression in the mouse uterus and vagina." J
Endocrinol. 180(1): 77-85.

150 Rauscher FJ 3rd, V. P., Franza BR Jr, Curran T. (1988). "Fos and Jun bind
cooperatively to the AP-1 site: reconstitution in vitro." Genes Dev. 2(12B):
1687-1699.

151 Manabe Y, M. T., Yoshida Y. (1984). "Decidual morphology and F prostaglandin
in amniotic fluid in stretch-induced abortion." Obstet Gynecol. 64(5): 661-665.

152 Adesanya-Famuyiwa OO, Z. J., Wu G, Bondy C. (1999). "Localization and sex
steroid regulation of androgen receptor gene expression in rhesus monkey uterus."
Obstet Gynecol. 93(2): 265-270.

153 Vesanen M, 1. V., Alanko M, Vihko R. (1992). "Bovine uterine, cervical and

ovarian androgen receptor concentrations. Correlation with estrogen and progesterone
receptor concentrations." Acta Vet Scand. 33(4): 379-386.

~102 ~



154 Dieli-Conwright CM, S. T., Rice JC, Todd Schroeder E. (2009). "Oestradiol and
SERM treatments influence oestrogen receptor coregulator gene expression in human
skeletal muscle cells." Acta Physiol (Oxf). 197(3): 187-196.

155 Tannacone EA, Y. A., Gauger KJ, Dowling AL, Zoeller RT. (2002). "Thyroid
hormone exerts site-specific effects on SRC-1 and NCoR expression selectively in the
neonatal rat brain." Mol Cell Endocrinol. 186(1): 49-59.

156 Fleming FJ, H. A., McDermott EW, O'Higgins NJ, Young LS. (2004).
"Differential recruitment of coregulator proteins steroid receptor coactivator-1 and
silencing mediator for retinoid and thyroid receptors to the estrogen receptor-estrogen
response element by beta-estradiol and 4-hydroxytamoxifen in human breast cancer."
J Clin Endocrinol Metab. 89(1): 375-383.

157 Mitchell JA, S. O., Langille BL, Lye SJ. (2004). "Mechanical stretch and
progesterone differentially regulate activator protein-1 transcription factors in primary
rat myometrial smooth muscle cells." Am J Physiol Endocrinol Metab. 287(3):
E439-445.

158 Diel P, S. T., Geisler S, Hertrampf T, Mosler S, Schulz S, Wintgens KF, Adler M.
(2010). "Analysis of the effects of androgens and training on myostatin propeptide
and follistatin concentrations in blood and skeletal muscle using highly sensitive
immuno PCR." Mol Cell Endocrinol. 330(1-2): 1-9.

159 Singh R, B. S., Braga M, Artaza JN, Pervin S, Taylor WE, Krishnan V, Sinha
SK, Rajavashisth TB, Jasuja R. (2008). "Regulation of myogenic differentiation by
androgens: cross talk between androgen receptor/ beta-catenin and

follistatin/transforming growth factor-beta signaling pathways." Endocrinology.
150(3): 1259-68.

160 Zhu P, B. S., Bourk EM, Ohgi KA, Garcia-Bassets I, Sanjo H, Akira S, Kotol PF,
Glass CK, Rosenfeld MG, Rose DW. (2006). "Macrophage/cancer cell interactions

mediate hormone resistance by a nuclear receptor derepression pathway." Cell.
124(3): 615-29.

161Richard E. Behrman, A. S. B., Editors, Committee on Understanding Premature
Birth and Assuring Healthy Outcomes (2007). "Preterm Birth: Causes, Consequences,
and Prevention." 398.

162 Shav-Tal Y, Z. D. (2002). "PSF and p54(nrb)/NonO--multi-functional nuclear
proteins." FEBS Lett. 531(2): 109-114.

163 Kramer SM, G. U., Fendly BM, Mohler MA, Drolet DW, Johnston PD. (1990).
"Increase in cyclic AMP levels by relaxin in newborn rhesus monkey uterus cell
culture." In Vitro Cell Dev Biol. 26(6): 647-656.

~ 103 ~



164 Rekawiecki R, K. M., Slonina D, Kotwica J. (2008). "Regulation of progesterone
synthesis and action in bovine corpus luteum." J Physiol Pharmacol. 59(Suppl 9):
75-89.

~ 104 ~



	2.2.2.	Experimental design:
	2.2.3.	Tissue collection:
	2.2.4.	Western immunoblot analysis:
	2.2.5.	Real-time PCR analysis:

	2.2.6.	Immunohistochemistry:
	2.2.7.	Statistical analysis:
	3.2.2.	Experimental Design:
	3.2.3.	Tissue collection:
	3.2.4.	Western immunoblot analysis:
	3.2.5.	Real-Time PCR Analysis:
	3.2.6.	Immunohistochemistry:
	3.2.7.	Statistical Analysis:


