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ABSTRACf 

The effectiveness of estrogen replacement therapy in the prevention of 

postmenopausal osteoporosis has led to its current widespread use throughout the 

United States and much of Western Europe, and recently, clinical correlations 

I 

between circulating androgen levels and structural bone integrity have been 

presented. Nevertheless, the biochemical mechanism through which estrogens and 

androgens act to protect and maintain bone has remained unclear. One possibility 

is that these hormones directly modulate the activity of cells responsible for bone 

formation. Therefore, studies were conducted to examine the effects of sex steroids 

on human osteoblast-like cells. 

In the first set of experiments, a finite human cell line was established from 

trabecular bone explants obtained from a 48 year-old woman. These cells, designated 

BG688, were characterized as osteoblast-like in phenotype using several independent 

criteria. In addition to classical osteoblast markers, BG688 cells also possess 

approximately 2400 high affinity (~=0.45nM) 17-f3 estradiol (~) binding sites per 

cell. The binding of Ez to a subset of these sites was specific. BG688 cells were also 

shown to respond to a physiological concentration (10nM) of Ez, which elicits 

pleiotropic changes in several mRNA levels including a 2-fold increase in the steady 

state concentration of £x1(I)-procollagen mRNA. These results indicate that human 



9 

osteoblast-like cells respond to ~ via a receptor mediated mechanism, but that, 

unlike the reproductive tissues, osteoblasts are a less sensitive target. 

In the second series of experiments, the effects of androgenic hormones on the 

osteoblast-like, human osteosarcoma cell line, HOS TE8S were evaluated. Employing 

radiolabelled dihydrotestosterone (DHT), 2800 saturable, high-affinity (~ = 0.66 

nM) androgen binding sites were detected per HOS TE8S cell. Androgen binding 

was specific. The expression of androgen receptors in HOS TE8S cells was further 

substantiated by Northern analysis. Physiological concentrations of DHT and 

testosterone decreased HOS TE8S cell proliferation. This finding suggests that 

androgens may also play a role in osteoblast differentiation. In support of this 

hypothesis, treatment with testosterone enhanced the abundance of both Q 1(I)

pro collagen mRNA and transforming growth factor-,8 mRNA. The non-aromatizable 

androgen DHT also elicited an increase in the steady state concentration of Ql(I)

pro collagen mRNA. 

The findings presented herein are significant within the field of bone cell 

biology in that they demonstrate that osteoblasts are a target cell for the action of sex 

steroids, via their cognate, high-affinity receptors. These results also have important 

implications within the broader context of bone pathophysiology in that they suggest 

a direct modulation of bone forming and bone remodeling activity by sex steroids. 
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CHAPTER 1 

OVERVIEW AND BACKGROUND 

Medicine in the 19th century began to document an age and sex- related decay 

in mineralized tissues which appeared only in the then small population of elderly 

patients which would today be called geriatric. In 1824, Sir Astley Cooper observed 

that the bones from autopsied patients of extreme age had become thin and spongy, 

and in 1881 Bruns noted a trend in which fractures of the hip and wrist were more 

frequent in older women than in older men (1). Today, longer life expectancies, 

produced by unprecedented advances in medical technologies during the ensuing 

decades, are accompanied by dramatic health care costs associated with treating 

geriatric bone disorders and traumas. For example, hip fractures alone in older 

American women accounted for 5.2 billion dollars in national health care 

expenditures in 1986 (2), with inpatient care representing over 95% of the total. 

In addition, the limited mobility imposed on older patients who are prone to 

fractures, often seriously affects the quality of life experienced by these individuals 

during lithe golden years". It is for these reasons that we pursue a better 

understanding of the etiology of the age and sex-related decrease in structural bone 

integrity first documented over a century ago. 
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Skeletal Physiology 

Bone is an internal reservoir which is used, during. times of dietary 

insufficiency, to provide minerals to meet systemic needs. 99% of the body's calcium 

and 85% of its phosphorus, both crystallized as hydroxyapatite, and 65% of the body's 

magnesium are present in the skeleton (3). To