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ABSTRACT

TISSUE-SPECIFIC IN VITRO AND IN VIVO EVALUATION OF TAMOXIFEN-

MEDIATED GENE EXPRESSION

By

Cora Jung-Yee Fong

Estrogenic endocrine disrupting compounds (EEDCs) are an

environmental and human health concern and thus have become a focus for risk

assessment characterization. The United States Environmental Protection

Agency (US EPA) is considering screening 87, 000 chemicals for their potential

endocrine disrupting properties and is currently developing assays for this

purpose. An in vitro hepatic mouse tissue culture model, Hepa-1c1c7, was thus

evaluated as a system to examine estrogenic gene expression responses.

Hepa-1c1c7 cells exhibit gene expression changes in response to estrogen

treatment, which correlate with those of an in vivo system, such as cytoskeletal

reorganization and cholesterol metabolism. However, the magnitude of the

differential gene expression responses did not warrant further examination with

less potent estrogenic compounds.

The rodent uterotrophic assay has historically been used to evaluate

estrogenic compounds and extensive literature has examined the effects of the

potent estrogen mimic, 17a-ethynylestradiol (EE), on the uterus. This provided

an excellent foundation for the characterization of tamoxifen (TAM)-mediated

effects. The pharmaceutical tamoxifen is an estrogen receptor (ER) ligand which

exhibits its anti-breast cancer effects by competing with estradiol for ER binding.

In contrast, TAM elicits an estrogenic effect in endometrial tissue by promoting



proliferation. Its seemingly dual nature classifies it as a selective estrogen

receptor modulator (SERM). Comprehensive microarray analysis complemented

with physiological and histological data illustrated that TAM elicits gene

expression changes which closely resembles those of EE, although for the most

part muted in magnitude. In addition, EE-specific genes were identified which

were consistent with the increased EE-mediated uterotrophic response

compared to that of TAM.

Interestingly, historical studies have shown that mixed treatment of EE

and TAM results in an inhibition of EE-mediated uterotrophy. An experimental

design was developed to examine whether the mixed treatment physiology was

due to global inhibition of gene expression. Surprisingly, only 10% of the genes

exhibited a mixture-mediated response which differed from that of EE alone.

These differential responses represented genes involved in cell growth and

proliferation and were consistent with the inhibited physiology observed. These

data suggest that TAM only modifies the expression of a subset of genes

involved in eliciting a full uterotrophic effect under mixture conditions with EE and

warrants investigation into the mechanisms of regulation involved.
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CHAPTER 1

GENE EXPRESSION RESPONSES ELICITED BY ESTROGENIC

COMPOUNDS IN LIVER AND UTERUS

INTRODUCTION

Estrogenic compounds and their impact on human health are high

priorities in the research field. In 1996, enactment of the Food Quality Protection

Act (FQPA) and amendments to the Safe Drinking Water Act (SDWA) required

the US. Environmental Protection Agency (EPA) to develop programs for the

screening of endocrine disrupting compounds (EDCs). These have been defined

as synthetic or natural chemicals which have an effect on humans that is similar

to those produced by naturally occurring hormones—specifically estrogen,

androgen and thyroid (1). These legislative changes arose in response to

observed wildlife abnormalities due to chemical exposures such as the dichloro-

diphenyl—trichloroethane (DDT)-mediated feminization of male gulls (2), increases

in female estrogen levels and decreases in male testosterone in alligators

exposed to dicofol and DDT (3) and deformities in Xenopus embryos associated

with high levels of chemical agents (4).

Human exposure to EDCs is also an area of concern. For instance, world-

wide polychlorinated biphenyl (PCB) contamination of fish (5-7) and led to

studies assessing their toxicity and establishing safe human consumption

guidelines (8). However, some compounds are examined due to their potential

beneficial properties. Phytoestrogens are natural plant products demonstrated to



have estrogenic properties. Genistein is an isoflavone extracted from soybean.

It is structurally similar to E2 and also exerts its mild estrogenic effects through

ER binding (9). In Eastern Asia, where there is a high dietary intake of soy

products, the incidence of breast cancer in women is lower compared to their

Western counterparts (reviewed in (10)). Phytoestrogens have been used as a

natural substitute in hormone replacement therapies but have caused concern

with respect to being a potential breast cancer promoter (11).

In response to these environmental and health concerns, the Endocrine

Disrupter Screening and Testing Advisory Committee (EDSTAC) was formed to

aid in the development of an EPA program to make informed regulatory

decisions on compounds. A tiered approach was adopted where by Tier 1

screening would aid in the identification of compounds which may interact with

the endocrine system. Tier 2 testing would determine any adverse effects

caused by the compound as well as characterize the relationship between dose

and effect. At this time, compounds are being prioritized for testing and assays

are being validated for the screening and testing phases.



ESTROGENIC COMPOUNDS AND THEIR EFFECTS

ESTROGENS AND ESTROGEN SIGNALING

Endogenous estrogens are comprised of a series of steroidal compounds

which are primarily associated with the regulation of female growth and

development. Deficiency in humans result in ambiguous external genitalia at

birth, lack of maturation of reproductive organs, polycystic ovaries (12), and

delayed bone structure development with a prolonged linear bone growth (13).

Estrogens also play a role in male growth and development. Estrogen deficient

males show no early signs of deficiency, but are diagnosed as adults with

delayed bone structure development alongside prolonged linear bone growth

(reviewed in (14)). Other studies have shown estrogen to be important in the

maintenance of the cardiovascular, hepatic, skeletal and renal systems as well

as promoting healthy lipid profiles (reviewed in (15)).

178-Estradiol (E2) is the most abundant estrogen found in females and

exerts its effects through the estrogen receptor (ER). In mammalian systems,

two ER isoforms have been identified. ERa is found in uterine, ovarian,

mammary, vaginal, epididymal, testicular, hepatic, adrenal and renal tissue while

ERB is found in ovarian, prostate, pulmonary and cerebral tissue (16,17). To

further characterize the roles of each receptor, transgenic knockout mice have

been developed for both receptors—aERKO and BERKO. aERKO females

exhibit immature uterine structure, enlarged, polycystic ovaries, poor mammary

duct development, and smaller stature, while males experience progressive

testicular tubule degradation, nonfunctional sperm, delayed cardiac



depolarization, lower bone density and attenuated aggressive behavior. BERKO

animals generally demonstrate normal organ structure and development,

although female mice fertility is decreased (reviewed in (18)).

Nuclear Receptor Signaling

The ER belongs to a class of ligand activated transcription factors

identified as the nuclear receptor (NR) superfamily. NR superfamily members

share five distinct domain structures (19). Domain A/B contains a constitutively

active activation function domain (AF1) which interacts with other transcription

cofactors. Domain C is a highly conserved DNA-binding domain (DBD) which

seeks out specific response elements in DNA enhancer regions. Domain D is a

hinge region separating the DBD from the ligand-binding domain (LBD), domain

E, and also serves as a ligand-dependent transactivation region, AF2. ER also

contains an F domain which has been implicated in ligand-dependent differential

transcription activity (20). Domains NE, D and F have the lowest similarity

between ER alpha and beta isoforms, while the DBD is highly conserved with

97% similarity (21) (Figure 1).

The classical mode of action of NRs involves dimerization with a partner

protein followed by dimerized-complex binding to specific DNA sequences in the

promoter regions of responsive genes. Co-regulating transcription factors and



Figure 1

Estrogen receptor domain structure

Estrogen receptor isoforms alpha and beta contain five major domains where the

DNA binding domain (DBD) and ligand binding domain (LBD) share the highest

amino acid sequence similarity. Activation function domains, AF1 and AF2. are

located in the NB and E domains, respectively.

 

      
 

 

ERor A / B c o E F

DBD LBD

97% 60%

ERB A / B c o E F
      
 



transcriptional machinery may then be recruited to the gene, leading to changes

in basal transcriptional activation (Figure 2). Estrogens enter the cell and bind to

nuclear residing ER. Ligand binding induces a conformational change causing

the release of chaperone proteins such as heat shock protein 90 (Hsp90) (22).

Activated ER complexes homodimerize allowing them to bind specific promoter

sequences, known as estrogen response elements (EREs), of responsive genes.

This DNA-bound complex may then influence changes in the transcriptional state

of proximal genes through interactions with the basal transcriptional machinery

and transcriptional cofactors (mechanism reviewed in (23)).

DNA-Response Elements

Response elements are short DNA sequences, found in the promoter and

enhancer regions of primary responsive genes, which activated NR bind to with

high affinity. NR specificity is determined by the nucleotide sequence. Through

in vitro studies, a consensus ERE sequence (5’-GGTCAnnnTGACC-3’, where n

represents any nucleotide) has been identified (24). However, examination of

other estrogen responsive genes have identified nucleotide substitutions in the

ERE (reviewed in (25)). Bioinformatic and high-throughput approaches have

also identified putative EREs in the mouse and human genome (26,27).

Interactions between EREs and ligand-bound ER may also induce

receptor conformation changes. Peptidase digestion experiments have



Figure 2

Classical mechanism of estrogen receptor signaling

Estrogen receptor ligands diffuse into the cell and bind to the estrogen receptor

located in the nucleus. Ligand binding induces a conformational change to

release stabilizing chaperone proteins, such as Hsp90, and allow for dimerization

- of activated receptors. ER dimers may then bind to sequence specific estrogen

response elements (ERE) in the promoter region of estrogen responsive genes,

recruit co—regulating proteins and transcriptional machinery to drive changes in

mRNA expression.
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demonstrated that ligand-bound ER, incubated with different ERE sequenCes,

exhibit varied electrophoretic fragment patterns (28). Similarly, phage-display

ELISA assays have identified different exposed epitopes on the active ER

complex when it is bound to different ERE sequences (29). Thus, ER

conformation affects what subset of co-regulating proteins can be recruited and

subsequently influence transcriptional changes to proximal genes.

Co-regulatory Proteins

Co-regulating proteins pose as a bridge between the AF2 domain of DNA-

bound nuclear receptors and basal transcriptional machinery. The subset of

coregulators recruited to a NR is determined in part by the specific receptor, the

bound ligand, the response element sequence bound by the NR and the cell-

specific expression of the coregulators (30,31). Collectively, a variety of factors

play a role in nuclear receptor-mediated changes in transcription.

The steroid receptor coactivator (SRC) protein family has been extensively

studied. SRC proteins have a receptor-interacting domain containing two or

three short, helical LXXLL motifs, where L represents leucine and X represents

any amino acid (32). Some members possess histone acetylase (HAT) activity,

but all recruit additional coactivators with intrinsic HAT activity, which is important

in the enhancement of nuclear receptor activity through chromatin structure

remodeling (reviewed in (33)). The complex of coactivator proteins facilitates the

recruitment of the basal transcriptional machinery to the responsive target genes.



Coregulators have also demonstrated their influence on nuclear receptor

binding to specific response elements. Affinity binding assays have

demonstrated that the presence of high mobility group B (HMGB) coactivators

increases the affinity of estrogen-bound ER to consensus ERE sequences, and

that different members of the co-regulatory family also affect the degree of

affinity (34).

Non-classical Signaling Mechanisms

In addition to the classical NR signaling, ER can elicit activity using other

pathways (23). Growth factors may initiate MAPK signaling pathways to

phosphorylate specific serine residues found in the ER AF1 domain, allowing

interaction with coactivators to modify gene expression (35). ER activated in this

manner is capable of tethering to Fos/Jun complexes at AP-1 sites and Sp1

complexes at GC-rich regions to drive differential transcription (36,37). Recently,

it has been proposed that ERs can also exist in a membrane-bound state. This

form has been proposed to activate signaling cascades which are too rapid to

involve genomic responses, such as the influx of extracellular calcium by mast

cells (38).

Estrogen signaling is a complex network and can thus be interrupted at

various nodes.



ESTROGENIC ENDOCRINE DISRUPTORS

Xenobiotic compounds which disrupt normal estrogen signaling are known

as estrogenic endocrine disruptors (EEDs). EEDs are structurally diverse and

found as natural products, pharmaceuticals, industrial compounds, pesticides

and other environmental contaminants. Disruption of estrogen signaling may

affect enzymes involved in estrogen production or metabolism, influence ER

expression levels or compete with endogenous estrogens for ER binding

(reviewed in (10,39)).

Although the EPA is focused on EED exposure through food and water

(40), some research is focused on pharmaceuticals which are directed at

disrupting endocrine systems. For example, 17a-ethnylestradiol (EE) is the main

component in female contraceptives. It is structurally similar to E2 and its effects

mimic that of endogenous estrogen in vivo and in vitro (41). Diethylstilbestrol

(DES) is another ER-binding pharmaceutical, which was first prescribed to

pregnant women in the 1940s to prevent miscarriages. In 1971, it was

associated with the development of vaginal cancer in female offspring to women

prescribed DES (42) and further research has demonstrated the teratogenic

properties of DES.

1O



TAMOXIFEN AS AN ENDOCRINE DISRUPTOR

Tamoxifen (TAM) was first developed in the late 19603 and initially

prescribed as a fertility drug (43). TAM was subsequently examined for potential

anti-cancer activity, an application for which it proved successful (reviewed in

(44)). TAM was approved in 1977 for treatment of ER-positive breast cancer.

TAM exerts its effects through direct binding to the ER, thus competing with

endogenous estrogens that otherwise promote proliferation and cancer

progression (45). Consequently, TAM is less effective against ER-negative

breast cancers.

TAM is effective for suppressing cancer recurrence by 50% as well as

inhibiting contralateral primary breast cancer. In addition, women identified at

high risk for breast cancer have a significantly reduced risk of developing cancer

with prophylactic TAM treatment (46).

Three TAM metabolites also exhibit antiestrogenic activity, 4-

hydroxytamoxifen (4OH-TAM), N-desmethyltamoxifen (DMT) and 4-hydroxy-N-

desmethyltamoxifen (endoxifen) (Figure 3). 4OH-TAM is a potent metabolite due

to its high ER binding affinity (47-50). DMT exhibits low ER binding affinity (51)

but is the major human metabolite (52). Recent studies with endoxifen suggest

that it my be more potent than 4OH-TAM (53,54). Moreover, human plasma

concentrations indicate that endoxifen levels (12.4 ng/mL) are greater than that

of 4OH-TAM (1.1 ng/mL) (55).

11



Figure3

Metabolism of tamoxifen

Tamoxifen is metabolized into bioactive metabolites 4-hydroxytamoxifen, N-

desmethyltamoxifen, and 4-hydroxy-N—desmethyltamoxifen.
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TAM metabolism differs between species. Studies between rodents and

humans have shown that TAM N-oxide, 4OH-TAM and DMT are the predominant

metabolites in the mouse, while DMT is the major human metabolite in

microsomal studies (56,57). In rodents, the levels and rates of TAM metabolism

to 4OH-TAM and DMT were significantly different in the rat and mouse, where

the rat metabolite profile more closely resembles human profiles (52). Such

studies illustrate that differences metabolism between models should be

considered in extrapolations for risk assessment.

Despite the high therapeutic index of TAM, its adverse effects include a

two-fold increase in risk to develop endometrial cancer (58). Cases of

endometrial cancer have been reported as early as two years after

commencement of treatment (59); however, it is unclear whether TAM is an

initiator in the carcinogenesis process. Due to the seemingly opposing effects in

mammary and endometrial tissues, TAM is classified as a selective estrogen

receptor modulator (SERM).

SERMs are pharmaceuticals with differential tissue effects and are often

prescribed for specific conditions. Numerous factors influence the effects of a

SERM-bound receptor such as tissue-specific ER isoform expression levels,

ligand-induced ER topology, chromatin structure, and coregulator protein

expression and distribution (46,60-62). A well studied factor in the SERM

property of TAM is the conformation it confers on the ER. The ER-LBD is a 12-

helical structure where the position of helix-12 has been identified as a key factor
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in differentiating ligand-dependent agonistic and antagonistic effects (63). Helix-

12 acts as a lid to encase the bound ligand in the LBD.

Full agonists, such as E2 and EE, induce a conformational change that

closes helix-12 over the ligand binding pocket, providing an interface for

coregulator protein interactions. Ligands classified as partial agonists typically

have bulky side groups that protrude from the pocket displacing helix-12 from its

agonist position affecting coactivator docking (64). In the case of full agonist lCl

182,780, binding causes conformational changes exposing hydrophobic surfaces

that target the ER for degradation (65). Although TAM-binding causes ER-LBD

to adopt a conformation with an unfavourable helix-12 position (66), which may

be important in its role as an anti-estrogen in the mammary, it has been

suggested that high levels of expressed steroid receptor coactivator 1 (SRC1) in

uterine tissue may be a determinant in the agonistic effects of TAM in the uterus

(31). However, the influence of these factors on gene expression is poorly

understood and warrants further investigation.
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RATIONALE, HYPOTHESIS AND SPECIFIC AIMS

The research presented utilizes a microarray approach to

comprehensively examine gene expression changes elicited by EE and TAM,

alone, as well as in combination.

PROJECT 1: ESTROGENIC ACTIVITY ON THE LIVER

Reproductive tissues have been the focus of the majority of estrogenic

studies, although many tissues not classically regarded as targets of estrogen

also exhibit gene expression changes in response to estrogens. ERE-mediated

transgenic mouse studies that can monitor ER-mediated gene expression have

identified the liver to be one of the most estrogen-responsive tissues (67,68).

Modulation of lipid transport and metabolism by estrogens in the liver has been

well documented (69,70), although its mechanisms have not been fully

elucidated. Xenobiotic compounds are delivered to hepatic tissue upon oral

exposure; thus, it is important to examine the effects modulated by exposure

EEDCs

THE HEPATIC SYSTEM

Although the liver is not a classical estrogen-responsive tissue, it

expresses ER (16) and exhibits changes in gene expression in response to

estrogens (67,68). Studies of estrogens on the liver have focused on the biliary

system, where primary biliary cirrhosis (autoimmune destruction of liver bile

ducts) is more prevalent in females (71), as well as on lipid profiles, where
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hormone replacement therapy decreases cholesterol, but increases triglyceride

levels (72). Microarray analysis of in vivo hepatic responses to estrogen

identified changes in gene expression associated with a wide array of pathways

including proliferation, cytoskeletal organization, oxidative stress and lipid

metabolism (73).

In response to EDSTAC’s prioritized chemical screening and testing

recommendations, EPA implemented the Endocrine Disruptor Screening

Program (EDSP) to develop testing assays. In addition to receptor binding

studies, in vitro transcriptional assays were to be developed for compound

screening. Due to its estrogen responsiveness, investigation of a comparable

hepatic in vitro model was warranted.

lN VITRO HEPATIC MODEL SYSTEM

Cell culture models are advantageous as they reduce animal

experimentation and are amenable to high-throughput testing. Homogeneous

cells are expected to exhibit less variability and facilitate the investigation of cell-

type specific effects which may otherwise be masked in a heterogeneous tissue.

Mouse Hepa-1c1c7 hepatoma cells were selected as this line is commonly

used in the field of toxicology, particularly in aryl hydrocarbon receptor (AhR)

mechanism-related studies. (74,75). This model was derived from a BW 7756

hepatoma which arose in a C57L mouse and propagated in C57L/J mice (76).

Hepa-1c1c7 cells possess active ERs (77,78) and retain several liver-specific
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functions such as synthesis and secretion of albumin (76) and transferrin (79) as

well as xenobiotic detoxification activity (80).

Hypothesis:

Estrogenic compounds elicit species conserved time- and dose-dependent

hepatic gene expression profiles between in vitro hepatoma models.

Specific Aims

The following specific aims were proposed to address the hypothesis:

1) Establish baseline gene expression in response to E2 in mouse, rat and

human hepatoma cell lines.

2) Establish an estrogenic expression fingerprint by examining common gene

expression changes elicited by structurally diverse EEDCs in a selected

hepatoma model.

3) Propose an estrogen receptor-regulated biological response network.

As detailed in Chapter 2, responses associated with proliferation,

cytoskeletal reorganization, cholesterol transport and metabolism, fatty acid

metabolism, and oxidative stress were well conserved between various models

and the Hepa-1c1c7 cells. Some genes demonstrated common activation

between estrogen—treated liver of CS7BU6 mice and Hepa-1c1c7 cells and

exhibited temporally shifted expression patterns. Despite these similarities, the
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magnitudes of gene expression changes elicited by the in vitro model were weak

and did not warrant further development as a screening or testing system (81).

Although in vivo and tissue-culture in vitro models demonstrated limited

overlap in estrogenic responses, development of other in vitro systems may

prove to be better in vivo predictors such as tissue slices (82). Three-

dimensional architecture and signaling between different cell types may be

required for accurate gene expression profile responses.

PROJECT 2: THE EFFECT OF TAMOXIFEN ON THE UTERUS

Due to the difficulties encountered in Project 1, a more reliable estrogen

responsive model was selected—the immature, ovariectomized mouse uterus.

Tamoxifen was selected as an ER ligand of interest due to its SERM properties.

Tamoxifen and its role in breast cancer prevention have been well studied

(reviewed in (83)); however, its increased risk in endometrial cancer remains

poorly understood. In addition, previous studies have demonstrated that co-

treatment of TAM and estrogen result in repression of estrogen-induced, rodent

uterotrophy (84,85). However, the molecular basis of the repression has yet to

be fully elucidated and a comprehensive experimental design was developed to

associate gene expression to the uterotrophic response.

Hypothesis

Tamoxifen antagonizes EE-mediated uterotrophic responses associated with

globally antagonized EE—induced gene responses.
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Specific Aims

The following specific aims were proposed to address the hypothesis:

1) Establish baseline dose response and temporal gene expression profiles

following oral exposure of TAM in the 057BU6 mouse uterus.

2) Identify the optimal doses of TAM resulting in maximal inhibition of EE-

induced uterotrophy.

3) Identify EE-elicited temporal gene expression affected by TAM that may

contribute to the inhibition of the induced uterotrophic response.

ESTROGEN ACTIVITY ON THE UTERUS

Estrogen plays an integral role in the maintenance of the female

reproductive cycle.

The Menstrual Cycle

In female primates and humans the effects of estrogen signaling on the

uterus during the menstrual cycle have been extensively studied. The menstrual

cycle is divided into four phases: 1) follicular phase, 2) ovulation, 3) luteal phase

and 4) menstruation.

During the follicular phase, gonadotropin releasing hormone (GnRH) is

secreted by the hypothalamus to stimulate luteinizing hormone (LH) and follicle

stimulating hormone (FSH) release from the anterior pituitary gland. FSH

stimulates follicular maturation and positively regulates estrogen release to

mediate proliferation of stromal and epithelial cells of the uterine endometrium.
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Feedback regulation of estrogen on FSH decreases FSH secretion. This phase

is complete once estrogen levels accumulate to cause an LH surge, leading to

ovulation. The luteal phase is initiated by the LH surge during which the follicle

develops into a corpus luteum. Throughout these phases, uterine endometrium

continues to proliferate and progesterone, released by the corpus luteum, aids in

its development (86). If no fertilization event occurs, the endometrium is shed

during menstruation. Estrogen and progesterone levels decline, releasing

inhibitory signals to diminish FSH levels and re-initializing the cycle.

The Estrous Cycle

Other placental mammals undergo an estrous cycle, which differs

primarily from the menstrual cycle where the developed endometrium is

reabsorbed rather than shed through menstruation. The estrous cycle is also

separated into four phases: 1) proestrus, 2) estrus 3) metestrus and 4) diestrus.

Proestrus is analogous to the follicular phase, where by signals are

initiated to cause follicle maturation and endometrial proliferation. Estrogen

levels peak to stimulate estrus, an LH surge and ovulation. At this stage, the

uterus has reached maximal endometrial proliferation and vascularization.

Estrus is the phase during which females are most sexually receptive. Decline in

estrogen, FSH and LH due to no fertilization leads to metestrus where uterine

epithelium begin to degenerate and a corpus luteum begins to develop. Finally,

the corpus luteum matures during diestrus releasing progesterone and the uterus

reverts back to an atrophic state.
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IN VIVO MODEL AND THE UTEROTROPHIC ASSAY

An immature rodent model has long been a gold standard to evaluate

compound estrogenicity due to its reproducibility and reliability to identify

compounds which exert its effects through an estrogenic mechanism of action

(87,88). The specific model utilized in the outlined studies is an estrogen

sensitive (89) immature, ovariectomized, C57BU6 female mouse. An immature

mouse provides a low background system in which estrogen treatment can

exhibit maximal physiological effects. Ovariectomizing allows continued

development of organs for analysis without the confounding effects of circulating

estrogens. Moreover, the mouse genome annotation is extensive, comprising

approximately 28 000 unique transcripts (90), which aids the construction of

estrogen-modulated pathways in gene expression analysis experiments.

The uterotrophic assay consists of three daily doses of compound through

subcutaneous injection or oral gavage. Compounds are classified as estrogenic

if increases in uterine wet weight (UWW), due to a combination of increased

cellular hypertrophy, hyperplasia and water imbibition, are observed. Histological

hallmarks of uterotrophy include increased luminal epithelial cell height (LECH),

increased luminal circumference, luminal epithelial invagination, stromal edema,

and increased glandular epithelium (91).

TRANSGENIC MODELS TO EXAMINE ESTROGEN RECEPTOR SIGNALING

To further elucidate the roles of estrogen signaling in the uterus, several

transgenic models have been developed. aERKO mouse uteri maintain all

21



uterine cell types, however, tissue strata are smaller when compared to wild type

(92). These mice are infertile and do not undergo uterotrophy upon estrogen

treatment (92). ERB is not as prominently expressed in the uterus as its alpha

counterpart (93,94) and BERKO mice are subfertile, due to diminished ova

maturation and subsequent release from the ovaries (95). These models

illustrate the importance of ERa in uterine development and function.

More recently non-classical ERa knock-in (NERKI) mice have been

developed. A single ER allele mutant, that does not bind DNA, was developed

(96) and introduced into embryonic stem cells to create NERKI mice (97).

NERKI mice have a double alanine mutation (AA) in the zinc finger region of the

ER DBD and were used to characterize non-classical ER signaling where the

receptor is required to tether to other DNA bound proteins to influence

transcription of estrogen-responsive, non-ERE containing genes (96). NERKI

(AA/+) mice exhibit uterotrophy upon E2 and TAM treatment, but a smaller

increase in UWW compared to treated WT mice, and NERKI females are infertile

(97).

True non-classical signaling cannot be examined in the NERKI mice as a

wild type ERor allele is still present. Thus, NERKI (AA/+) males were crossed

with ERa +/- females to generate mice with no classical ER signaling capabilities

(AA/-) and compared with aERKO (-/-) and wild type (+/+) mice (98). Uteri of

AAI- mice demonstrated a physiology intermediate to those of K0 and WT mice

where AAI- uterine wet weight, radius, inner circular muscle and luminal epithelial

height were significantly greater than those of KO mice, but significantly less than
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those of WT (98). Responses to estrogen treatment further illustrated the roles

of classical and non-classical ER signaling in mouse uterus. Increases in luminal

epithelial cell height occurs in AA/- mice suggesting that non-classical signaling is

adequate to stimulate this response; however, stromal proliferation was only

stimulated in WT mice, indicating its dependency on the classical ER mechanism

(98).

CHEMICAL MIXTURES

The field of risk assessment examines the effects of compounds on

human health and environmental organisms. Data from these studies provide

information to agencies which prioritize these potential hazards and determine

methods to regulate high risk factors. Efforts to elucidate the mechanisms of

action of individual compounds allows for the association of adverse affects by

specific chemicals and classes of chemicals. However, wildlife and human

exposure to compounds primarily occur as complex mixtures; thus, efforts to

examine mixture effects for risk assessment purposes are warranted. An

approach has been developed by the EPA Superfund Program Office which

involves the identification and characterization of individual chemicals before

examining mixtures (99).

MIXTURE EFFECTS

Effects by mixtures can generally be classified as additive, antagonistic or

synergistic. Additive effects are those where the combined treatment results in
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an effect which is comparable to the sum of the responses elicited by each

individual treatment; for this reason, they are also known as concentration-

addition (CA) effects. Additive effects are also considered to be non-interactive

as each compound induces an expected degree of response despite the

presence of another compound (100). Studies of various species have

demonstrated that mixtures of compounds, particularly pesticides, acting through

similar modes of action result in additive responses for growth and lethal

endpoints (101,102). These studies also demonstrated that the majority of

mixtures comprised of compounds with differing modes of action elicit

concentration-addition; however, some demonstrated less-than-additive effects

while others resulted in greater-than-additive effects (101,102). Although CA

predictions are likely adequate for the purposes of risk assessment, identifying

and characterizing the combinations of compounds which elicit different-than-

additive effects is important.

Synergistic effects are those which exhibit responses greater than the sum

of the individual responses. These responses are of interest as the use of the

CA theory to risk assessment underestimates the potential adverse affects

demonstrated by compound mixtures eliciting synergy. Studies of pesticide

mixtures in the environment suggest that atrazine herbicides in combination with

organophosphate insecticides resulted in greater-than-additive effects on the

locomotive ability of certain invertebrate species (103). Moreover, this mixture

represents compounds which exhibit potentiation, in which one compound that
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does not exhibit high toxicity, atrazine, increases the expected toxic effect of the

second compound, organophosphate.

Other studies have identified compounds that demonstrate synergism

through the mechanistic examination of specific signaling pathways. It has been

shown that the aryl hydrocarbon receptor (AhR) signaling pathway and its

influence on cytochrome P450, family 1 (CYP1A) induction are important

mediators in xenobiotic toxicity in mammals (reviewed in (104)). Studies indicate

that CYP1A knockdown in killifish and zebrafish embryos result in greater-than-

additive effects in the presence of polyaromatic hydrocarbons (PAHs), but not

dioxin-like compounds (105). Thus the presence of PAHs with potential CYP1A

inhibiting compounds in the environment appears to be a greater hazard for

some aquatic species and should be re-evaluated where current risk

assessments suggests application of an additive model (106).

Less-than-additive effects are also known as negative interactions or

antagonistic effects. Identification of these effects allow for prioritization of

compounds with respect to risk assessment. For example, Aroclors are

commercial mixtures of PCBs that are immunosuppressive. However, some

combinations containing greater concentrations of coplanar PCBs, such as

3,3’,4,4’-tetrachlorobipheyl, 2,3,3’,4,4’-pentachlorobiphenyl and 2,3’,4,4’,5’-

pentachlorobiphenyl, result in a Iess-than-additive effect (107). Thus, sites

containing high levels of these particular congeners may need to be assessed

differently from other PCB contaminated areas with congeners exhibiting additive

properties.
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Currently, the additive model is still the assumed model for untested

chemicals, particularly at concentrations which demonstrate no observable

adverse effect (108). It has been recommended that tests should be carried out

rather than blindly accepting the assumption (109).

Due to the complexity of chemical mixtures, models to predict the effects

of compounds are continually being developed and refined (110-113). These

models need to take into consideration the mode of action of the compounds, the

dose and temporal range of responses exhibited by each compound (111,114),

the phannacodynamics of the compounds on various tissues (115), and the

toxicodynamic and toxicokinetic between the compounds of interest (116).

It is clear that the data collected through mixture studies will be invaluable

to the field of risk assessment; however, additional research is necessary in

developing study designs to examine effects and generating statistical models for

predictive toxicology. Moreover, few studies examine temporal effects of mixture

treatments; thus, development of appropriate temporal study designs and

establishment of accurate temporal models are warranted. The approach utilized

in Chapter 4 offers an experimental design which can be critically evaluated for

future studies of mixed-compound affects on gene regulation.
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CHAPTER 2

EFFECTS OF CULTURE CONDITIONS ON ESTROGEN-MEDIATED HEPATIC

IN VITRO GENE EXPRESSION AND CORRELATION TO IN VIVO

RESPONSESL

ABSTRACT

Refinement of in vitro systems for predictive toxicology is important in

order to develop high-throughput early toxicity screening assays and to minimize

animal testing studies. This study assesses the ability of mouse Hepa-1c1c7

hepatoma cell model under differing culture conditions to predict in vivo estrogen-

induced hepatic gene expression changes. Custom mouse cDNA microarrays

were used to compare Hepa-1c1c7 temporal gene expression profiles treated

with 10 nM 178-estradiol (E2) in serum free and charcoal-stripped serum

supplemented medium at 1, 2, 4, 8, 12 and 24 hrs. Stripped serum-

supplemented rnedium increased the number gene expression changes and

overall responsiveness likely due to the presence of serum factors supporting

proliferation and mitochondrial activity. Data from both experiments were

compared to a gene expression time course study examining the hepatic effects

of 100 ug/kg 17a-ethynylestradiol (EE) in C57BU6 mice at 2, 4, 8, 12, 18 and 24

 

1Data contained in this chapter have been published.

Fong CJ, Burgoon LD, Zacharewski TR. 2005. Comparative microarray analysis of

basal gene expression in mouse Hepa-1c1c7 wild-type and mutant cell lines. Toxicol

Sci. 86(2):342-53.
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hrs. Only 18 genes overlapped between the serum free and in vivo studies,

whereas 238 genes were in common between Hepa-1c1c7 cells in stripped

serum data and C57BU6 liver samples. Stripped serum cultured cells exhibited

E2-elicited gene expression changes associated with proliferation, cytoskeletal

re-organization, cholesterol uptake and synthesis, increased fatty acid [3-

oxidation and oxidative stress, which correlated with in vivo hepatic responses.

These results demonstrate that E2 treatment of Hepa-1c1c7 cells in serum

supplemented medium modulate responses in selected pathways which

appropriately model estrogen-elicited in vivo hepatic responses.
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INTRODUCTION

Predicting human toxicity typically involves the extrapolation of in vitro and

non-human model data (117,118). Ideally surrogate models will reflect in vivo

human responses by replicating appropriate pharmacodynamic and

pharrnacokinetic interactions. Conventional wisdom suggests that predictive

accuracy improves by minimizing the extrapolation to humans, and therefore

models that most closely resemble human responses are preferred. Increasing

pressure to develop early high-throughput toxicity screening assays and to

reduce animal testing has renewed efforts to assess the limitations of existing

systems for predicting human toxicity to more accurately define the role of in vitro

data in decision-making.

Cells in culture have many advantages as well as some significant

limitations for toxicity screening early in development. In general, in vitro models

are amenable to high-throughput screening which can be used to prioritize

commerce chemicals and drug candidates requiring further toxicity testing or

warranting further development. Cells in culture also provide a homogeneous

population that facilitates studies examining the effects of different conditions

(i.e., serum free, hypoxia, co-cultures) which are not experimentally feasible

using in vivo models. In addition, in vitro models are expected to be less variable

and allow cell-specific effects to be examined that may otherwise be masked in a

multicellular target organ. However, they are also sensitive to the culturing

environment, which could influence their response and potentially compromise

their ability to predict in vivo effects. In this study the effects of serum free and
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dextran charcoal-coated (DCC) stripped serum supplemented medium on 17D-

estradiol (E2)-elicited mouse hepatic Hepa-1c1c7 gene expression were

compared to in vivo hepatic responses.

Although not considered a classical target organ, the liver is an estrogen-

responsive tissue (67,73,119—121). Most hepatic responses are mediated

through estrogen receptor (ER) alpha(16), although alternative mechanisms of

estrogen activity have been reported (122-127). Hepa-1c1c7 cells possess

active ERS (77,78) and retain several liver-specific functions (e.g., synthesis and

secretion of albumin (76) and transferrin (79) in addition to xenobiotic

detoxification as evidenced by its high aryl hydrocarbon hydroxylase activity

(80))-

This study involved time course experiments to identify the effects of

culture condition on in vitro gene expression following treatment with E2 using

cDNA microarrays. Comparisons of in vitro data to hepatic gene expression

studies of estrogen treated C57BU6 mice were then conducted to assess

whether Hepa-1c1c7 responses are able to model in vivo hepatic responses to

estrogen.
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MATERIALS AND METHODS

Cell viability and growth rate

Hepa-1c1c7 cells (gift from O. Hankinson, UCLA, Los Angeles, CA) were

maintained at 375°C and 5% CO; in phenol red free DMEM/F12 medium

(lnvitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS)

(Serologicals Corporation, Norcross, GA), 50 pg/mL gentamycin, 2.5 pg/mL

amphotericin B, 100 U/mL penicillin and 100 ug/mL streptomycin (lnvitrogen).

For the MIT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)

colorimetric assay of cell viability, 10 000 cells were seeded in a 96-well tissue

culture plate (Corning, Acton, MA) in 100 pl 5% FBS medium and grown for 48

hrs. Wells containing medium only were used as a blank control. Medium was

aspirated and replaced with 5% FBS medium or serum free medium 24 hrs

before treatment with 10 nM 17B-estradiol (1,3,5[10]-estratriene-3-17B-diol) (E2)

(Sigma, St. Louis, MO) or 0.1% DMSO (JT Baker, Phillipsburg, NJ) treatment.

MTT solution (Sigma) was added to cells and absorbencies read 3, 6, 12, 24, 36

and 48 hrs after E2 treatment at 595 nm on an Emax 96-well microplate reader

(Molecular Devices, Sunnyvale, CA) and captured using Softmax software

(Molecular Devices). Colorimetric readings (n = 4) were normalized to the blank

wells. Two-way ANOVA analysis followed by Tukey’s HSD post hoc test were

performed to detect time-matched differences between culture conditions (or =

0.05).

For direct cell counts, 3 x 105 cells were seeded in T25 culture flasks

(Corning). Medium was changed to 5% FBS or serum free 24 hrs prior to E2 or
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DMSO treatment. Cells were then trypsinized and counted, in duplicate, using a

hemocytometer (Hausser Scientific Co., Horsham, PA) 6, 12, 24, and 48 hrs after

treatment. Experiments were completed in quadruplicate. Statistics were

calculated using SAS v.9.1 (Cary, NC). Repeated measures ANOVA was

performed followed by a Tukey’s HSD post hoc test to detect time-matched

differences between culture conditions (a = 0.05).

Hepa-1c1c7 time course treatment and RNA isolation regimens

Hepa-1c1c7 cells were seeded (1.5 x 106 cells) and grown for 48 hrs in

150 mm culture plates (Coming) in 5% FBS medium. Serum free medium

(serum free experiments) or 5% DCC-FBS medium (stripped serum experiments)

was then replaced 24 hrs prior to 10 nM E2 or 0.1% DMSO treatment. Cells

were harvested by scraping in the presence of Trizol (lnvitrogen). RNA was

isolated as per manufacturer’s instructions at 1, 2, 4, 8, 12, and 24 hrs after

treatment and resuspended in RNA Storage Solution (Ambion Inc., Austin, TX).

RNA quality and purity was examined by running 2 pg of total RNA on a

denaturing 1% agarose gel and by examining an Ame/230 ratio. Samples were

stored at -80°C until further use.) Experiments were completed in triplicate using

cells between passage 8 and 12.

Animal handling, husbandry and treatment

Animals were treated as previously described (73). Briefly, female

C57BU6 mice, ovariectomized by the vendor on postnatal day (PND) 20, were
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obtained from Charles River Laboratories (Raleigh, NC) on PND 26. Groups of

five mice were house in polycarbonate cages with cellulose fiber chip bedding

(Aspen Chip Laboratory Bedding, Northeastern Products, Warrensberg, NY) at

23°C and 30—40% humidity and a 12 hr light/dark cycle (0700 — 1900 hr).

Animals had access to deionized water and Harlan Teklad 22/5 Rodent Diet

8640 (Madison, WI) ad libitum and were acclimatized for 4 days prior to

treatment. Animals were weighed and orally gavaged with 100 )4ng 17a-

ethynylestradiol (17a-EthynyI-1,3,5(10)-estratriene-3,178-diol; EE) (Sigma)

dissolved in 0.1 mL sesame oil or vehicle alone. Doses were prepared based on

average animal weight. Animals were sacrificed 2, 4, 8, 12, 18 and 24 hrs

treatment at which time necropsies were performed to remove hepatic tissues.

Tissues were snap frozen in liquid nitrogen and stored at -80°C until further

processing. All procedures were performed with the approval of the Michigan

State University All-University Committee on Animal Use and Care.

Frozen tissues were homogenized in the presence of Trizol reagent, RNA

was isolated as per manufacturer’s instructions and resuspended in RNA

Storage Solution. RNA quality and purity was examined by running 2 E19 of total

RNA on a denaturing 1% agarose gel and by examining an Ame/280 ratio.
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Microarray processing

Custom in-house cDNA arrays comprising of 6376 features, representing

4858 unique genes (print version Mm. 6), or 13361 features (print version Mm.

7), representing 7952 unique genes (Unigene Build 144), were spotted on epoxy

coated glass Slides (SCHOTT Nexterion, Germany) using an Omnigrid arrayer

(GeneMachines, San Carlos, CA) and 16 (4 x 4) Chipmaker 2 pins (Mm. 6) or 48

(4 x 12) Telechem Chipmaker 3 pins (Mm. 7) in a TeleChem CHP3 printhead

head (Telechem International Inc., Sunnyvale, CA) by the Research Technology

Support Facility at Michigan State University (128). Serum free studies were

conducted using Mm. 6 arrays, while stripped serum supplemented studies were

completed on Mm. 7 arrays, a more comprehensive version of Mm. 6 arrays.

Selected clones were obtained from EPAMAC (129), Research Genetics, the

National Institute of Aging and Lion Biosciences. Detailed protocols for

processing of microarrays are available at the deach Home Page (130).

Independent reference study designs were used (Figure 1) to assess

three biological replicates of treatment effects. All microarray studies

incorporated 6 time points and utilized 12 arrays, including dye swaps, for each

biological replicate for a total of 36 microarrays each experiment. Briefly, 20 pg of

RNA was reverse transcribed to incorporate Cy3- or Cy5-conjugated dUTP. Cy3

and Cy5 labelled samples were mixed, purified and resuspended in 48 pl of

hybridization buffer (56% formamide, 32% 20X SSPE, 8% 50X Denhardt’s

Solution, 4% 20% SDS, 20 pg poly(A), 20 pg mouse COT-1 DNA, 10 pg yeast
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Figure 1

Independent reference design for microarray hybridization.

Arrows represent a Single microarray in which two labelled samples, Cy3 (tail)

and Cy5 (arrow head), are hybridized. Directionally opposing arrow pairs

represent a dye swap where estrogen-treated (T) and vehicle treated (V)

samples are reciprocally labelled and hybridized on two individual arrays. Each

replicate temporal study (e.g., samples collected at 1, 2, 4, 8, 12, and 24 hrs)

involved 12 hybridizations (2 per time point) for a total of 36 arrays per time

course study (n = 3 independent animals). An identical design was used to

assess in vivo gene expression where samples collected at 2, 4, 8, 12, 18 and 24

hrs were hybridized.

T1 T2 T4 T8 T12 T24

II II II II II II
V1 V2 V4 V8 V12 V24
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tRNA carrier) for overnight 42°C hybridization on printed arrays. Slides were

washed in SSC solutions contain decreasing concentrations of SDS, dried

andscanned using a 428 Affymetrix Scanner (Santa Clara, CA). Images were

examined, features identified and intensity values determined using GenePix

v.5.1 (Molecular Devices). All data was stored in deach (130), a Minimum

lnforrnation About Microarray Experiments (MlAME)-compliant relational

database (131) running under Windows 2003/Oracle 109 that currently supports

microarray data storage, retrieval, and querying as well as facilitates data

analysis, Sharing and reporting (132,133)

All arrays within this study were compared to a historical data set of

established high quality arrays. Parameters that were assessed included

background signal intensity, feature signal intensity, feature vs. background

signal intensity ratios, the number of features with background intensities greater

than the feature intensity for each array, and relationships between feature and

background signal intensities. All arrays met the standards of the quality control

parameters (1 34).

Statistical, filter and cluster analysis of microarray data

Microarray data were analyzed using a semi-parametric approach (135).

Model-based t-values were calculated from normalized data, comparing treated

and vehicle responses at each time-point. Empirical Bayes analysis was used to

calculate posterior probabilities (P1(t)-value) of activity on a per gene and time

point basis using the model-based t-value (135). A P1(t) score cut-off was
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initially used to identify differentially expressed transcripts between treatment

groups. Feature subsets were associated with functional annotation using Entrez

Gene (136) and Gene Ontology (137). General temporal patterns were identified

using k-means clustering (GeneSpring v7, Silicon Genetics, Redwood City, CA).

Temporal gene expression correlations (activity index) and temporal P1(t) activity

correlations (significance index) between in vitro and in vivo studies were

calculated using Pearson’s correlation at overlapping time points (i.e., 2, 4, 8, 12

and 24 hrs). Correlation indices were plotted on a Cartesian plane, to visualize

the relationship of the same gene in the two model systems, through an in-house

developed Toxicogenomics Correlation Tool (TCT).

A third dimension of information is provided through the Displacement

Heat Map function of TCT where time displacement for a gene between the in

vitro and in vivo models is visualized through the color intensity of the point. A

Displacement Index (DI) is derived by: i) identifying the number of time points

that exhibit opposite activities in between models (eg. in vitro model meets P1(t)

> 0.9 cut-off whereas in vivo does not, or vice versa), ii) identifying the number of

time points which are being compared, iii) calculating the quotient by dividing the

value of step i by the value of step ii. A range of values representing non-

displaced (DI = 0) to highly displaced (DI = 1) results in a gradient from light to

dark color intensity, respectively (133). TCT can be licensed through

arrangement with the Office of Intellectual Property at Michigan State University.
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Quantitative RT-PCR

RNA aliquots from each replicate were set aside for microarray verification

by SYBRTM Green quantitative real-time PCR (QRT-PCR). Briefly, 2 pg of RNA

were primed by an anchored oligo—dT and reverse transcribed using Superscript

II (lnvtrogen, Carlsbad, CA) in a 40 pl reaction as described by the manufacturer.

The cDNA solution was diluted 4-fold and 3 pl was used in a 30 pl PCR reaction

containing 1X SYBR Green PCR buffer, 3 mM MgCl2, 0.33 mM dNTPs, 0.5 IU

AmpliTaq Gold (Applied Biosystems, Foster City, CA) and 0.15 mM forward and

reverse primer. All primers were designed by submitting clone sequences into

Primer3 (138) to obtain an amplicon of approximately 125bp (Table 1). All primer

and QRT-PCR reaction conditions were submitted and stored within the Real-

Time PCR Subsystem of deach (133).

PCR amplification was conducted in 96-well MicroAmp Optical plates

(Applied Biosystems) on an Applied Biosystems PRISM 7000 Sequence

Detection System under the following conditions: 10 min denaturation and

enzyme activation at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 1

min. A 30 min dissociation protocol, after amplification, was conducted to assess

primer specificity and product uniformity. Each plate contained duplicate

standards of purified PCR product of known template concentration over the

range of eight orders of magnitude to generate a log template concentration
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standard curve. No template controls (NTC) were included on each plate where

unknown samples with a Ct value within 2 SD of the mean Ct values of the NTCs

were considered below the limits of detection. Plots were visualized and

thresholds determined using ABI Prism 7000 SDS Software (Applied

Biosystems). Results were normalized to a geometric mean of B-actin (Actb),

glyceraldehyde—3-phosphate dehydrogenase (Gapd) and hypoxanthine guanine

phosphoribosyl transferase (Hprt) mRNA levels to control for differences in RNA

loading, quality and cDNA synthesis. Statistical significance of expression

differences were assessed using a factorial ANOVA followed by Tukey’s HSD

post hoc analysis to examine treatment and treatment over time effects using

SAS version 9.1. R, version 1.9.1, was used to compute the Pearson’s

correlation coefficient between DNA microarray data and QRT-PCR results.
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RESULTS

Hepa-1c1c7 cell viability and proliferation in serum free medium

E2 effects on Hepa-1c1c7 cells were examined in serum free medium to

minimize exposure to serum borne estrogens. Serum starvation synchronizes

cells at G1 and was used in this study to optimize the detection of potential

proliferative responses which may otherwise be masked in an asynchronous

population. Published reports have demonstrated that estrogen induces

synchronized uterine proliferation in the immature, ovariectomized rodent model.

However, limiting factors provided by serum may compromise cellular viability

and responsiveness. Consequently, medium supplemented with dextran-coated

charcoal (DCC) stripped serum was also examined. DCC serum stripping

removes steroids and other small molecules that can pass through the dextran

coating and bind to the activated charcoal, which is then discarded (139).

Cellular distress may be detected through morphological changes

exhibited by the cells. However, no significant morphological differences were

observed after four days in either 5% FBS supplemented or serum free medium

(data not shown). In addition cell viability and proliferation in serum free medium

was assessed, by monitoring mitochondrial activity using the MTT assay, and by

direct cell counting. MTT time course assays indicate that Hepa-1C1c7 cells

exhibited a 3-fold increase in mitochondrial activity (p < 0.05) in 5% FBS

supplemented medium over a period of 48 hrs indicative of cellular proliferation

(Figure 2A). In serum free conditions, MTT activity was significantly reduced (p <
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Figure 2

MTT and cell count assessment of Hepa-1c1c7 cells in serum free and

stripped serum supplemented medium.

MTT and cell count assays were used to assess the viability of Hepa-1c1c7 cells

incubated in a serum free environment. A) Parallel MTT time course assays

were conducted in 5% FBS supplemented medium (black bars), serum free

medium treated with DMSO (open bars), and serum free medium treated with 10

nM E2 (grey bars). Wells were seeded with 10 000 cells, medium changed after

24 hrs, treated and assayed at 3, 6, 12, 24, 36 and 48 hrs after treatment. Only

cells in 5% FBS exhibited a significant increase in mitochondrial activity °(p <

0.05) at all time points beyond 3 hrs. Viability of serum starved cells were

significantly different b(p < 0.05) from time-matched 5% FBS cultured cells. B)

Parallel direct cell count time course assays were conducted in 5% FBS

supplemented medium (squares), serum free medium (triangles), serum free

medium treated with DMSO (diamonds) and serum free medium treated with E2

(circles). T25 flasks were seeded with 300 000 cells and directly counted at 6,

12, 24 and 48 hrs. Cells cultured in 5% FBS exhibited a significant increase in

number from at 48 hrs relative to 3 hrs “(p < 0.05). Cell numbers of serum

starved cells are significantly different b(p < 0.05) from time-matched 5% FBS

cultured cells.
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Figure 2
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0.05) compared to serum supplemented conditions but no net loss of cells was

detected over 48 hrs. E2 did not induce a significant change in MTT activity in a

serum free environment when compared to time-matched vehicle treated cells

under comparable conditions, although the trend suggested E2 may induce

activity beyond 48 hrs.

Direct counts indicate that Hepa-1c1c7 cells cultured in serum

supplemented medium are actively proliferating (Figure ZB). This increase in cell

number may account for the increased mitochondrial activity observed in the

MTT assay by cells in the serum supplemented condition. No increase in cell

number was observed using serum free conditions and neither E2 nor DMSO

enhanced cell number over time as suggested by the MTT assay.

These results indicate that Hepa-1c1c7 cells maintained in serum free conditions

are viable and do not appear to undergo proliferation. Furthermore, viability and

proliferation are not affected by E2 treatment, thus concerns regarding E2

induction of proliferation and confluency will not confound gene expression

analysis.

Temporal E2-mediated changes of gene expression in a serum free

environment

cDNA microarrays were used to investigate E2-elicited Hepa-1C1c7 cell

gene expression changes in serum-free and DCC-stripped serum supplemented

medium. Empirical Bayes analysis identified 245 active features (P1(t) > 0.999,

Mm. 6), representing 167 unique Entrez Gene annotated genes following E2
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treatment compared to time-matched DMSO treated controls (Supplemental

Table S1 (130)). P1(t) values were used to rank and prioritize features for further

investigation. Gene expression changes ranged from 2.1-fold induction (e.g.,

decorin - Dcn) to 2.17-fold repression (e.g., chemokine (C-C motif) receptor 5 -

Ccr5). Five K-means clusters best represented the temporal profiles of these

active genes as A) up-regulated beyond 8 hrs, B) down-regulated at 4 hrs, C)

down-regulated at 1 and 8 hrs, D) down-regulated at 8 hrs and up-regulated at

12 hrs and E) up-regulated at 4 hrs (Figure 3). Functional annotation for the 167

active genes was identified through Gene Ontology and complemented with

reports in the published literature. Genes with roles in transcriptional regulation

were most frequently represented in addition to those involved in cell proliferation

and differentiation, cytoskeletal organization, and transport and metabolism of

lipids and carbohydrates.

The effects of DMSO alone were also examined under serum free

conditions where comparisons were made with untreated samples. Interestingly,

DMSO elicited transcriptional Changes primarily associated with proliferative

arrest and increased solute regulation, which were not observed with E2

treatment (Supplemental Table 82) when compared to untreated cells. These

results indicate that gene expression differences due to E2 treatment can not be

attributed to DMSO.
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Figure 3

Temporal gene expression patterns: E2 in serum free medium

Five k-means clusters were identified to concisely represent the general temporal

patterns exhibited by 246 active features treated with 10 nM E2 in serum free

medium. Each line represents a single feature with its fold-change (x = induction;

/ = repression) determined by comparison to the time-matched vehicle control.

Black pseudolines Indicate the general profile represented in each Cluster.
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Temporal E2-mediated gene expression changes in stripped serum

supplemented medium

Although serum free medium provides a nearly depleted steroid

environment and synchronizes the cells at G1, these conditions may compromise

responsiveness due to the lack of serum factors that facilitate gene expression

(23,140). When E2 elicited gene expression effects were examined in medium

supplemented with DCC-stripped serum, 1882 unique features (P1(t) > 0.999;

Mm. 7) representing 1134 unique annotated genes were identified as

differentially expressed (Supplemental Table S3). The magnitude of

transcriptional Changes ranged from 2.06-fold induction (e.g., cytochrome P450,

family 1, subfamily a, polypeptide 1; Cyp1a1) to 2.08-fold repression (Accession

ID: CR517543). Five K-means clusters best described the temporal gene

expression elicited by E2 as A) induced at 2 hrs, B) induced at 8 hrs and

repressed at 24 hrs, C) repressed at 24 hrs, D) sustained induction between 2 -

8 hrs and E) repressed at 8 hrs (Figure 4). These clusters exhibited different

profiles when compared to the five clusters identified for E2 treated Hepa-1c1c7

cells in serum free conditions in terms of which genes were responsive and their

temporal pattern of gene expression. Most genes were induced at one or more

time points while only 60 features were repressed. As observed in serum free

conditions, gene expression changes in stripped serum supplemented conditions

included functional annotation associated with transcriptional regulation, cell

proliferation, cytoskeletal organization, and lipid transport and metabolism.
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Figure 4

Temporal gene expression patterns: E2 in stripped serum medium

Five k-means clusters best represent the temporal expression patterns exhibited

by 1882 active features elicited following treatment with 10 nM E2 in stripped

serum medium. Each line represents a single feature with its fold-change (x =

induction; / = repression) determined by comparison to the time-matched vehicle

control. Black pseudolines indicate the general expression profile represented in

each cluster. The patterns represented in this study differ from the general

patterns exhibited by Hepa-1c1c7 cells treated in serum free medium in genes

represented within the cluster and the shape of the temporal expression profile.
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Cells cultured in stripped serum medium exhibited E2-induced changes in

a greater number of genes compared to cells cultured in serum free medium.

However, this can be attributed to the more comprehensive Mm.7 version of the

array. Only 30 unique annotated genes were found to be active between serum

free and stripped serum supplemented medium studies suggesting that serum

borne factors influence E2-mediated transcription (141,142). Factors influencing

gene expression may include the lower mitochondrial activity of Hepa-1c1c7 cells

in serum free conditions, and possible non-additive interactions between E2 and

serum components such as growth factors, which could activate other signaling

pathways.

Quantitative real-time PCR verification

QRT-PCR was used to verify microarray data of selected genes

representing different cluster profiles and functional pathways. Pearson’s

correlations were used to quantitatively assess the level of agreement between

microarray and QRT-PCR gene expression profiles. Correlations were classified

as either good (p 2 0.5), moderate (0.5 > p > 0.1) or poor (p S 0.1). Of the 32

genes examined (Table 1), 19 were classified as good, 7 as moderate and 6 as

poor. In some cases, poor correlations were the result of changes in gene name

annotation. Primers were originally designed for a specific gene represented by

the clone printed on the array, and not the sequence of the clone. For example,

accession numbers for clones may be reassigned upon Unigene database

rebuilds, and therefore the initial primer set may no longer amplify the gene of
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interest. For example, deach Clone ID 87 which was originally identified as

representing Lamb3 (laminin B3), but is not currently associated with an official

gene. The correlation for this primer set was classified as poor. Overall, QRT-

PCR verified the gene expression changes detected in the microarray assay.

In vivo vs. in vitro gene expression comparison

ln-Iife study of temporal hepatic responses to estrogen was conducted in

C57BU6 mice orally gavaged with 100 pg/kg 17a-ethynyl estradiol (EE) for 2, 4,

8, 12, 18 and 24 hrs. EE is an orally active estrogen used in contraceptives that

elicits responses comparable to endogenous E2 (143). Empirical Bayes analysis

identified 1582 features, representing 1007 active unique annotated genes (P1(t)

> 0.9999) (Supplemental Table 4). The results were comparable to a previous

intralaboratory study using a model-based t-test for microarray analysis (73).

Both serum free and stripped serum supplemented conditions were

assessed to evaluate the in vivo predictive value of Hepa-1c1c7 cells. 6376

features were in common between the serum free (Mm. 6) and in vivo (Mm. 7)

studies due to different array platform versions (Figure 5). Between the 254 and

1582 active features of the respective studies, only 23, representing 18

annotated genes, were in common between the serum free (Mm. 6) and in vivo
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Figure 5

Systematic comparison of in vitro and in vivo active gene lists

Data sets for E2 treated Hepa-1c1c7 in serum free (245 features) and stripped

serum (1882 features) (P1(t) 2 0.999) were compared to the EE treated C57BU6

hepatic tissue data set (1582 features; P1(t) 2 0.9999). Only 15 annotated genes

were active in both serum free in vitro and in vivo studies; while 238 genes were

active in both DCC-treated stripped serum in vitro and in vivo studies.
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(Mm. 7) studies indicating that E2-treated Hepa-1c1c7 cells in a serum free

environment poorly model EE-elicited hepatic gene expression in C57BU6 mice.

In contrast, 13,361 features (Mm. 7) were available for comparison

between the stripped serum and in vivo studies. Microarray studies identified

1881 and 1532 features, in the stripped serum and in vivo studies, respectively.

Comparing these active gene lists identified 337 active features, representing

238 genes, that were in common between Hepa1c1c7 cells in serum stripped

medium and CS7BU6 hepatic tissue. Specific biological pathways were not

over-represented by these genes, but associated functions included cellular

proliferation, cell signaling, cytoskeletal organization, lipid metabolism, and

intracellular communication.

The in-house developed Toxicogenomics Correlation Tool (TCT) was

used to identify genes exhibiting similar and different temporal gene expression

and P1(t) patterns between Hepa-1c1c7 cells in stripped serum medium and

CS7BL/6 liver. Each data point represents a single gene. Its position on the

Cartesian plane represents how the similarity of the temporal response of that

gene in the two models as reflected in the gene expression (activity index) and

P1(t) values (significance index). In general, Pearson’s correlations for in vitro

and in vivo gene expression data exhibited a positive relationship (i.e., data point

distribution along the positive x-axis, Figure 6A) indicating that these genes

respond in Similar directions and magnitude over time in estrogen-treated Hepa-

1c1c7 cells and C57BU6 liver. However, P1(t) correlations (significance index;

y-axis) span both the positive and negative axes indicating variability across time
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Figure 6

In vitro vs. in vivo significance P1(t) and activity index correlations

The TCT plot is a visualization tool which allows groups of genes with similar

temporal activity and/or significance between in vitro and in vivo models to be

quickly identified. (A) Plot of significance index (i.e., P1(t)) coefficients vs. activity

index (i.e., gene expression) coefficients for 337 active clones (238 genes) in E2-

treated Hepa-1c1c7 cells maintained in stripped serum (in vitro) and EE-treated

C56BU6 mouse hepatic tissue (in vivo). Each data point represents a single

feature where the in vitro and in vivo P1(t) values and gene expression patterns

have been compared through Pearson’s correlation analyses. The inset box,

upper right, encloses 27 features (17 genes) with the highest P1(t) and gene

expression correlation coefficients (p 2 0.5) (Table 2) identifying in vitro and in

vivo responses with highly similar response profiles and P1(t) values across 2, 4,

8, 12 and 24 hrs. Shading intensity of the data point indicates the degree of time

displacement of P1(t)-values for a single gene when comparing between models.

Darker points identify genes with a greater number of time points exhibiting P1(t)-

value discrepancies between models while lighter points identify genes with

fewer time related discrepancies as calculated through a Displacement Index (DI)

value. Data points labelled 1 through 4 are graphically described in (B) to further

illustrate differences in temporal in vitro and in vivo activity and significance

profiles.
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Figure 6A
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Table 2. Genes exhibiting high temporal gene expression and activity

correlations, (p 2 0.5)
 

 

Gene

Gene Entrez Expression Activity

Gene Name Symbol Gene ID Correlation Correlation

signal transducer and Stat5afil 20850 0.81 0.99

activator of transcription 5A

histocompatibility 2, H2-Bf 14962 0.81 0.57

complement component

factor B

protein C Proc 19123 0.76 0.88

uridine monophosphate Umpk 80914 0.74 0.84

kinase

LIM domain only 6 Lmo6 54630 0.73 0.84

syncollin Sycn 68416 0.70 0.67

PHD finger protein 5A th5a2 68479 0.70 0.56

Bcl2-like 10 Bcl2l10 12049 0.66 0.57

enoyl Coenzyme A hydratase ECthZ 52430 0.60 0.82

domain containing 2

FK506 binding protein-like Fkbpl 56299 0.59 0.71

B-cell leukemia/lymphoma 2 Bcl21 12043 0.57 0.62

fyn-related kinase Frk 14302 0.54 0.62

Fraser syndrome 1 homolog Fras1 231470 0.53 0.77

(human)

pleckstrin homology, Sec7 Pscd3 19159 0.53 0.88

and coiled-coil domains 3

degenerative spermatocyte Degs1 13244 0.52 0.61

homolog 1 (Drosophila)

voltage-dependent anion Vdac12 22333 0.52 0.57

channel1

tumor necrosis factor Tnfrsf11b 18383 0.51 0.69

receptor superfamily,

member 11b

(osteoprotggerin)
 

1Genes containing bone fide, functional ERE sequences.

2Genes containing putative ERE sequences as defined by Bourdeau et al. 2004.
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between model systems. These results suggest some degree of conservation of

estrogen-induced signaling pathways where transcript levels exhibit conserved

regulation between the stripped serum in vitro and in vivo systems.

Using a correlation threshold of p 2 0.5 for both parameters 27 features,

representing 17 annotated genes, were identified with comparable significance

and temporal gene expression patterns (Table 2). Generally, these genes were

induced between 2-12 hrs and down-regulated by 24 hrs. The functional

pathways associated with these genes varied but supported several responses

known to be modulated by estrogens (73,144,145). Because these genes

exhibited high correlations between models, they were suspected to be primary

targets of ER-mediated responses and a search for estrogen response elements

(ERES) in their regulatory regions was conducted. Stat5a (signal transducer and

activator of transcription 5A) and Bcl2 (B-Cell leukemia/lymphoma 2) contain

functional ERES, and computational searches identified putative ERES in the

regulatory regions of th5a (PHD finger protein 5A) and Vdac1 (voltage-

dependent anion channel 1) (26). The remaining genes may also be candidates

for primary ER-mediated modulation.

Activity indices were spread across both positive and negative axes and

appeared to be more heavily distributed into the negative, thus these latter genes

were examined to investigate causes contributing to poor temporal P1(t)

correlation. Displacement analysis was conducted to identify the degree of non-

overlapping Significance at similar times between models on a per gene basis.

The greater number of time points where a gene does not meet the P1(t) > 0.9
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cut-off in both models, a greater displacement index is exhibited by that gene.

Displacement indices are displayed as a third dimension (i.e. color) of the TCT

plot where features exhibiting greater temporal displacement (P1(t) > 0.9)

between models are represented by points with greater color intensities, while

features with little or no temporal P1(t) displacement are of lighter intensity

(Figure 6A). The P1(t) cut-off was lowered to include data approaching

significance to achieve a more comprehensive impression of which data were

truly incidental, despite the fact that each gene met the initial parameters in both

model systems. From the 337 active features in common between models,

displacement analysis identified 327 features exhibiting temporally displaced

P1(t) values. The trend of color intensity is distributed from light to dark from

+1.0 to -1.0 (top to bottom) on the significance index axis. This result is not

unexpected Since negative significance indices indicate poor correlation of P1(t)-

values over time.

Selected data points, labeled 1 through 4 (Figure 6A), were examined to

further illustrate data represented on the TCT plot. Data point 1 represents

Stat5a, which demonstrated indices of activity, significance and displacement of

0.807, 0.998 and 0.2, respectively. Graphically, in vitro and in vivo expression

profiles follow similar patterns and attains a P1(t) > 0.9 in both models at all but

one time point (Figure 681). Similarly for data point 2, Dhrs3 transcripts had

Similar expression profiles over time but in opposite directions translating to

activity, significance and displacement indices of -0.810, 0.885 and 0,

respectively (Figure 682). However, most genes did not exhibit such stark
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Similar or opposing responses between models. Data points 3, Synj2 (DI = 0.8),

and 4, Pla1a (DI = 1.0), have activity and significance profiles that are temporally

displaced (Figure 6B3, 6B4). Interestingly, the expression profiles suggest that

an in vitro response temporally precedes a similar response in vivo. Of the data

points demonstrating negative Significance indices, 111, representing 80 genes,

were first responsive in vitro by at least one time point prior to a similar in vivo

response (Supplementary Table S5). This temporal shift in response may

partially be attributed to differences in absorption, distribution and metabolism

between in vitro and in vivo models. However, eight features exhibit in vivo gene

expression prior to evidence of significant Hepa—1c1c7 expression, while the

remaining 87 features had divergent expression patterns between models or do

not exhibit temporal displacement. These results indicate that factors beyond

differences in pharrnacokinetics can also affect in vitro and in vivo gene

expression profiles.
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DISCUSSION

In this study the utility of Hepa-1c1c7 cells as a potential in vitro model to

predict in vivo hepatic estrogen responses was examined under serum free and

stripped serum conditions. Serum free medium minimizes the effects of serum-

borne steroids, synchronizes cells in G1 arrest and more closely mimics the

hormonal milieu of an ovariectomized mouse model. Theoretically, cell

synchronization under conditions devoid of steroids should enhance the

detection of expression responses for those genes involved in cell cycle and

proliferation. However, serum free gene expression was significantly

compromised as only 18 genes demonstrated overlap with Hepa-1c1c7 cells

cultured in a stripped serum environment. The lack of common responses may

be attributed to the lack of serum factors. Epidermal growth factor (EGF)

potentiates estrogenic responses in mouse uterus and its signaling pathway has

been coupled to several ER-dependent effects (145,146). Furthermore, the

promoter regions of classical E2-responsive genes, such as p82 and Iactoferrin,

contain active response elements which requires activation by growth factors and

other signaling molecules in order to co-operatively elicit a robust response

(147,148).

In vivo transgenic reporter models and microarray studies clearly

demonstrate that the liver is estrogen responsive, although it does not exhibit the

same gross physiology changes as the rodent uterus (67,73). Under stripped

serum conditions, Hepa-1c1c7 cells exhibited a more robust gene expression

response to E2, when compared to cells maintained in serum free medium, but
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did not reflect the diverse response observed in vivo. However, specific stripped

serum in vitro responses associated with proliferation, cytoskeletal

reorganization, Cholesterol transport and metabolism, fatty acid metabolism,

oxidative stress and carbohydrate synthesis, were consistent with reported in

vivo effects on gene expression.

Cellular proliferation

Several E2-elicited gene expression changes are indicative of

proliferation. At 2 hrs Kit and F03 oncogene transcripts, early proliferation

indicators, were up-regulated followed by the induction of genes involved in G1

9 S transition such as Calmodulin 3 (Calm3), G1 9 S phase transition 1

(Gspt1), polo-like kinase 2 (Plk2), protein phosphatase 3, catalytic subunit, alpha

isoform (Ppp3ca), and protein kinase, CAMP dependent regulatory, type 1, alpha

(Prkana)). All except Prkar1a, which is up-regulated in proliferative cancer lines

(149), have been associated with estrogen-mediated action (150-152), and

possess putative ERES (26). Moreover, E2 induction of epidermal growth factor

receptor (ngr) (153), c-fos induced growth factor (Figf) (154), platelet derived

growth factor, alpha (Pdgfa) (155) and placental growth factor (P91) (156) are

consistent with cell proliferation. Despite these events no Significant E2-induced

proliferation was observed, consistent with the lack of proliferation of human

HepG2 cells (157) and mouse liver (73), suggesting that these genes are not

significant for proliferation or that other signaling responses are involved that

negate E2-elicited proliferation signals in hepatic tissue. For example, G1 -) S
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transition gene integrin beta 1 (ltgb1) was down-regulated, contrary to E2

induction seen in MCF-7 cells (158), along with the down regulation of G2 -) M

transition genes, protein phosphatase 1D magnesium-dependent, delta isoform

(Ppm1d) and protein kinase, CAMP dependent regulatory, type II beta (Prkar2b),

which have not been previously reported to be E2 responsive. Interestingly,

these responses were also repressed in mouse uterine tissue following the

uterotrophic response (159).

Cytoskeletal organization

Proliferation also involves the rearrangement of actin filaments and

microtubules for cellular reformation through polymerizing and depolymerizing

reactions. Upon estrogen treatment, actin monomer genes, actin, alpha2,

smooth muscle, aorta (Acta2) (160), and actin polymerizing genes, actin related

protein 2/3 complex, subunit 5 (Arpcfi) were induced along with FWE, RhoGEF

and PH domain containing 1 (ng1) whose protein product interaction with

Cdc42 GTPase may activate actin filament restructuring (161). Some Arpc

homologues, which define actin filament polarity, have been shown to be

estrogen responsive (162) and may suggest a role for induced actin related

protein 2/3 complex subunit transcripts (Arch, Arpc4 and Arch).

Estrogen has been Shown to modulate tubulin polymerization at the

protein level (163). This study identifies E2-induction of tubulin monomer

transcripts, tubulin, beta 4 (Tubb4) and tubulin, gamma 2 (Tung). These

subunits may be remodeled by depolymerizing gene, kinesin family member 2A
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(Kif2a) and through microtubule interacting organization genes microtubule-actin

crosslinking factor 1 (Macf1), microtubule-associated protein 1 light chain 3 beta

(Map1lc3b) and microtubule-associated proteins (Mtap2 and Mtap4) which are

induced following estrogen exposure.

Estrogen-induction of keratin (i.e., Krt1-17, Krt1-19, KrtZ-7 and KrtZ-8)

may also be preparatory for morphological changes (164,165). However, all

were repressed by 24 hrs, possibly in response to the lack of proliferation.

Myosin genes Myh6, Myl4, Myl7 and Myo1b are cytoskeletal components

involved in cellular motility and their induction may be a possible morphological

determination factor following estrogen exposure. Thus far, estrogen has only

been reported to modulate myosin heavy chain expression (166). Despite

numerous cytoskeletal reorganization gene expression events, E2 did not

induced dramatic changes in cellular morphology (data not shown). It has been

suggested that these changes may be in anticipation of pending physiological

alterations that require additional signaling (73). In contrast, similar gene

expression changes in the uterus yield a dramatic physiological response

(144,159).

Cholesterol transport and metabolism

Estrogen lowers serum cholesterol by decreasing LDLzHDL (low density

lipoprotein : high density lipoprotein) ratios through increased cellular cholesterol

uptake, thus retarding atherosclerotic progression (70). Early induction of LDL

receptor transcripts such as Lrp1, Lrp10 and estrogen responsive Vldlr (167)
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suggests enhanced cholesterol uptake by Hepa-1c1c7 cells. However, secreted

components of the VLDL cholesterol carrier, apolipoproteins ApocZ and Apoe,

are down-regulated, an effect that is contrary to estrogen’s anti-atherosclerotic

activity, in mouse liver (168), primates and human HepG2 cells (169).

Lipoprotein lipase (Lpl) Cleavage of VLDL is ApocZ-dependent; however, its

repressed transcript levels also suggest reduced VLDL synthesis. These

inconsistencies between pro- and anti-atherosclerotic signals may be due to the

lack of circulating cholesterol in vitro, and therefore its carrier protein expression

becomes unnecessary.

Estrogen treatment also affects the cholesterol synthesis pathway. ER-

mediated induction of ngcr, the rate-limiting enzyme involved in cholesterol

synthesis, increases buffering by building resistance to dietary cholesterol (170).

Although ngcr was not detected to be Significant in this data set, cholesterol

synthesis genes 3-hydroxy-3-methylglutaryI-Coenzyme A synthases (ngcs1

and ngcsZ) and phosphomevalonate kinase (vak) were up-regulated.

However, squalene epoxidase (Sq/e), a down-stream synthesis gene, was

repressed possibly providing feedback to inhibit Cholesterol synthesis. Only

vak and Sqle have been reported to be estrogen responsive (171), but all

contain a response element in their promoter for sterol regulatory element

binding factor 1 (Srebf1), which is ER regulated (172). Srebf1 is an endoplasmic

reticulum protein that is regulated through Scap cleavage. Scap activity is

determined by its release from insulin induced gene 1 (lnsig1), which was

induced at 2 hr by E2, also reported in the rat uterus (173), and repressed at 24
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hr, in the presence of low cholesterol. This potential regulatory network is

consistent with the early up-regulation of cholesterol synthesis genes to support

cell membrane synthesis for E2 induced growth and proliferation (174).

Fatty acid oxidation

Estrogen is important for lipid homeostasis and regulates a number of [3-

and (D-OXIdatIOI'I genes as demonstrated by hepatic lipid accumulation in

aromatase null mice (175,176). At 8 hrs, several mitochondrial fatty acid

oxidation genes were induced. This includes acyI-Coenzyme A dehydrogenase,

short chain (Acads), which initiates oxidation, acetyl-Coenzyme A

dehydrogenase, long-Chain (Acadl), which breaks down branched and saturated

fatty acids, and hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyI-Coenzyme

A thiolase/enoyl-Coenzyme A hydratase (trifunctional protein), beta subunit

(Hadhb) which hydrates trans double bonds. In addition, peroxisome straight-

Chain oxidation transcripts acyl-Coenzyme A oxidase 1, palmitoyl (Acox1), butyryl

Co-enzyme A synthetase 1 (Bucs1) and enoyl coenzyme A hydratase 1,

peroxisomal (Ech1) transcript levels were induced. Although these genes have

not been Shown to be estrogen responsive, it is consistent with other studies

showing that estrogen treatment increases fatty acid oxidation in mice and rats

(177,178).
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Oxidative stress

E2 hydroxylation and subsequent oxidation to quinines along with the

induction of peroxisomal B-oxidation of fatty acids may generate reactive oxygen

species (ROS) (179,180). Early E2-induced defensive responses include

transaldolase 1 (Taldo1), which protects against ROS intermediates, and

catalase (Cat) which neutralizes peroxide synthesis (175). Furthermore, the

elimination of reactive metabolites is facilitated by induced glutathione-S-

transferases (Gsta2, Gsta3 and Gstm3) with glutathione replenishment

supported by glutathione reductase 1 (Gsr) induction, although in vivo it was

repressed by EE (73). These responses to oxidative stress are accompanied by

increases in cytochrome P450 enzymes Cyp231 and Cyp4b1 for further

metabolism and elimination, consistent with reports of other E2-induced isoforms

(73,181,182).

Although Hepa-1c1c7 cells maintained in stripped serum conditions are

responsive to E2, the transcriptional changes did not reflect the diversity of

estrogen-induced responses reported in the mouse liver. Their limited capability

to model in vivo estrogen elicited responses is not surprising and can be

attributed to many factors (e.g., hepatoma vs. normal tissue, 2-D vs. 3-D

environment, homogeneous cell population vs. multicellular tissue, lack of

systemic immunological effects, and differing pharmacodynamic and

pharrnacokinetic capacity). Gene-specific discrepancies between models may

be a consequence of switch-like responses where treatment triggers a cell from a
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gene expression “off” state to an “on” status (183). Consequently, genes may

not be identified as active if an insufficient number of cells are triggered. Thus,

models may exhibit divergent responses if gene-specific thresholds differ and are

not met in both systems. Nevertheless, several responses associated with

proliferation, cytoskeletal reorganization, cholesterol transport and metabolism,

fatty acid metabolism, and oxidative stress were well conserved. More

importantly, most genes commonly expressed between the stripped serum in

vitro model and C57BU6 liver samples were temporally co-expressed or

exhibited a temporal shift in which in vitro responses preceded an equivalent in

vivo response. Therefore, Hepa-1c1c7 cells in stripped serum conditions can

serve as an appropriate model to further investigate selected in vivo estrogen-

mediated hepatic mechanisms.

71



CHAPTER 3

COMPARATIVE TEMPORAL AND DOSE-DEPENDENT MORPHOLOGICAL

AND TRANSCRIPTIONAL UTERINE EFFECTS ELICITED BY TAMOXIFEN

AND ETHYNYLESTRADIOL IN IMMATURE, OVARIECTOMIZED MICEZ.

ABSTRACT

Uterine temporal and dose-dependent histopathologic, morphometric and

gene expression responses to the selective estrogen receptor modulator

tamoxifen (TAM) were comprehensively examined to further elucidate its

estrogen receptor-mediated effects. These results were systematically

compared to the effects elicited by the potent estrogen receptor ligand 17a-

ethynylestradiol (EE) to identify pathways Similarly and uniquely modified by each

compound. Three daily doses of 100 pg/kg TAM elicited a dose—dependent

increase in uterine wet weight (UWVV) in immature, ovariectomized C57BU6

mice at 72 hrs with concurrent increases in luminal epithelial cell height (LECH),

luminal circumference and glandular epithelial tubule number. Significant UVWV

and LECH increases were detected at 24 hrs after a single dose of 100 pg/kg

TAM. cDNA microarray analysis identified 2235 differentially expressed genes

following a single dose of 100 pg/kg TAM at 2, 4, 8, 12, 18 and 24 hrs, and at 72

 

2 Data contained in this chapter have been published.

Fong CJ, Burgoon LD, Williams KJ, Forgacs AL, Zacharewski TR. 2007.

Comparative temporal and dose-dependent morphological and transcriptional uterine

effects elicited by tamoxifen and ethynylestradiol in immature, ovariectomized mice.

BMC Genomics 8:151.
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hrs after three daily doses (3x24 hrs). Functional annotation of differentially

expressed genes was associated with cell growth and proliferation, cytoskeletal

organization, extracellular matrix modification, nucleotide synthesis, DNA

replication, protein synthesis and turnover, lipid metabolism, glycolysis and

immunological responses as is expected from the uterotrophic response.

Comparative analysis of TAM and EE treatments identified 1209 common,

differentially expressed genes, the majority of which exhibited similar profiles

despite a temporal delay in TAM elicited responses. However, several

conserved and treatment specific responses were identified that are consistent

with proliferation (Fos, Cdkn1a, Anapc1), and water imbibition (Slc30a3,

Slc30a5) responses elicited by EE. Overall, TAM and EE share similar gene

expression profiles. However, TAM responses exhibit lower efficacy, where

responses unique to EE are consistent with greater proliferation potential and

water imbibition.
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INTRODUCTION

Tamoxifen (TAM) treatment is an adjuvant therapy prescribed for estrogen

receptor positive breast cancers. TAM and its metabolites, 4-hydroxytamoxifen

(4OH-TAM), N-desmethyltamoxifen (DMT) and 4-OH-N-desmethyltamoxifen

(endoxifen), exhibit antiestrogenic activities by competitively inhibiting the binding

of potent agonists to the estrogen receptor (ER) thus antagonizing their

proliferative effects (53,184-186). Despite the high therapeutic index of TAM for

breast cancer, there are concerns regarding the increased occurrence of uterine

cancer as early as 2 years after initiating treatment (187). Although there is no

direct evidence that it initiates or promotes uterine cancer, TAM exhibits partial

ER-agonist activity by inducing uterotrophy in immature and ovariectomized

rodents (188,189). Consequently, a more comprehensive comparison to full

agonists is warranted to further elucidate the uterine gene expression effects

responsible for its partial agonist activity.

TAM is classified as a selective estrogen receptor modulator (SERM) as a

result of its differential effects in breast and uterine tissues (190). A number of

factors influence the specificity and efficacy of SERM-bound, ER-mediated gene

expression, and the subsequent physiological effects. This includes differences

in tissue-specific ER isoform expression levels, ligand-induced ER topology,

chromatin structure, and coactivator expression and distribution (46,60), thus

making the ER an ideal target for drug discovery and development. For

example, raloxifene, a second-generation SERM, has been approved for

osteoporosis and studies also support its use for breast cancer (191).
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The uterotrophic assay is a well established method to evaluate the

estrogenicity of a compound as measured by ER-mediated increases in uterine

wet weight, making it an ideal model for comparing Won-ethynylestradiol (EE) and

TAM elicited effects (87). The uterotrophic response also provides well

characterized phenotypic hallmarks that facilitate the interpretation of gene

expression changes and their function. Early studies have shown that TAM

elicits a weaker uterotrophic response than 17B-estradiol (E2) in an immature

rodent model (47), however, the mechanisms for its partial agonist activity are

not well understood.

Genome-wide expression analysis, phenotypically anchored to tissue level

effects, provides a comprehensive strategy to identify differential gene

expression important in the ER-induction of uterine wet weight. In this report, we

extend previous studies examining ER-mediated induction of uterine wet weight

(73,144,159) by identifying conserved and divergent uterine tissue and gene

expression responses elicited by TAM when compared to EE, an orally active full

agonist that mimics the effects of E2 (41). Comparative analysis found

conserved gene expression responses that exhibited lower efficacy, consistent

with the weak agonist activity of TAM, as well as divergent responses unique to

EE that partially explain the lack of TAM-induced water imbibition.
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Methods

Animal husbandry and treatment

Female C57BU6 mice, ovariectomized by the vendor on postnatal day

(PND) 20, were obtained from Charles River Laboratories (Raleigh, NC) on PND

25. Groups of five mice were housed in polycarbonate cages bedded with

cellulose fiber chips (Aspen Chip Laboratory Bedding, Northeastern Products,

Warrensberg, NY) in a 23°C environment with 30-40% humidity and a 12 h

light/dark cycle (0700 — 1900 h). Animals had access to deionized water and

Harlan Teklad 22/5 Rodent Diet 8640 (Madison, WI) ad libitum and acclimatized

for 4 days prior to treatment. For the dose response study, animals (n = 5) were

orally gavaged with 0.1 mL of 1, 3, 10, 30, 100, 300 or 1000 pg/kg b.w. tamoxifen

(2 99% pure, trans-2-[4-(1,2-Diphenyl-1-butenyl)phenoxy]-N,N-

dimethylethylamine) (Sigma Chemicals, St. Louis, MO), 100 pg/kg b.w. 17a-

ethynylestradiol (EE; 17a-EthynyI-1,3,5(10)-estratriene-3,178diol) (Sigma) or

sesame oil vehicle (Sigma) alone. Standard uterotrophic regimen was followed

(87), consisting of three daily doses followed by sacrifice 24 hrs after the final

treatment, (3 x 24 hrs). Doses were prepared based on average animal weight.

For the time course study, animals (n = 5) were orally gavaged once or three

times daily (3x24) with 100 pg/kg b.w. TAM or vehicle alone and sacrificed at 2,

4, 8, 12, 18 and 24 hrs after treatment in addition to 3x24 hrs treatment group.

Animals were sacrificed by cervical dislocation and animal body weights were

recorded. The uterus was transected at the border of the cervix, and stripped of

extraneous connective tissue and fat. Whole uterine weights were recorded
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before (wet weight) and after blotting (blotted weight) under pressure with

absorbent tissue. A 6-8 mm section of uterine horn was not blotted and placed in

10% neutral buffered formalin (NBF) for histological preparation while the

remainder was snap frozen in liquid nitrogen and stored at -80°C for RNA

extraction. All procedures were performed with the approval of the Michigan

State University All-University Committee on Animal Use and Care.

Histological processing, morphometric and pathological analysis

Samples stored in 10% NBF were allowed to fix for at least 24 hrs at room

temperature then placed into tissue cassettes and stored in 30% ethanol holding

solution at 4°C. Paraffin embedding, 5 pm sectioning, mounting and hematoxylin

and eosin staining were completed by the Michigan State University Laboratory

for Anatomical Histology and Molecular Sciences according to standard

techniques (192). Pathological assessments were evaluated according to

standardized National Toxicology Program (NTP) pathology codes.

Morphometric analysis was performed on midhorn uterine cross sections

for all animals (n = 5 per treatment group) using Scion Image analysis software

(Scioncorp, Frederick, MD). Histological markers of uterotrophy, including

luminal epithelial cell height (LECH), luminal circumference and number of

endometrial glands were quantified for each Slide. Statistical analysis of

morphometric data was assessed by Dunnett’s or two-way ANOVA followed with

Tukey’s HSD post hoc analysis to examine dose dependent and temporal

effects, respectively (SAS version 9.1).
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RNA isolation

Briefly, 1.0 mL of Trizol (lnvitrogen, Carlsbad, CA) was added to the

frozen uterine tissue in a 2.0 mL microfuge tube and homogenized in the

presence of steel beads by a Mixer Mill 300 homogenizer (Retsch, Germany).

Total RNA was isolated and extracted according to the manufacturer’s protocol

and resuspended in The RNA Storage Solution (Ambion, Austin, TX). RNA

samples were quantified spectrophotometrically (A250) and assessed for quality

by Azeo/Azao ratio as well as inspected using denaturing agarose gel

electrophoresis.

Microarray hybridization and analysis

Custom in-house cDNA arrays consisting of 13,361 features, representing

7,952 unique genes (Unigene Build 144), were spotted on epoxy coated glass

slides (SCHOTT Nexterion, Germany) using an Omnigrid arrayer

(GeneMachines, San Carlos, CA) and Telechem Chipmaker 3 pins in a

TeleChem CHP3 printhead head (Telechem International Inc., Sunnyvale, CA)

by the Research Technology Support Facility at Michigan State University (128).

Selected clones were obtained from EPAMAC (129), Research Genetics, the

National Institute of Aging and Lion Biosciences. Detailed protocols for

processing of microarrays are available at the deaCh Home Page (130).

An independent reference study design was used to assess treatment

effects (73). For the dose response study, each treatment group was hybridized

to a single vehicle pool utilizing 14 arrays, including dye swaps, and 3 biological
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replicates for a total of 42 arrays. For the time course study, each time-matched

treated and vehicle sample was competitively hybridized utilizing 14 arrays,

including dye swaps with 3 biological replicates for a total of 42 arrays. The

Genisphere 900 3DNA Array Detection (Genisphere lnc., Hatfield, PA) indirect

incorporation kit was used to generate cDNA samples for hybridization. Briefly, 1

pg of RNA was reverse transcribed in the presence of an oligo-tagged primer

specifically targeted for Cy3- or Cy5- conjugated dendrimers. The cDNA was

resuspended in 58 pL of 2X Formamide-Based Hybridization Buffer and

hybridized overnight on arrays sealed in a light-shielded, humid chamber

submerged in a 42°C water bath incubation. Slides were then washed in SSC

solutions containing decreasing concentrations of SDS, spin-dried and re-

hybridized with a Cy3:Cy5 (1:1) dendrimer mixture in formamide based buffer to

indirectly incorporate dyes at the Cy3— and Cy5-dendrimer—tagged cDNA

hybridized on the first day. Slides were washed and dried as previously

described, and scanned at 635 nm (Cy3) and 532 nm (Cy5) using a 428

Affymetrix Scanner (Santa Clara, CA). Images were examined, features

identified and intensity values recorded using GenePix v.5.1 (Molecular Devices).

Microarray quality control, statistical analysis and gene list filtering

All arrays in this study were compared to a historical data set of high

quality arrays. Parameters assessed included background signal intensity,

feature signal intensity, feature vs. background signal intensity ratios, the number

of features with background intensities greater than the feature intensity for each

array, and relationships between feature and background signal intensities. All
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arrays surpassed the quality control parameters established in this laboratory

(193).

Data were normalized using a semi-parametric approach (194) and

model-based t-values were calculated comparing time-matched treated and

vehicle samples. Posterior probabilities of activity [P1(0-value] were then

calculated on a per-gene and per-time point basis using an Empirical Bayes

analysis (135). Gene lists were initially filtered based on posterior probability

(P1(t) > 0.999) and fold—change cut-off (|fold changel > :I: 1.5) resulting in an

active gene list on which further functional analysis was conducted. All raw and

analyzed data were stored in deach (130), a Minimum Information About

Microarray Experiments (MIAME)-supportive relational database (131) running

under Linux/Oracle 109. deach currently supports microarray data storage,

retrieval, and querying as well as facilitates data analysis, sharing and reporting

(133).

Active gene lists exclusive to TAM and EE were also generated. Data for

the EE time course has previous been published (159). The TAM unique gene

list was generated based on relaxed criteria (P1(t) > 0.9 and |fold changel > :I: 1.4

cut-off) to obtain a liberal EE-mediated gene list which was then excluded from

the original TAM unique gene list using P1(t) > 0.999 and |fold changel > :t 1.5

criteria. The EE unique gene list was generated using a reciprocal approach

(i.e., relaxed criteria (P1(t) > 0.9 and |fold changel > :I: 1.4 cut-off) to obtain a

liberal TAM-mediated gene list which was then excluded from the original EE

unique gene list using P1(t) > 0.999, and |fold changel > d: 1.5 criteria). This
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approach ensured that genes marginally missing the cutoffs were not included in

the compound-unique list.

Estrogen response element searches were completed by comparing Gene

Symbols to the computationally identified list compiled by Bourdeau et al. (26).

Quantitative RT-PCR

Aliquots of RNA isolated from each of the five replicates were set aside for

SYBRT'“I Green quantitative real-time PCR (QRT-PCR) verification. EE-treated,

temporal mouse uteri RNA were previously isolated (159). An oligo—dT anchored

Superscript II (lnvitrogen) reverse transcriptase reaction was carried out on 1 pg

of RNA, in a 20 pL reaction, from each biological sample as per manufacturer’s

instructions. Samples were diluted four-fold and 3 pL used in a 30 pL real-time

reaction mix containing 1X SYBR Green PCR buffer, 3 mM MgCl2, 0.33 mM

dNTPs, 0.5 lU AmpIITaq Gold (Applied Biosystems, Foster City, CA) and 0.15

mM forward and reverse primer. All primers were designed by submitting cDNA

microarray clone sequences into Primer3 (138) to obtain an amplicon of

approximately 125bp (Supplemental Table 6). PCR amplification was conducted

in 96-well MicroAmp Optical plates (Applied Biosystems) on an Applied

Biosystems PRISM 7000 Sequence Detection System under the following

conditions: 10 min denaturation and enzyme activation at 95°C, followed by 40

cycles of 95°C for 15 s and 60°C for 1 min. After amplification, a 30 min

dissociation protocol was conducted to assess primer specificity and product

uniformity. Each plate contained duplicate standards of purified PCR product of
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known template concentration over eight orders of magnitude to generate a log

template concentration standard curve. No template controls (NTC) samples

were included on each plate such that experimental samples within 2 standard

deviations of the NTCS are considered below the limits of detection. Plots were

visualized and thresholds determined using ABI Prism 7000 SDS Software

(Applied Biosystems). Results were normalized to a geometric mean of beta-

actin (Actb), glyceraIdehyde-3-phosphate dehydrogenase (Gapd) and

hypoxanthine guanine phosphoribosyl transferase (Hprt) mRNA levels to control

for differences in RNA loading, quality and cDNA synthesis. Statistical

significance of expression differences between vehicle and TAM treated samples

were assessed by two-way ANOVA followed by Tukey’s HSD post hoc analysis

to examine treatment and treatment over time effects (SAS version 9.1).

Correlation analyses of QRT-PCR and microarray data generated using the

correlation function of R v2.1.0.

lmmunohistochemistry

Rabbit polyclonal antibodies specific for PCNA were purchased from

Abcam, Inc. (Cambridge, MA) and staining localized using manufacturer’s

instructions for the Vectastain Elite ABC Kit (Vector Laboratories, Burlingame,

CA). Briefly, paraffin-embedded uterine sections were placed on glass Slides,

deparaffinized in xylene and re-hydrated through a series of decreasing ethanol

concentration washes ending in ddH20. Endogenous peroxidases were

quenched in 0.3% H202 in methanol solution (30 min) followed by boiling (15
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min) in a 10 nM sodium citrate solution (pH 6.0) for antigen retrieval. To

minimize nonspecific background staining, sections were blocked with normal

goat serum (Vector Laboratories) for 20 min. The Slides were incubated for 1 hr

with the primary rabbit anti-PCNA polyclonal antibody (1:500 dilution in PBS),

followed by 30 min each with biotinylated goat anti-rabbit antibody (Vector

Laboratories) (1:400) and ABC reagent (Vector Laboratories). A single PBS rinse

was performed between incubations with each antibody. Localization of antigen

was obtained using Vector® NovaRED (Vector Laboratories). The sections were

counterstained with hematoxylin.
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RESULTS

Uterine weight

Increases in uterine wet weight (UWW) in rodents after three daily

subcutaneous doses of TAM is well documented (84,195). Dose-dependent

increases in uterine weight (E050 = 33.7 pg/kg) were observed following three

consecutive daily oral treatments of TAM (Figure 1A), however induction

plateaued at 5-fold, compared to 11-fold with an equivalent dose of 100 pg/kg

Wei-ethynylestradiol (EE) (159). Comparison of wet and blotted uterine weights

indicated no significant water imbibition in TAM-treated uteri. However, blotted

EE-treated uteri were larger, consistent with past reports that TAM induces a less

efficacious uterotrophic effect (196). In order to establish a temporal profile, the

uterotrophic effects of 100 pg/kg TAM were also investigated at 2, 4, 8, 12, 18,

24 and 3x24 hrs. A significant 2.5-fold increase was observed at 24 hrs after a

single 100 pg/kg TAM dose (Figure 1B) which was delayed compared to the

significant increase seen with 100 pg/kg EE at 18 hrs (159).

Morphometric analysis and histopathology

Luminal epithelial cell height (LECH), luminal circumference and number

of endometrial glands are hallmarks of estrogen action in the rodent which

correlate with UWW induction (197). Significant dose-dependent increases in

LECH and luminal Circumference were initially detected at 30 pg/kg TAM (Table

1A). Interestingly, LECH was not significantly different between 100
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Figure 1

Tamoxifen-induced dose dependent and temporal changes in uterine

weight

Graphs illustrate fold—change increases in uterine wet (open) and blotted (solid)

weight. A) Tamoxifen elicits a dose dependent uterotrophic response (E050 =

33.7 pg/kg) and achieves maximal induction of approximately 5-fold following

three daily doses (3 x 24 hrs) of 100 pg/kg TAM. Significant increases (p < 0.05,

n = 5) are denoted by an asterisk (*). In contrast, 100 pg/kg EE (positive control)

maximally induced uterine wet weight 11-fold (*, p < 0.05, n = 5) with significant

water imbibition (If; p < 0.05, n = 3), while TAM only achieved 50% uterotrophic

efficacy and no water imbibition. B) A Single dose of 100 pg/kg TAM significantly

increased uterine wet weight as early as 24 hrs after administration. No

Significant water imbibition was observed at any time point.
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Figure 1
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Table 1. TAM- and EE-induced uterine morphometric changes

 

 

 

 

 

  

 

A)

Dose Response (3 x 24 hr)

Luminal Avg. Number of

TAM Dose Epithelial Cell Luminal Glandular

(pg/kg) Height (pm) Circumference (mm) Tubules

0 8.75 :t 0.86 0.77 1: 0.14 1

1 8.99 :I: 1.00 0.72 :I: 0.12 0

3 10.91 :I: 2.97 1.17 t 0.41 1

10 107311.15 1.17:0.29 3

30 15.12 :I: 1.55* 1.87 :I: 0.26* 5*

100 24.58 :I: 2.79* 3.60 :I: 0.27* 10*

300 27.08 :I: 3.79* 2.68 1: 1.19* 5*

1000 31.30 :I: 2.25* 3.05 :I: 0.73* 5*

100 EE 28.94 :I: 3.35* +++a 4

3)

Time Course (100 pig/kg)

Luminal

Epithelial Cell Luminal

Time (hrs) Height (pm) Circumference (mm)

2 9.98 :t 1.68 0.79 :I: 0.19

4 8.61 :I: 1.58 0.80 :I: 0.06

8 10.06 :I: 2.50 0.96 i 0.29

12 9.46 1: 1.28 0.99 :I: 0.21

18 9.18:1.03 1.291042

24 11.08 :I: 1.94* 1.22 :I: 0.42

3x24 28.61 i 7.50* 2.85 :I: 1.83*
 

* Statistically different from time matched vehicle (p < 0.05)

a Lumen larger than 100x field of view, accurate measurements could not

be made at 40x magnification

Time course vehicle samples are not significantly different from each

other.
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pg/kg EE and TAM, although the luminal circumference of EE uteri was greater

with more pronounced invagination of the luminal glandular epithelium (Figure 2).

There was also mild to moderate hypertrophy in the stromal nuclei at 10 pglkg

TAM with moderate epithelial hypertrophy and hyperplasia at 30 pg/kg TAM,

which was marked at higher doses. Mild edema was noted for all samples

beginning at 100 pg/kg TAM. Marked to severe stromal nuclei hypertrophy and

epithelial hypertrophy and hyperplasia, all with mild edema, was observed at 100

pg/kg EE. Mild to moderate stromal edema was observed as early as 12 hrs

following after a single 100 pg/kg TAM dose, while increased UWW and LECH

were not significant until 24 hrs (Table 18). No significant increase in luminal

circumference was observed in the first 24 hrs after treatment.

Uterine endometrial glands synthesize and secrete fluids in preparation for

conceptus, implantation and growth. Significant increases in the number of

glands was observed at 30 pg/kg TAM (Table 1A) in the absence of a dose

responsive increase, which may be an artifact of histological sampling of the

uterine horn. Similarly, EE-treated uteri exhibited an increased number of

endometrial glands that was not statistically significant.

Uterine gene expression changes elicited by tamoxifen

Differentially expressed genes in the dose and time dependent studies

were identified based on their empirical Bayes posterior probability of activity

[P1(t)-value] on a per-gene, per-time point basis. P1(t)-values approaching 1.0

indicate a greater likelihood of treatment-related differential gene expression.
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Figure 2

Uterine histology

Hematoxylin and eosin stained sections of uterine tissue at 100x magnification

after three daily doses of A) sesame oil, B) 1 mg/kg TAM and C) 100 pg/kg EE.

TAM and EE treatment induced increases in luminal epithelial cell height.

Luminal circumference is increased to a greater degree by EE than TAM. Bars

represent 20 pm.
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Figure 2  

90



Using P1(t) > 0.999 and |fold change| 2 1.5 as selection criteria, a prioritized list

of 2941 features, representing 2235 unique Entrez Gene annotated genes, were

identified in the temporal study with 55% of the genes exhibiting induction and

45% repression (Supplemental Table 1). Differential expression levels ranged

from 143-fold repression (tight junction protein 4, ij4) to 28.1-fold induction

(arginase 1, Arg1), further demonstrating the responsiveness of the uterus to

tamoxifen. Using the same selection criteria (P1(t) > 0.999 and |fold changel of

2 1.5) at a minimum of three doses, to ensure dose responsiveness, 1630

features, representing 1036 unique Entrez Gene-annotated genes, exhibited

dose dependent expression (Supplemental Table 2). Of the 1036 genes

exhibiting a dose-dependent response at 3x24 hrs and of the 738 differentially

expressed genes at 3x24 hrs in the time course study, 691 genes (94%) were in

common, demonstrating good reproducibility between experiments.

Differentially expressed genes were associated with cell growth and

proliferation, cytoskeletal organization, extracellular matrix modification,

nucleotide synthesis, DNA replication, protein synthesis and turnover, lipid

metabolism, glycolysis and immunological responses. The temporal changes in

gene expression were best represented using five k-means clusters: A) induced

at 12 and 24 hrs, B) induced and sustained from 24 — 72 hrs, C) induced late at

72 hrs, D) repressed between 8 - 24 hrs and E) repressed and sustained from

24 - 72 hrs (Figure 3). The majority of TAM-elicited differential expression

occurred after 12 hrs with only 42 features (26 genes) exhibiting differential gene

expression between 2 and 8 hrs, in marked contrast to EE studies where
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Figure 3

Tamoxifen-induced temporal gene expression patterns

Five k-means clusters best represent the general temporal patterns for the 2941

features differentially expressed following TAM treatment. Note the 8 hr delay in

gene expression response especially in comparison to EE elicited gene

expression is speculated to be due to the delayed absorption of TAM. Inset

numbers indicate the number of features represented by each cluster. Black

pseudolines indicate the general profile represented within each cluster.
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Significant gene expression changes occurred prior to 8 hrs (144,159,198). The

temporal pattern of differential gene expression correlates with the histology

results which indicate a delayed response in comparison to EE.

Eleven genes, representative of affected pathways and exhibiting different

temporal gene expression patterns (i.e. cytoskeletal organization (Krt2-4), signal

transduction (Igf1), immunological responses (I17), acid-base homeostasis (Car3)

and lipid transport (Fabp5, Vldlr)), were verified by QRT-PCR and exhibited good

agreement with microarray results. Correlation coefficients ranged from 0.46 to

0.97 (mean = 0.80) (Figure 4).

lmmunohistochemistry (IHC) was also used to assess and localize PCNA

protein expression following TAM treatment (Figure 5). Microarray results

indicate a 2.5-fold increase in Pcna transcript levels between 12 - 18 hrs after

treatment with IHC, confirming elevated protein expression in epithelial and

stromal cells in 12 hr TAM treated samples when compared to time matched

controls.

Comparison of common temporal TAM and EE gene expression data

Temporal TAM data were compared to an analogous EE study using the

same immature, ovariectomized C57BU6 mouse model (159). Employing the

P1(t) > 0.999 and |fold change] 2 1.5 criteria, 2657 unique annotated genes were

differentially expressed following treatment with 100 pg/kg EE, of which 1209

were also activated by TAM (Supplemental Table 3). Agglomerative hierarchical

clustering of common genes by treatment and time indicates that the 12 hr TAM
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Figure 4

Quantitative real-time PCR verification of selected TAM-induced genes

Overall, the microarray results for 14 TAM- and EE-induced genes were verified

using QRT-PCR. The verified genes represent various affected pathways and

different temporal patterns of expression. Overall, there was good correlation

(average p = 0.8) between microarray (lines) and QRT-PCR (bars) data.

Examples for Six of the genes are illustrated. Statistically significant QRT-PCR

differences (p < 0.05, n = 4) due to treatment are denoted by an asterisk (*).
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Figure 5

Immunohistochemical detection of differential Pcna protein levels due to

TAM

Twelve-hour vehicle (A) and TAM (B) treated uteri sections were

immunohistochemically stained (NovaRED®) with Pcna specific antibodies.

Treated samples have darker nuclear staining, indicating greater levels of Pcna

protein expression, in agreement with the histological assessment and changes

in gene expression associated with cell proliferation. Increased Pcna expression

is more pronounced in the luminal and glandular epithelium, and stroma (arrows).

Tissues were counter-stained with hematoxylin. Images are representative of

four biological replicates. Bars represent 20 pm.

Color representation of this figure may be found in:

Fong CJ, Burgoon LD, Williams KJ, Forgacs AL, Zacharewski TR. 2007.

Comparative temporal and dose-dependent morphological and transcriptional

uterine effects elicited by tamoxifen and ethynylestradiol in immature,

ovariectomized mice. BMC Genomics 8:151.
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response is most similar to the 4 hr EE response, followed closely by 8 hr TAM

(Figure 6). Interestingly, TAM and EE exhibit similar gene expression profiles at

24 and 72 hrs, suggesting that the delay in some TAM-elicited responses is not

maintained at later time points.

Expression profiles were compared for the 1209 differentially expressed

genes that were regulated by TAM and EE. These genes were categorized as

Similar, more Efficacious by EE or TAM, or Ambiguous (Table 2). A total of 793

genes (66%) exhibited expression profiles that were Similar in pattern and

efficacy when a temporal shift, due to delayed TAM response, was considered.

Interestingly, 28 genes that were differentially expressed at least 2-fold more by

EE when compared to TAM (i.e., EE Efficacious genes) were associated with cell

growth, regulation of transcription and protein metabolism and transport including

Fos (6.4-fold by EE; 4.1-fold by TAM) and Inhbb (7.6-fold by EE; 3.2-fold by

TAM). These genes are involved in cell cycle regulation and cellular growth,

respectively, and possibly support the greater physiological effect exhibited by

EE. In contrast, 19 genes were modulated 2-fold or greater by TAM, including

an (3.6-fold by EE; 5.5-fold by TAM), which is associated with proliferation

inhibition. In general, efficacious TAM elicited responses were associated with

receptor-mediated signal transduction, ion transport and protein metabolism.

Gene expression comparisons between the two studies were also verified

by QRT-PCR. As previously reported, gene expression data is subject to

compression (199), and therefore the sensitivity of QRT-PCR data is often

greater when compared to microarray data Thus, some genes classified.
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Figure 6

Temporal comparison of genes commonly activated by TAM and EE

Hierarchical clustering of 1209 TAM- and EE-regulated genes (y-axis) identifies

subsets of Similar profiles according to time and treatment (x-axis). The

dendrogram indicates that early responses (4 hrs) to ethynylestradiol (E) are

most similar to 8 and 12 hrs tamoxifen (T) responses demonstrating temporally

displaced TAM activation consistent with the delayed absorption of TAM.

However, temporal displacement of TAM elicited responses is not maintained as

EE and TAM responses cluster together at 24 and 72 hrs.

Color representation of this figure may be found in:

Fong CJ, Burgoon LD, Williams KJ, Forgacs AL, Zacharewski TR. 2007.

Comparative temporal and dose-dependent morphological and transcriptional

uterine effects elicited by tamoxifen and ethynylestradiol in immature,

ovariectomized mice. BMC Genomics 8:151.
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Table 2. Classification of TAM and EE commonly active annotated genes

Classification

Category

Total Genes

Similar (8)

EE Efficacious

(EED

TAM Efficacious

(TEf)

Ambiguous (A)

Definition

Similar profiles exhibit patterns which

are comparable in direction and

magnitude across time; this also

takes into account temporally shifted

responses.

Efficacious responses demonstrate

similar directional responses, but

one compound elicits a greater

induction or repression, by at least 2-

fold, than the other; this category

also includes temporally shifted

responses.

Gene pairs which did not fall into the

previous three categories were

labeled as Ant—biguous

102

Number of

Annotated Genes

1209

793

28

19
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as Similar may also be classified as EE— or TAM-Efficacious. For example,

microarray data suggested that Cdkn1a response to TAM and EE were

comparable, but through QRT-PCR EE induced an 8-fold response compared to

a 3.5-fold induction by TAM (Figure 7).

TAM and EE responsive genes were also examined for estrogen response

elements (ERES) in their promoter regions by comparison to a list of

computationally identified sequences (26). EREs were found in 176 TAM-active

genes and 218 EE-active genes, with 133 regulated by both compounds. Only

10% of TAM or EE differentially expressed genes possessed an ERE suggesting

that other trans-acting factors may also be involved or that EREs were outside of

the search regions. Annotation information in public repositories is constantly

evolving, thus gene names may have changed or new genes may have been

added since the publication. As a result, some genes may be misclassified

regarding their ERE status.

TAM- and EE-specific gene expression data

Gene expression changes unique to either TAM or EE may be another

factor contributing to their different uterotrophic responses. An additional filtering

method was used to identify genes more likely to be unique to EE treatment

which involved excluding an extended list of TAM-regulated genes obtained by

relaxing the TAM criteria to P1(t) > 0.9 and |fold change| 2 1.4 from the standard

criteria (P1(t) > 0.999; |fold change| 2 1.5) of EE (Figure 8A). The same

approach was also used to obtain a list of genes unique to TAM (Figure 88).
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Figure 7

Examples of TAM and EE differential gene expression classifications

Examples of representative genes classified as Similar or Efficacious based on

microarray data only. QRT-PCR analysis confirmed the classifications of these

genes. In some cases (e.g., Cdkn1a) a gene classified as Similar may also be

classified as EE-Efficacious based on QRT-PCR results due to data compression

inherent in microarray data. Statistically significant differences (p < 0.05, n = 4)

due to treatment are denoted by an asterisk (*).
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Figure 8

Identification of unique EE and TAM differentially expressed genes

Treatment specific differentially expressed genes were identified by excluding a

list obtained using a more relaxed criteria (P1(t) > 0.9; |fold change| 2 1.4) for

one treatment from the differentially expressed genes identified using the

standard criteria (P1(t) > 0.999; |fold change| 2 1.5) of the second treatment to

identify gene expression changes that were more likely to be unique to one

treatment. (A) A liberal list of TAM-induced genes identified, using a relaxed

criteria of P1(t) 2 0.9 and Ifold change| 2 :l: 1.4, was excluded from the EE

differentially expressed gene list using the standard selection criteria of P1(t) 2

0.999 and |fold change| 2 i 1.5 to identify 240 genes more likely to be

differentially expressed by EE alone. (B) Using a similar approach, a list of 60

genes more likely to be differentially expressed by TAM alone was generated.

Lists of EE and TAM specific genes are provided in Supplemental Tables 4 and

5.
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This ensures that those genes significant in both treatments and

approaching significance in the other treatment are not considered as unique,

thus increasing the likelihood of identifying treatment-specific differential gene

expression responses. For example, to identify unique EE responses, the 2417

differentially expressed TAM genes that satisfy the P1(t) > 0.9 and |fold change|

> 1.4 were excluded from the 2657 differentially expressed EE genes (P1(t) >

0.999; |fold change| 2 1.5) to identify 240 genes unique to EE treatment (Fig. 83;

Supplemental Table 4). Similarly, genes more likely unique to TAM were

identified by excluding the 2175 differentially expressed EE genes with a P1(!) >

0.9 and |fold change| > 1.4 that were in common with the 2235 differentially

expressed TAM genes (P1(t) > 0.999; |fold change| 2 1.5) to identify 60 genes

more likely unique to TAM (Supplemental Table 5). Treatment-specific

responses exhibited profiles distinctly different in pattern and magnitude from

their counterpart (Figure 9) even when taking delays, due to TAM, into

consideration.

The pathways represented within unique EE-responsive genes include

apoptosis regulators (Bok and Pdcd6) and water imbibition (qu8 and SI02237),

consistent with the physiological effects observed. Fewer unique TAM-

responsive genes were identified. There was no overrepresentation of any

functional pathway consistent with its weaker uterotrophic response. These data

suggest that differentially regulated subsets of genes exist that contribute to the

distinctive uterotrophic response elicited by each treatment.

108



Figure 9

Temporal expression profiles of TAM and EE-specific genes

Graphical representation of genes exhibiting compound-specific responses

demonstrated profiles which were distinctly different in pattern and magnitude

compared to its non-responsive counterpart. These examples further illustrate

that the filtering conditions used were adequate to identify differential responses

by TAM and EE.

109



110

F
i
g
u
r
e
9

B
I
b
1
T
A
M

 

afiueuo mos

 
 

i
2

£3
1
'
2
1
'
8
5
4
3
5
4

T
r
r
e
a
i
s
)

M
S
m
E
E

 

I

dzéfidalh‘tr’edh‘: . .
FFFFFFFPFFO

afiueuo mos

 
 

Y '
2
2
5
1
'
2
1
'
3
2
‘
4
5
a
4

T
i
r
e
m
s
)

T
A
M

-
S
p
e
c
i
fi
c
G
e
n
e
s

R
fi
y
m
m

f
h
d
fl
fl
W
l

eeeeiee€.¢g
FPFFFFFFFd

 

afiueuo mos

 

 
 r

\

é
h
é
1
'
2
1
'
8
5
4
3
Q
2
4

2
3
8
1
2
1
8
2
4
3
1
2
4

T
u
m
o
r
s
)

T
i
m
o
n
)

 
 E
E
-
S
p
e
d
fi
c
c
h
n
e
s

s
a
u
c
e
s

u
m
n
w
E

a
;
2
w

:
1
.
7
5
-

5
1
.
5
0

2
1
.
2
5
'

‘
L

t
w
p
.
.
.

..
.

0
.
7
5

afiueuo mos

seeteeeéog
FFFFFFFFd

 
 

 
 

 

5
2
5
1
3
1
3
3
5
4
s
t

5
1
1
6
1
3
1
3
5
4
3
5
4

T
i
m
o
n
)

T
u
m
o
r
s
)



DISCUSSION

A comparative approach was used that integrates the gross organ,

histopathological, and morphometric uterine effects of EE and TAM with their

dose response and temporal gene expression profiles to further elucidate the

molecular basis of the partial agonist activity of TAM. TAM treatment induces a

5-fold increase in gross uterine weight following three daily doses compared to

an 11-fold increase with EE. In addition, no significant water imbibition was

induced by TAM. These effects are well documented and are the basis for the

classification of TAM as a partial agonist (84,195,196,200). Moreover, TAM

induces a delayed increase in uterine weight when compared to EE which may

be partially attributed to its weaker agonist activity but is more likely a reflection

of slower absorption (52,201,202). In contrast, peak serum levels of EE are

detected within two hours of treatment (203).

At equi-efficacious doses of TAM and EE (i.e. 100 vs. 20 pg/kg,

respectively), comparable effects on UWW, luminal circumference and glandular

epithelial were observed (data not shown), suggesting both treatments proceed

through similar changes to achieve uterotrophy. However, at higher doses, TAM

does not elicit a comparable gamut of responses as seen with higher doses of

EE. Surprisingly, TAM increased luminal epithelial thickness (188), due to

cellular hypertrophy and hyperplasia, that was not significantly different from EE,

but mediated a smaller increase in luminal circumference with more endometrial

glands compared to EE. Although these results appear contradictory, glandular

epithelium may arise from the luminal epithelium and appear as highly
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invaginated regions of the lumen that generate a large secretory surface area

(204). Thus, despite fewer endometrial glands in EE samples, its glandular area

is greater due to the increased luminal glandular surface area which was not

observed in the TAM treated samples.

Temporal tamoxifen-elicited gene expression profiles were examined

following a single dose as well as after three daily doses of 100 pg/kg TAM. Only

9 features, representing 6 annotated genes, exhibited differential expression at 2

and 4 hrs after TAM treatment compared to 1234 EE genes at the same time

points (159), consistent with the delayed histological effects. Of these early TAM

responses, only Esr1 and Car3 have been reported to be induced by estrogen

(159,205). At 12 hrs, 683 genes were differentially expressed in response to

TAM, of which 541 genes were also affected by EE between 2 and 8 hrs (159).

Agglomerative hierarchical clustering suggests that genes affected by TAM and

EE exhibited comparable gene expression changes despite the delay in TAM

responses.

Genes regulated by TAM and EE represent a variety of pathways

including cell cycle regulation, cytoskeletal re-organization, nucleotide

metabolism, immune and complement activation and lipid transport and

metabolism, and have previously been associated with eliciting the uterotrophic

response (144,159,198,206-208). Similarities in their gene expression profiles

suggest that the uterotrophic response involves a defined subset of genes

mediated by the ER. Furthermore, greater than 75% of TAM-activated genes

with putative EREs (26), were also activated by EE. However, differences in
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efficacy and responsive genes may partially explain uterotrophic response

differences.

Despite temporal delays, many genes were regulated by both EE and

TAM. Most of these commonly active genes exhibited comparable fold changes

suggesting that they do not significantly influence the magnitude of the

uterotrophic response. For instance, both treatments equally repressed

uterotrophic supportive pro-apoptotic caspases (Casp2 and Casp6) (reviewed in

(209)). Although these genes were responsive to EE and TAM, others

demonstrated quantitative differences in their expression behavior. Twenty-eight

genes, including the proliferation supportive genes Cdkn1a, F03 and Inhbb,

exhibited greater EE efficacy consistent with their previously reported estrogen-

induced expression (210-212) resulting in a full uterotrophic agonist response. In

contrast, 22 genes more highly induced by TAM included G2/M inhibitor (Sin/14-

3-30), which has been associated with human endometrial carcinomas (213) to

reduce proliferation. Many of these quantitative differences in gene expression

efficacy are consistent with the potent agonist activity of EE and the weak agonist

activity of TAM.

There were also treatment-specific gene expression effects. Tentatively,

240 and 60 modulated genes were identified as unique to EE or TAM,

respectively. In general, these responses were consistent with uterotrophic

activity elicited by EE and TAM. For example, QRT-PCR verified the early

induction of mitotic gene, Anapc1 by EE (data not shown). Also, the treatment

specific repression of pro-apoptotic Bcl-2 member, Bok, and the induction of
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Pdcd6, an apoptosis regulator, associated with proliferating tissues (214) are

consistent with the greater efficacy of EE. Bok has previously been shown to be

EE responsive in uteri, whereas Pdcd6 approached the statistical cut-off in a

previous study (144). For TAM, QRT-PCR confirmed decreased expression of

Sipa1 (data not shown), a repressed response at 24 hrs associated with

decreased proliferation (215) that may reduce hyperplasia.

DNA synthesis and replication pathways were also differentially regulated.

Sustained up-regulation of dNDP phosphorylating genes, Nme1 and Nme6 (216),

suggest salvage pathways are emphasized for nucleotide synthesis rather than

de novo processes. Consistent with this view Prps1, the first step in purine

biosynthesis, is repressed during the same period. These genes are similarly

modulated by TAM and EE, suggesting that proliferation may deplete resources

for de novo synthesis. Only Nme1 has been previously shown to be EE

responsive in rodent uteri (144,159). However, EE uniquely inhibited the de novo

pyrimidine synthesis gene, Dhodh [18 - 72 hrs], and induced the nucleotide

recycling gene, Nt5m [18 and 72 hrs] (217) suggesting an involvement of salvage

pathways to support EE-induced proliferation which have not previously been

reported to be estrogen responsive.

Water imbibition is a characteristic uterine response to estrogens,

involving the increased flow of water to the lumen mediated by aquaporins and

ion transporters (218). It does not appear to be a factor in TAM-induced uterine

weight increases, as blotted weights were not significantly different from wet

weights. qu1 and qu5 are comparably regulated by TAM and EE, while qu8
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induction was specific to EE (QRT-PCR verified, data not shown). qu8 is a

known contributor to water imbibition (219) and its EE-specific response

suggests it may play a larger role in the process of a full uterotrophic response.

The lack of ion transporter regulation may also be a contributing factor in

the absence of TAM-induced water imbibition. The EE induction of zinc

transporter, Slc30a3 [12 hrs], which causes ion uptake into various vesicle

compartments (220,221) may facilitate stromal edema and has been shown to be

responsive to estrogen where it is down-regulated in brain tissue (222). Organic

anion transporter, SI02237, was repressed by EE from 18 - 72 hrs in the uteri

suggesting anion retention in the stroma that may also be important for edema.

SI022a7 is an importer in the basolateral membrane of kidney tubule epithelia

(reviewed in (223)), and is estrogen responsive in the kidney (224).

Differential regulation of ATP production genes is also consistent with the

greater uterotrophic efficacy of EE. Transcripts associated with oxidative

phosphorylation (OXPHOS) complex I, Ndufb8 [8 — 24 hrs], and complex lll, Uqcr

[8 - 18 hrs] and Uqcrh [4 - 18, 72 hrs], were all up-regulated. Although not

previously been reported as responsive, collectively, the EE modulation of

OXPHOS components is consistent with greater energy demands required to

support increasing hypertrophic and hyperplastic activity induced by EE

compared to TAM.

Other TAM gene expression studies have been conducted using in vitro

breast cancer models, primarily MCF-7 cells. Comparisons of differentially

expressed gene lists identified minimal to no overlap of TAM responses between
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in vitro human breast tissue and in vivo mouse uterus (225,226). Only the

induction of Uqcrb (227), Nqo1 (228), Tff1, Mapt (229), Pctk3, Wnt4 (230), Myb,

Cdc6, CchO, Mcm2, F03 and Mybl2 (231) and repression of ch1, Tgfa (228),

Rap1ga1, Blnk, Tm4sf1, Matn2, Ifi30, Tgfb3 and Smpd1 (229) correlated with the

changes observed in the current study. Moreover, there are examples of

divergent gene expression changes such as inverse responses for an2 (228),

Ctsh, Selenbp1, Nfrkb, Cyp1a1 (229), Prps1 and Tmsb4x (230). The long term

uterine effects of TAM have also been examined in mice following neonatal

exposure. Mice were treated for four consecutive days after treatment and uteri

samples examined at various months after dosing (232). 001131 exhibited

persistent up-regulation months after treatment and was also induced in our short

term study. Several factors, such as model and tissue differences, likely

contribute to the minimal overlap including differences in array platforms and

genome coverage, study design, and data analysis. For example, E2 and 4OH-

TAM were utilized in the in vitro studies while EE and TAM were administered to

the mice.

Despite the minimal overlap between the models, the activities of TAM,

when compared to E2 were comparable. In vitro and in vivo, the gene

expression changes elicited by 4OH-TAM were similar to those mediated by E2

in MCF-7 cells. Furthermore, the magnitude of gene expression changes due to

4OH-TAM was attenuated compared to E2 (229,231). Although 4OH-TAM and

EE induced similar cell cycle genes, down-stream mechanisms were also

regulated to prevent 4OH-TAM mediated cell cycle progression (231). Some of
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these pathways may play a role in the partial uterotrophic response elicited by

TAM in treated mice.

Differences in chemical structure may contribute to ligand specific

responses. TAM belongs to the stilbene/triphenylethylene family while EE is

steroidal. Each has unique binding modes resulting in different ER

conformations (186), binding affinities (233,234), ligand-induced binding domain

topographies (235), coactivator recruitment capabilities (236,237), gene-specific

thresholds of activation, and efficacies (238). Specifically, 4OH-TAM induces a

different conformational change in the ER compared to E2, influencing

interactions with different coactivators. Electrophoretic mobility shift assay and

crystallographic examination (66) have shown that 4OH-TAM-bound ER could

not bind a GRIP1 coactivator LXXLL peptide due to helix-12 interference at the

binding cleft, which was recruited by E2. Consequently coactivator recruitment

may influence receptor complex interactions with response element variants (34)

which has been shown with other structurally diverse ligands and nuclear

receptors (239,240).

In addition, differences in absorption, distribution, metabolism and

excretion (ADME) between ligands and species, likely contribute to divergent

physiological and gene expression characteristics. It is well documented that

TAM metabolism differs significantly between humans and rodents, for example,

TAM N-oxide, 4OH-TAM and DMT are the predominant metabolites in the

mouse, while DMT is the major human metabolite in microsomal studies

(52,56,57). In rodents, the levels and rates of TAM metabolism to 4OH-TAM and
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DMT were significantly different in the rat and mouse, where the rat metabolite

profile more closely resembles human profiles (52).

A cytochrome P450 2D6 polymorphism in humans further illustrates the

potential effects of differences in metabolism on TAM activity. 4-OH-N—

desmethyltamoxifen (endoxifen) is a recently identified TAM metabolite, found at

higher levels than 4OH-TAM in patient serum, generated by CYP2D6 activity. It

exhibits similar ER binding affinity, and comparable breast cancer cell

proliferation and estrogen-induced pSZ mRNA expression inhibition activities

compared to 4OH-TAM (53). However, patients expressing specific CYPZD6

polymorphisms (i.e., CYP206*3, *4, *5 and *10) that impaired or abolished

CYPZD6 metabolism have a nearly 2-fold higher risk of breast cancer recurrence

(241). Collectively, these studies illustrate the significant differences in TAM

metabolism between models that compromise the extrapolation of rodent data for

use in human risk assessment.

Conclusions

Despite the comprehensive time course and dose response studies, an

assessment of the gene expression effects and their roles in uterine responses

could not be achieved due to limited genome coverage on our custom cDNA

arrays and incomplete functional annotation for the represented genes.

However, comparative TAM and EE studies using comparable designs and

models identified conserved functionally annotated gene expression changes

that are consistent with the measured uterotrophic response. Qualitatively, TAM

118



and EE gene expression profiles are similar; however, there are quantitative

differences in efficacy, consistent with the partial agonist activity of TAM.

Despite the evidence for these qualitative and quantitative differences in gene

expression, demonstration that these changes have causal roles in the partial

uterotrophic response elicited by TAM is required. The relevance of the

differences between estrogen and TAM and the association with endometrial

cancer (46,242,243) also needs further investigation.
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CHAPTER 4

MIXTURE EFFECTS OF TAMOXIFEN AND ETHYNYLESTRADIOL ON GENE

EXPRESSION IN IMMATURE, OVARIECTOMIZED MICE UTERUS.

ABSTRACT

Tamoxifen (TAM), the primary treatment for estrogen receptor (ER) positive

breast cancer, has been associated with an increased incidence of endometrial

cancer in post-, but not pre-menopausal women. TAM elicits a partial ER-

mediated uterotrophic response in immature rodents when compared to

ethynylestradiol (EE), a potent ER agonist. However, cotreatment with 1000

ug/kg TAM antagonizes the uterotrophic effect induced by 30 pg/kg EE. To

further investigate the antiestrogenicity of TAM in the uterus, immature,

ovariectomized C57BU6 mice were treated with a single oral dose of EE, TAM,

EE+TAM or vehicle. Uteri were subsequently examined at 2, 4, 8, 12, 18, 24 hrs

or after three daily treatments (3x24 hrs). Significant increases in uterine wet

weight (UWW) were observed at 18 hrs for EE, TAM, and EE+TAM. However,

EE+TAM induction of UW was significantly lower when compared to EE-

induced uterotrophy at 3x24 hrs. This inhibitory effect is also reflected in

decreases in luminal circumference, yet EE-induced luminal epithelial cell height

was unaffected by cotreatment with TAM. Analysis using a 2x2 factorial cDNA

microarray study design identified 290 genes differentially expressed following

EE treatment. However, only a subset of EE-elicited changes in gene expression

was affected by TAM cotreatment, consistent with the antiestrogenic response.
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These data suggest that the mechanism of TAM antagonism of EE-induced

UWW involves the selective inhibition EE-induced genes.
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INTRODUCTION

Tamoxifen (TAM) is an adjuvant and prophylactic therapy prescribed for

estrogen receptor alpha (ERa) positive breast cancers. Due to the opposing

effects of TAM in different tissues, it has been classified as a selective estrogen

receptor modulator (SERM). ln adjuvent therapy, it suppresses breast cancer

recurrence by 50% and reduces the occurrence of contralateral primary breast

cancer by 50%; when used as a prophylactic, TAM also reduces cancer

occurrence in high risk populations (46). Despite its high therapeutic index, TAM

also elicits undesirable effects in postmenopausal women including a two-fold

risk increase in endometrial cancer (58). TAM and its active metabolites, 4-

hydroxytamoxifen (4OH-TAM), N-desmethyltamoxifen (DMT), and 4-hydroxy-N-

desmethyltamoxifen (endoxifene), elicit these effects by directly binding to the

ligand binding domain (LBD) of ERa. Interestingly, TAM elicits a gene

expression profile similar to estrogen in both MCF-7 cells and uterine tissue,

albiet with lower efficacy (229,231,244).

ER conformational changes in response to ligand binding affect its

subsequent activities. Structrural resolution of the ligand binding domain

occupied with 17B-estradiol (E2) have elucidated a ligand-trapping conformation

involving helix-12; whereas selective antagonists, such as raloxifene, position

helix-12 in an orientation where the C-terminal domain of the ER interferes with

ER transactivation (64,245). Protease sensitivity assays have also demonstrated

that different ER surfaces are accessible to degradation depending on the bound

ligand (246), while phage display assays that probe for different epitopes indicate
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that ligands induce different ER topologies (235). In addition, FRET analysis

demonstrated that different short-peptide fragments prefered to bind to different

ligand-bound ER complexes (247).

Ligand induced conformations have been implicated in the spectrum of

coactivator proteins which may interact with the active receptor complex.

Electrophoretic mobility shift assays have demonstrated the recruitment of

GRIP1 co-activator to 17B-estradiol (E2)-bound ER, but not by 4OH-TAM-bound

receptor (66). Colorimetric phage ELISA assays have demonstrated that ER

conformation may be influenced by both the ligand and the sequence of the

gene-specific estrogen response element (ERE) (29). Moreover, coactivator

recruitment may influence which activated receptors bind to specific promoter

sequences. For example, DNA footprinting has shown that high mobility group B

(HMGB) coactivator proteins enhance ER binding to EREs (34). It is evident that

ligand-induced topology influences the gene-specific transcriptional activation of

a number of steroid hormone receptors including the ER (reviewed in (33)).

However, elucidating the influence of ligand structure on receptor conformation

and transcriptional activitiy warrants further investigation.

Although TAM and estrogen individually induce agonistic effects on the

uterus in the immature, ovariectomized rodent, cotreatment at appropraite ratios

elicit an antagonistic effect. For example, TAM significantly repressed uterine

weight after 28 days in intact adult mice, but did not elicit reductions after daily

treatments six months (248). TAM also antagonizes the E2 induction of

uterotrophy (51), as well as other endpoints such as progesterone receptor (249)
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and F05 expression (211), reporter gene assays (250) and peroxidase enzyme

activity (51 ).

Collectively, these studies demonstrate that TAM elicits a unique ER

complex conformation affecting its tissue-specific agonist and antagonist

activities. This report extends our previous studies examining the ER-mediated

changes in gene expression elicited by EE and TAM alone that are associated

with the induction of uterine wet weight (144,159,244), by examining their effects

following cotreatment.

A temporal two-by-two factorial microarray hybridization design, with

complementary histopathology, was used to comprehensively examine

differential gene expression associated with the antagonism of EE-induced

uterine wet weight by TAM cotreatment (Figure 1A) (251). Interestingly, only a

select subset of EE-induced genes was affected by TAM cotreatment.

Antagonized responses were associated with specific genes within cell growth

and proliferation pathways that could be correlated with the anti-uterotrophic

effect. Results from this study further elucidate the mechanisms involved in the

antagonist activities of TAM.
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Figure 1

Microarray hybridization design and uterotrophic assay treatment design

A) Differential gene expression between all treatment combinations was

examined using the two by two factorial hybridization design (251) to minimize

the number of arrays required per biological replicate. Each arrow represents an

array and the Cy3 (head) and Cy5 (tail) dyes incorporated.

B) Preliminary dose finding experiments examined uterine wet weight (UWW) 24

hrs after three orally administered daily doses. Mice (n = 5) were treated with

vehicle, 30 pg/kg EE, 1000 ug/kg TAM or 30 pg/kg plus 1000 pg/kg TAM.

Animals were sacrificed at 2, 4, 8, 12, 18 and 24 hrs after a single oral gavage or

at 72 hrs after three daily doses. TAM was Initially closed 8 hrs before EE to

compensate for the delayed TAM-elicited responses associated with metabolism

and distribution (244) to facilitate equal competition for ER availability.
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MATERIALS AND METHODS

Animal husbandry and treatment

Female C57BU6 mice, ovariectomized by the vendor on postnatal day

(PND) 20, were obtained from Charles River Laboratories (Raleigh, NC) on PND

25. Animals (n = 5) were housed in polycarbonate cages bedded with cellulose

fiber chips (Aspen Chip Laboratory Bedding, Northeastern Products,

Warrensberg, NY) in a 23°C environment with 30-40% humidity and a 12 h

light/dark cycle (0700 — 1900 h). Animals had access to deionized water and

Harlan Teklad 22/5 Rodent Diet 8640 (Madison, WI) ad libitum and acclimatized

for 4 days prior to treatment. To account for the delayed gene expression

responses (244), animals (n = 5 per group) were primed at -8 hrs with 1000

pg/kg TAM (TAM and mixture (MIX) groups) or sesame oil (vehicle and EE

groups) (Figure 18). At 0 hrs, animals were dosed with 30 ug/kg EE (EE and

MIX groups) or sesame oil (TAM and vehicle groups). Four groups (n = 5) of

mice were also treated with sesame oil, 30 pg/kg EE (Sigma), 1000 ug/kg TAM

(Sigma) or 30 pg/kg EE and 1000 pg/kg TAM at 24 and 48 hrs to represent the 3

x 24 hr treatment group. Doses were prepared based on average animal weight.

Animals were sacrificed by cervical dislocation and body weights were recorded.

The uterus was transected at the border of the cervix, and stripped of extraneous

connective tissue and fat. Whole uterine weights were recorded before (wet

weight) and after blotting (blotted weight) with absorbent tissue. A 6-8 mm

section of unblotted uterine horn was placed in 10% neutral buffered formalin

(NBF) for histology. The remainder was snap frozen in liquid nitrogen and stored
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at -80°C for RNA extraction. Liver sections from the left lobe were snap frozen

for LC/MS/MS analysis. All procedures were performed with the approval of the

Michigan State University All-University Committee on Animal Use and Care.

Histological processing, morphometric and pathological analysis

Samples stored in 10% NBF were allowed to fix for at least 24 hrs at room

temperature then placed into tissue cassettes and stored in 30% ethanol holding

solution at 4°C. Paraffin embedding, sectioning (5 pm), mounting and

hematoxylin and eosin staining were completed by the Michigan State University

Laboratory for Anatomical Histology and Molecular Sciences (192) using

standard techniques. Pathological assessments were evaluated according to

standardized National Toxicology Program (NTP) pathology codes.

Morphometric analysis was performed on midhorn uterine cross sections

for all animals (n = 5 per treatment group) using Scion Image analysis software

(Scioncorp, Frederick, MD). Histological markers of uterotrophy, including

luminal epithelial cell height (LECH), luminal circumference and number of

endometrial glands were quantified for each slide. Statistical analysis of

morphometry data was assessed by Dunnett’s or two-way ANOVA followed with

Tukey’s HSD post hoc analysis to examine dose dependent and temporal

effects, respectively (SAS version 9.1).
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RNA isolation

Briefly, 1.0 mL of Trizol (lnvitrogen, Carlsbad, CA) was added to the

frozen uterine tissue in a 2.0 mL microfuge tube and homogenized in the

presence of steel beads by a Mixer Mill 300 homogenizer (Retsch, Germany).

Total RNA was isolated and extracted according to the manufacturer’s protocol

and resuspended in The RNA Storage Solution (Ambion, Austin, TX). RNA

samples were quantified spectrophotometrically (A260) and assessed for quality

by Azao/Azao ratio as well as inspected using denaturing agarose gel

electrophoresis.

Microarray hybridization and analysis

Custom in-house cDNA arrays consisting of 13,361 features, representing

7,952 unique genes (Unigene Build 152), were spotted on epoxy coated glass

slides (SCHOTT Nexterion, Germany) using an Omnigrid arrayer

(GeneMachines, San Carlos, CA) and Telechem Chipmaker 3 pins in a

TeleChem CHP3 printhead head (Telechem International Inc., Sunnyvale, CA) at

the DNA Sequencing and Gene Expression Analysis facility at Michigan State

University (128)). Selected clones were obtained from EPAMAC (129),

Research Genetics, the National Institute of Aging and Lion Biosciences.

Detailed protocols for processing of microarrays are available at the deach

Home Page (130).

A two by two factorial hybridization design was used to assess treatment

effects (251) such that all treatment groups could be compared to each other
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(Figure 1A). Four time-matched samples, of each treatment group, were

hybridized to six slides to generate a single replicate of data. Three biological

replicates were completed for 2, 4, 12, 24 and 3 x 24 hr time points for a total of

90 arrays. The Genisphere 900 3DNA Array Detection (Genisphere lnc.,

Hatfield, PA) indirect incorporation kit was used to generate cDNA samples for

hybridization. Briefly, 1 pg of RNA was reverse transcribed in the presence of an

oligo-tagged primer specifically targeted for Cy3- or Cy5- conjugated dendrimers.

The cDNA was resuspended in 58 pL of 2X Formamide-Based Hybridization

Buffer and hybridized overnight on arrays sealed in a light-shielded, humid

chamber submerged in a 42°C water bath. Slides were then washed in SSC

containing decreasing concentrations of SDS, spin-dried and re-hybridized with a

Cy3:Cy5 (1:1) dendrimer mixture in formamide based buffer to indirectly

incorporate dyes at the Cy3- and Cy5-dendrimer tagged cDNA hybridized on the

first day. Slides were washed and dried as previously described, and scanned at

635 nm (Cy3) and 532 nm (Cy5) using a Molecular Devices Genepix 4100A

scanner (Sunnyvale, CA). Images were examined, features identified and

intensity values recorded using GenePix v.5.1 (Molecular Devices).

Microarray quality control, statistical analysis and gene list filtering

All arrays were compared to a historical data set of high quality arrays.

Parameters assessed included background signal intensity, feature signal

intensity, feature vs. background signal intensity ratios, the number of features
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with background intensities greater than the feature intensity for each array, and

relationships between feature and background signal intensities (134).

Data were normalized using a semi-parametric approach (194). Model-

based t—values were calculated comparing all time-matched treated and vehicle

samples. Posterior probabilities of activity [P1(t)-value] were then calculated on

a per-gene and per-time point basis using an Empirical Bayes analysis (135).

Gene lists were filtered to identify genes which demonstrate differential

expression between EE and mixture treatment. At each time point, both EE vs. V

(EV) and MIX vs. V (MV) lists were identified based on posterior probability (P1(t)

> 0.9999) and fold-change cut-off (|fold change| > 1.5) and then compared to

identify differential expression between EV and EE vs MIX (EM) where P1(t) >

0.9999). All raw and analyzed data were stored in deach

(http://dbzach.fst.msu.edu), a Minimum lnforrnation About Microarray

Experiments (MlAME)-supportive relational database (133).

QRT-PCR

Aliquots of RNA isolated from each of the five biological replicates were

set aside for SYBRTM Green quantitative real-time PCR (QRT-PCR) verification.

EE-treated, temporal mouse uteri RNA were previously isolated (159). An oligo-

dT anchored Superscript II (lnvitrogen) reverse transcriptase reaction was carried

out on 1 pg of RNA, in a 20 pL reaction, from each biological sample as per

manufacturer’s instructions. Samples were diluted four-fold and 3 “L used in a

30 pL real-time reaction mix containing 1X SYBR Green PCR buffer, 3 mM
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MgClz, 0.33 mM dNTPs, 0.5 lU AmpliTaq Gold (Applied Biosystems, Foster City,

CA) and 0.15 mM forward and reverse primer. All primers were designed by

submitting cDNA microarray clone sequences into Primer3 (138) to obtain an

amplicon of approximately 125bp (Table 1). PCR amplification was conducted in

96-well MicroAmp Optical plates (Applied Biosystems) on an Applied Biosystems

PRISM 7000 Sequence Detection System under the following conditions: 10 min

denaturation and enzyme activation at 95°C, followed by 40 cycles of 95°C for 15

s and 60°C for 1 min. After amplification, a 30 min dissociation protocol was

conducted to assess primer specificity and product uniformity. Each plate

contained duplicate standards of purified PCR product of known template

concentration over eight orders of magnitude to generate a log template

concentration standard curve. No template controls (NTC) samples were

included on each plate such that experimental samples within 2 standard

deviations of the NTCs are considered below the limits of detection. Plots were

visualized and thresholds determined using ABI Prism 7000 SDS Software

(Applied Biosystems). Results were normalized to Rpl7 mRNA levels to control

for differences in RNA loading, quality and cDNA synthesis. Expression

differences were assessed using a two-way ANOVA followed by Tukey's HSD

post hoc analysis to examine treatment and treatment over time effects (SAS

version 9.1). Correlation analyses of QRT-PCR and microarray data were

generated using the correlation function of R v2.1.0.
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LCIMSIMS

Liver tissue was homogenized with ddeO in a 1:20 dilution using a

handheld Polytron homogenizer (Kinematica, Switzerland). One mL ddeO, 200

pL 1N NaOH and 1 ng [‘5N, 13C2] tamoxifen (Sigma), as an internal standard,

was added to 1 mL of homogenate. The mixture was extracted in an

ether:methanol (95:5 vlv) solution and evaporated at 55°C under a stream of N2.

Residue was resuspended in 200 pL acetonitrilezammonium acetate (65:35 v/v)

and stored at -20°C in amber sample vials until use. Appropriate standards were

also prepared for quantitative interpolation of TAM and 4OH-TAM concentrations.

Extracted samples were analyzed at the MSU Mass Spectrometry Facility

(128). Samples were injected into the LC-20AD (Shimadzu; Columbia, MD)

HPLC system with the SlL-5000 Injector (Shimadzu) and separated on an

Atlantis dC18 3mm column (Waters Corporation; Milford, MA) using a 60:40 (vlv)

methanolz100mm ammonium acetate (pH = 3) solution. Electrospray ionization

mass spectrometry was carried out on a Quattro micro API instrument (Waters

Corporation) and data analyzed using Mass Lynx v4.0 software (Waters

Corporation).

Bioinformatic Promoter Word Search

Regulatory sequences of genes were obtained from the UCSC Genome

Browser for mature RefSeq mRNA accessions and stored in the deach

database (130). The sequences obtained extended from -5000 kb, upstream

from the transcriptional start site, through the 5’ untranslated region. A sliding

window method (252) was implemented to create a library of 5 to 10 nucleotide
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words from these sequences. To identify over-represented 5 to 10 nucleotide

motifs from the active gene lists determined through microarray analysis, an

empirical Bayes implementation of the Wilcoxon’s Rank Sum Test was executed

to calculate posterior probabilities (135,253). Queries of the Transfac database

(254) were conducted to identify potential binding proteins associated with some

over-represented short sequences.
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RESULTS

Dose finding studies

Preliminary studies were conducted to identify optimal EE and TAM doses

to investigate possible additive, synergistic and antagonistic uterotrophic tissue

and gene expression responses. We have established that the oral £050 for the

uterotrophic response elicited by EE and TAM are 22.1 and 33.7 ug/kg,

respectively, and that 100 pg/kg EE induced a maximal uterine wet weight

(UWW) response (~10-fold) in the immature, ovariectomized C57BU6 (159,244).

TAM also exhibited a pronounced temporal delay in gene expression when

compared to EE (244). In order to accommodate this delay, and to ensure equal

competitive binding by TAM and EE for the ER, a modified treatment regimen

was used that dosed the animals with TAM 8 hrs prior to EE (Figure 1B).

Preliminary dose range finding studies were conducted at 72 hrs to

identify the optimal EE:TAM ratio that would maximize the antagonism of EE-

induced uterotrophy by TAM. Cotreatment with 0.1 and 1.0 mg/kg TAM

significantly repressed UWW induction by treatments of 0.03 and 0.06 mg/kg EE

(Figure 2). Consequently, 0.03 mg/kg EE and 1.0 mg/kg TAM (1:33 ratio) were

selected to further investigate the additive, synergistic and antagonistic uterine

responses following cotreatment (MIX).

135



Figure 2  Dose finding: uterotrophic inhibition

EE (0, 10, 30 and 60 pg/kg) was co-treated with TAM (0.1, 1, 100 mglkg) to

determine the optimal doses resulting in inhibition of EE-induced uterotrophy. 30

ug/kg EE and 1 mglkg TAM (1:33 ratio) were selected for further examination.

The asterisk (*) indicates significant (p < 0.05) inhibition relative to EE alone.
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Treatment Effects on Uterine Weight

Significant (p < 0.05) increases in UVWV were observed at 18, 24 and 72 hrs after

treatment with 0.03 mglkg EE, and at 8, 18, 24 and 72 hrs with 1.0 mglkg TAM

(Figure 3). However TAM only elicited a 4.0-fold increase compared to the 8.1-

fold increase induced by EE at 72 hrs. Although, cotreatment of 0.03 mglkg EE

with 1.0 mglkg TAM still increased UWW from 12 - 72 hrs compared to vehicle,

cotreatment-induced UWW was inhibited approximately 50% at 72 hrs compared

to EE treatment alone.

Morphometric analysis and histopathology

Increases in luminal epithelial cell height (LECH) and luminal

circumference are hallmarks of estrogenicity in the uterus (88). LECH was

significantly induced 3.7-, 3.5- and 3.3-fold by EE, TAM and MIX treatment,

respectively, compared to time-matched vehicle controls at 72 hrs (Figure 4A).

There was no significant difference in LECH between EE and TAM at 72 hrs, and

TAM cotreatment did not antagonize EE induced LECH. Luminal circumference

was induced 3.1- and 2.9-fold at 24 hrs, and 8.0- and 4.9-fold at 72 hrs for EE

and TAM, respectively (Figure 4B). Mixture treatment repressed luminal

circumference by 54% compared to EE alone at 72 hrs, but was not significantly

different from TAM alone.
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Figure 3

Treatment induced uterotrophy

Uterine wet weight (UWW) was measured at 2, 4, 8, 12, 18, 24 and 72 hrs after

treatment (n = 5). “a” indicates a significant increase in UWW compared to the

time-matched vehicle control. “b” indicates a significant difference in UWW

compared to the time-matched EE-treated sample. TAM inhibited EE-induced

UWW only after three daily treatments.
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Figure 4

Morphometric changes elicited by EE, TAM and Mixture

Morphometric measurements of luminal epithelial cell height (LECH) and luminal

circumference were made on all uteri sections. “a indicates a significant

increase in LECH or luminal circumference compared to the time-matched

vehicle control. “b” indicates a significant difference in luminal circumference

compared to the time-matched EE-treated sample. TAM inhibited EE-induced

luminal circumference only after three daily treatments. There were no

significant differences in LECH between treatments at any time point examined.
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Temporal Histological Changes

Temporal- and dose-dependent histological changes in the uterus induced

by EE and TAM in the immature, ovariectomized C57BU6 mouse has been

previously reported (159,244) The same assessment was used to characterize

the histological changes elicited by vehicle, EE, TAM and EE+TAM treatment

using the modified treatment regimen. (Table 1). Mild to moderate stromal edema

was observed at 2 hrs in the TAM and MIX groups, likely due to early priming.

All treatment groups exhibited mild to moderate hypertrophy in stromal nuclei by

4 hrs, with mild to moderate epithelial hyperplasia in the MIX treatment at 8 hrs.

At 12 hrs, EE induced mild to moderate uterine stromal edema, mild stromal cell

hypertrophy, and moderate endometrial hyperplasia, while TAM elicited

qualitatively similar changes to the uterine architecture. MIX treatment induced

comparable uterine morphology relative to EE and TAM treatments alone. After

24 hrs, EE and TAM alone elicited marked increases in uterine edema, stromal

cell hypertrophy, and endometrial hyperplasia, and were not histologically

distinguishable. Comparable changes were also present 24 hrs after MIX

treatment. The severity of the uterotrophic response continued to 72 hrs after EE

and TAM treatments alone. In contrast, MIX elicited changes in the uterus were

attenuated compared to EE and TAM treatments alone, as evident in the areas of

stromal hypertrophy and endometrial hyperplasia (Figure 5). Overall, EE, TAM

and MIX treated uteri exhibit similar histological changes. Only at 72 hrs is there

evidence of a diminished response elicited by MIX when compared to EE and

TAM treatments alone.
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Table 1. Histological evaluations of treated uterine sections (n = 5)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

Time Treatment Stromal Stromal Epithelial Myometrial

(hrs) group edema nuclei hyperplasia hypertrophy

hypertrophy

V - - - -

2 E - - - -

T mild - - -

M mild - none - mild - -

moderate

V - - - -

4 E mild none - mild - -

T moderate mild - -

M mild - moderate - -

moderate

V _ - - -

8 E mild - mild - —

moderate

T marked mild mild - -

moderate

M marked — mild mild - -

severe moderate

V - - - -

12 E mild - moderate mild - -

moderate moderate

T moderate mild moderate -

M moderate moderate moderate -

V - - - -

18 E mild — mild - mild — -

moderate moderate moderate

T moderate - mild moderate -

marked

M moderate mild moderate -

V _ - - -

24 E moderate moderate marked mild

T moderate moderate marked mild

M mild — mild — moderate — mild

moderate moderate marked

V - - - -

72 E moderate — marked severe mild

marked

T moderate marked severe mild

M moderate moderate marked — mild

severe
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Figure 5

Histological observations

Hematoxylin and eosin staining of uteri treated three times daily with (A) vehicle,

(B) 30 ug/kg ethynylestradiol, (C) 1000 ug/kg tamoxifen and (D) 30 ug/kg

ethynylestradiol plus 1000 ug/kg tamoxifen (MIX). All treatments elicited a

uterotrophic effect, however MIX attenuated proliferative effect compared to EE-

and TAM-induced responses. Images are representative of five biological

replicates; bar represents 30 um.
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LCIMSIMS analysis of liver TAM and 4OH-TAM levels

TAM and 4OH-TAM levels were determined using LCIMSIMS in liver

samples from the same animals due to the limited amount of uterine tissue

available. Extracts from a previous study (244) demonstrated that TAM can be

detected in hepatic tissues 2 hrs after treatment, with 4OH-TAM reaching a

plateau by 4 hrs and decreasing after 12 hrs (Figure 6A). In the current

cotreatment study with TAM-priming, comparable levels of TAM and 4OH-TAM

were detected in hepatic liver extracts (Figure BB). Approximately 70 ng/mL

TAM were detected at 2 hrs in TAM and MIX treated liver extracts. Peak levels

of130 ng/mL were detected at 8 hrs that decreased to 50 ng/mL by 24 hrs. TAM

levels were not significantly different between TAM and MIX hepatic extracts at

any time point. However, 4OH-TAM levels were significantly higher in MIX (208

ng/mL) compared to TAM (92 ng/mL) at 2 hrs which converged to 100 ng/mL at 4

hrs. 4OH-TAM levels were not significantly different between TAM and MIX

groups at any other time point. It was not possible to determine EE levels due to

the low doses administered and the inefficiency of EE ionization and detection

using LCIMSIMS.

Uterine gene expression changes demonstrating mixture effects

Differentially expressed genes were identified based on their empirical

Bayes posterior probability of activity [P1(t)-value] on a per-gene, per-time point

basis (Supplemental Table 1). P1(t)-values approaching 1.0 indicate a greater

likelihood of treatment-related differential gene expression. EE-induced gene
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Figure 6

Temporal LCIMSIMS analysis of hepatic TAM and 4OH-TAM levels

Hepatic TAM and 4OH-TAM were extracted from a previous study (244) to

determine tissue levels using LC/MS/MS. A) TAM was detected (*p < 0.05

compared to time—matched vehicle) at 2 hrs after treatment. B) 4OH-TAM levels

peaked at 4 hrs (*p < 0.05 compared to time-matched vehicle) and plateaued at

12 hrs before steadily decreasing over time. TAM and 4OH-TAM were also

extracted from liver samples from the current study to determine hepatic tissue

levels using LCIMSIMS. TAM and 4OH-TAM were not significantly different

between vehicle and EE treatments. C) TAM levels in TAM and MIX treated

samples are significantly different from time-matched vehicle and EE controls (*p

< 0.05), but not significantly different between TAM and MIX treatments at any

time point. D) 4OH-TAM levels are significantly different from time-matched

vehicle controls and EE treated animals (ap < 0.05). At 2 hrs, TAM and MIX

demonstrate significantly different 4OH-TAM levels (”p < 0.05) but not beyond 4

hrs after treatment.
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expression affected by TAM co-treatment was identified using a two-step

process. All genes were first filtered to identify 2518 EE-elicited gene expression

changes (EE vs. V: P1(t) 2 0.9999; fold change 2 1.5) across all time points.

These 2518 genes where then screened for modulation by TAM cotreatment (EE

vs. MIX: P1(t) 2 0.9999) to identify only 290 unique, annotated genes exhibiting a

MIX-treatment effect, representing potential non-additive interactions (Table 2).

Gene expression changes were further examined by comparing EE vs. V

and MIX vs. V to classify potential non-additive interactions as: A) EE-induced

expression repressed by MIX, B) EE-induced expression augmented by MIX, C)

EE-repressed expression diminished by MIX , and D) EE-repressed expression

further repressed by MIX (Figure 7, Table 3). The distribution of genes across

time appears to shift from categories A, B and C (2 - 12 hrs) to primarily

categories B and C (24 and 72 hrs). Note that a potential non-additive interaction

may occur at several time points. For example, fos-Iike antigen 2 (Fosl2) is a

category A gene at 2 and 4 hrs. A gene may also exhibit different non-additive

patterns at different times, such as inhibin beta-B (Inhbb) which is a category A

gene at 2 hrs but is classified as a category B at 24 and 72 hrs.

Functional categorization of microarray data

The majority of EE-elicited differentially expressed genes affected by TAM

cotreatment identified at 2 and 4 hrs are associated with cell growth and

proliferation including oncogenes such as myelocytomatosis oncogene (Myc),

Jun oncogene (Jun) and FBJ osteosarcoma oncogene (Fos). Genes involved in
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Table 2. MIX-modified, EE-induced gene list generation
  

 

 

 

 

 

   

EE-induced genes * MIX-modified, *

Time P1(t) 2 0.9999 EE-induced genes

(hours) Fold-Change z 1.5 P1(!) 2 0.9999

2 49 25

4 336 87

12 1946 128

24 1534 79

72 591 48

Total Unique Genes ** 2518 290  
* Number of unique, Entrez Gene—annotated genes at indicated time point

** Number of unique Entrez Gene-annotated genes across all time points

NB: Genes may be active across multiple time points, thus the sum of each

column is greater than total unique genes in each category.
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Figure 7

EE-mediated gene expression affected by TAM cotreatment

Only 209 out of 2518 EE-elicited gene expression changes (P1(t) 2 0.9999; fold

change 2 1.5) were affected by TAM cotreatment. These genes were classified

as: A) EE-induced expression repressed by MIX, B) EE-induced expression

augmented by MIX, C) EE-repressed expression diminished by MIX, and D) EE-

repressed expression that is further repressed by MIX. The numbers within each

panel indicates the number of genes exhibiting the pattern. Note that some

genes exhibited different TAM cotreatment expression patterns at different time

points.

  

A 109 B 87
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Table 3. MIX-modified, EE-induced gene classifications

 

 

 

 

 

 

 
 

A B C D

Time MIX- MIX- MIX— MIX-

(hours) repression augmentation diminution augmentation

of EE- of EE- of EE- of EE-

induction induction repression repression

2 9 15 1 0

4 58 1 28 0

12 48 29 50 1

24 0 45 34 0

72 5 20 23 0

Total Unique 109 87 106 1

Genes*     
 

* A total of 290 MIX-modified, EE-mediated genes were identified. Some genes

demonstrated different expression patterns at different time points, thus the sum

of Total Unique Genes across all four categories is greater than 290.
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the cell cycle, cyclin-dependent kinase inhibitor 1A (Cdkn1a) and branched chain

aminotransferase 1, cytosolic (Bcat1), as well as guanine nucleotide binding

protein-like 3 (Gn/3) and activating transcription factor 4 (NM) that are

associated with proliferation, were also affected by TAM cotreatment. Other

affected functional categories included lipid metabolism [peroxisomal trans-2-

enoyl-CoA reductase (Pear) and carnitine palmitoyltransferase 2 (Cpt2)], immune

response [interferon gamma inducible protein 30 ([1730) and chemokine (C-X-C

motif) ligand 12 (Cxcl12)], and ion binding and transport [selenoprotein K (Selk)

and solute carrier family 23 (nucleobase transporters), member 2 (Sl023a2)].

Eleven of these genes, representing different categories of MIX-mediated

changes from Table 3, exhibited good correlations between microarray and QRT-

PCR data (Figure 8).

Bioinformatic promoter word search analysis

At a single time point, categories A through D adequately describes the

relationship between EE and MIX treatment; however, temporal patterns elicited

by MIX treatment may also provide insight to its regulation. MIX-modified, EE-

mediated genes were categorized according to their MIX vs. V fold-change

temporal patterns (Figure 9) and bioinforrnatic promoter word searches were

conducted on each temporal pattern group to identify putative sequence

elements over-represented in MIX-mediated, EE-induced genes. Despite seven

distinct temporal patterns, only three returned positive TRANSFAC® hits
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Figure 8

Quantitative real-time PCR verification

Microarray results for 11 genes were verified using QRT—PCR. These genes

represent various affected pathways and different temporal patterns of

expression. Overall, there was good agreement between microarray (left) and

QRT-PCR (right) data. Examples for four of the genes, A) Fos and Inhbb, B)

Ccl21b and Ndufb9, are illustrated demonstrating different patterns of MIX-

modified, EE-mediated changes. Statistically significant QRT-PCR differences (p

< 0.05, n = 4) due to treatment are denoted by an asterisk (*).
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(Supplemental Table 2). These positive hits were associated with known binding

factors (posterior probability 2 0.95) as reported by experiments reported in the

TRANSFAC® database. The most common binding factors associated with the

over-represented sequences include C/EBP, Sp1 and hepatocyte nuclear factors

(HNFs). Further studies are required to elucidate the role of these factors in MIX-

modified, EE-mediated gene transcription.
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Figure 9

MIX-modified, EE-mediated gene profiles

Bioinformatic word searches were completed on seven categories of MIX vs. V

fold-change, temporal profiles demonstrated by 209 MIX-modified, EE-mediated

genes. Three categories returned positive TRANSFAC hits, associated with a

binding transcription factor.
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31 genes

1 hit
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DISCUSSION

The rodent uterotrophic assay is a well established model to study the

physiological and morphological effects elicited by estrogenic compounds (91). It

has been used to examine the differential uterine gene expression elicited by EE

(144,159,198,255) and more recently, the partial agonist effects of TAM (244).

Previous studies have demonstrated that TAM inhibits estrogen-induced

increases in UWW (84,85), however the effects of cotreatment on gene

expression have not been comprehensively examined. In this study, we have

used our previously reported EE and TAM differential gene expression data

(144,159,244). to further investigate the inhibition of EE—induced uterotrophy by

TAM co-treatment using the same model, study design and analysis methods.

Moreover, we are also able to re-examine many widely held hypotheses

regarding the mechanisms involved in the anti-estrogenicity of TAM.

This study demonstrates that TAM inhibited EE induction of UW by

approximately 50% in immature, ovariectomized C57BL6 mice, comparable to

the levels of suppression previously reported (84,200,256). Histologically, TAM

co-treatment inhibited EE-induction of luminal circumference but did not

antagonize EE-induced LECH, suggesting that the antagonism of proliferation is

cell type-specific. Differential gene expression data also indicates that the

antagonism is not global since the majority of EE elicited responses were not

affected by TAM cotreatment. Of the 2518 EE-elicited differential gene

responses, only 290 were affected by TAM cotreatment, with 214 exhibiting
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repression and 76 exhibiting enhanced responses, relative to EE treatment

alone. Consequently, only a small subset of EE-elicited differential gene

expression is affected by TAM, thus indicating that competition for ER binding

TAM (51), and down-regulation of ER gene expression (257), does not

sufficiently explain the more complex interactions resulting in the inhibition of EE-

induced UWW increases (258).

Examination of the functions of EE-elicited. gene expression affected by

TAM is consistent with the inhibition of EE-induced UWW. For example, several

genes associated with growth and proliferation were repressed by TAM at early

time points (Figure 9a), including Myc, Jun, and Fos. The proliferation-

regulating, uterine-expressed transcription factors, Fos/2 (259), Ets1 and EtsZ

(260), as well as estrogen-responsive proliferation-associated thbp4 (261,262),

uterotrophy-associated Gnl3 (263) and stromal cell differentiation regulator

80083 (80033; 4hrs) (264) were also repressed. Group A proliferation related

genes including StxZ (265), estrogen responsive CIu, mouse uterus-expressed

Popch (266) and Gja1 found in human myometrium (267) were also all found to

be repressed at later time points. The EE elicited repression of some genes was

also minimized (Fig. 9c). Growth arrest specific 1 (Gas1) expression, which is

repressed by Myc (268), is consistent with the inhibition of EE-induced Myc, thus

consistent with the repression of uterotrophy by 6831. In addition, the

endometrial expression of Cirbp, which exhibits an inverse relationship with

proliferation (269), was de-repressed by TAM, also consistent with the

antagonism of UW increases by EE.
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Furthermore, TAM enhanced the induction and repression of some EE-

elicited gene expression changes (Groups B and D). Although these responses

appear counter intuitive, several of these changes are consistent with the

repression of the EE-induced uterotrophic effect. For example, over-expression

of Atf4 impairs mammary proliferation and development (270) and Cdkn1a is

known to promote growth arrest and apoptotic pathways (271). These responses

provide further support for a transcriptional role in MIX-repression of EE-induced

uterine weight. However, there were also late differential gene expression

responses by EE that were enhanced by TAM cotreatment that are consistent

with proliferation (Group B). Crip1, which is up-regulated in proliferating

mammary luminal epithelial cells (272), Cd02l1 (273) and endometrium

expressed Tgfa (274), all exhibited enhanced differential expression at later time

points. This enhanced expression may be an attempt to over compensate for the

limited induction of UW in response to the majority of gene expression changes

that were othenrvise unaffected under TAM co-treatment.

Cytoskeletal reorganization is integral to estrogen-mediated restructuring

of proliferating tissue (198). Several genes associated with the cytoskeleton

including Bicd2 (275), 00th (276) and Mfap5 (277) were induced by EE and

repressed following TAM cotreatment (Group A), consistent with the inhibition of

uterotrophy. Although, these genes have not been identified to be ER-regulated,

their differential expression serves to prepare the tissue for proliferation.

Binding studies indicate that 33:1 TAM to EE ratio is insufficient to

displace greater than 50% of estrogen bound to ER (278). Furthermore,
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estrogen is ~200,000-fold more potent than TAM in eliciting a DNA synthesis

response in mouse uterus (279). In addition, some genes such as Fos and

Ndufb9 (Figure 10), exhibited intermediate behavior where cotreatment induced

a response that was greater than TAM alone but less than EE alone.

Collectively, these results suggest that the inhibitory effects of TAM are not

simply a result of TAM saturation of the ER.

SERM activity is based on the ability to differentially affect various tissue

types (31,280). This study is the first to demonstrate that TAM also elicits

selective in vivo gene expression responses within the uterus. Estrogen and

4OH-TAM cotreatment studies in MCF-7 cells have identified genes that exhibit

comparable patterns of antagonism. For example, Group A genes Fos/2, Asns

(225) and Fos (229), Group C genes Il1r1, Tm4sf1, and M30 (229) exhibited

similar gene expression behavior in MCF-7 cells and C57BU6 uterine tissue.

Differences in study design, microarray platforms, gene representation on the

arrays, and data analysis are significant factors that limit the number of genes

affected by TAM co-treatment in both models. For example, there are significant

differences in ER protein levels (31), tissue specific co-regulating factor

availability (237,246) as well as gene-specific thresholds of activation (238) that

likely confound comparisons between human breast cancer MCF-7 cells and

mouse uterine gene expression profiles.
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Conclusions:

This study represents the first comprehensive in vivo investigation of the

anti—estrogenic effects of TAM on uterine gene expression. Repression of EE-

induced uterotrophy, by TAM co-treatment, did not globally repress all EE-

mediated gene expression. In contrast, only a select subset was affected which

include genes associated with cellular growth and proliferation, consistent with an

anti-uterotrophic effect. However, comparative studies in the rat or more

sophisticated transgenic approaches are required to conclusively demonstrate

the importance of these potential targets in uterine proliferation and growth and

as critical TAM targets for the inhibition of EE-induced increases in UVWV.
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CHAPTER 5

SUMMARY AND FUTURE PERSPECTIVES

The preceding studies have examined mouse in vitro liver and in vivo

uterus as models to examine gene expression changes elicited by estrogenic

compounds. Although serum deprived Hepa-1c1c7 cells only demonstrated

changes of small magnitude to a potent estrogen, the responses under serum-

supplemented conditions did correlate with the diverse responses found in vivo.

Identification of a more appropriate in vitro model would facilitate high-throughput

screening of less potent estrogenic compounds with respect to risk assessment

and pharmaceutical analysis. Furthermore, characterization of suitable rodent

and human in vitro models would allow comparative analyses not feasible in vivo.

The uterus of the immature, ovariectomized mouse is an excellent model

to characterize changes elicited by TAM and examine mixture effects between

TAM and EE, clue to its well characterized physiological, histological and gene

expression responses to estrogens. TAM is a known partial agonist, thus it was

not surprising to identify numerous differentially expressed genes associated with

cell growth and proliferation. These studies also identified genes which may

contribute to the limited uterotrophic effect compared to EE, and through genes

uniquely activated by TAM.

Foundational microarray studies of EE, as a positive control, on rodent

uterine and hepatic systems have established a baseline, which have been

extended to included responses elicited by TAM. These results further support

the identification and development of estrogen receptor—specific biomarkers
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suitable for high-throughput screening. Collecting differential gene expression

data elicited by structurally diverse ER ligands may also be used to investigate

structure and function relationships important in target-specific pharmaceuticals.

The benefits of intra-lab microarray studies are also demonstrated through

these studies. Early establishment of a comprehensive study design minimizes

the need to repeat foundational studies, and facilitate comparisons to other

compounds of interest. Also, utilizing the same model, experimental procedures,

microarray platform, and data analysis methods reduces the variables that may

confound comparisons and data interpretation in future studies examining other

ligands, tissues or model systems.

The EE and TAM mixture study demonstrated that only a subset of genes

exhibit differential expression when compared to independent treatment.

Moreover, the transcriptional changes, elicited by the EE and TAM mixture,

correlate with the observed physiological changes. These results present new

questions regarding the regulation of responsive genes that exhibit differential

regulation following treatment of EE alone, TAM alone and EE and TAM

cotreatment.

These mixture studies also further elucidated the characteristics of

SERMs. SERMs were initially defined as compounds eliciting differing

responses between organs. For example, TAM exhibits anti-estrogenic activities

in mammary tissue and partial agonist activities in the uterus. These results

indicate that TAM elicits differential gene expression regulation within the uterus,

many of which are similar to those elicited by full agonist, EE. Thus, the activities
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SERMs, and other compounds, can be more accurately classified using

microarray technology. These types of data may be beneficial to the

development and characterization of new, target-specific drugs.

Executing a mixture study revealed novel experimental considerations.

This includes the use of additional concentrations of the compounds as well as

alternate ratio combinations in order to more comprehensively assess the effects

of a mixture. In addition, there may be different responses if other endpoints,

such as rate of DNA replication, were selected, which could be important for risk

assessment and drug development. Such considerations are applicable to all

mixture studies as standard experimental designs have yet to be defined.

Consequently, this thesis demonstrates the importance of a solid

foundation of experimental procedures, based on a comprehensive design, to

optimize future comparative efforts. The analysis of TAM data is enriched due to

the availability of well-established EE data as a baseline for comparison.

Furthermore, the modifications to the experimental design, to facilitate the

comparison between two compounds, have resulted in sound, reproducible data.

These results demonstrate the utility of the approach that may be used as a

basis for future two-compound mixture studies.
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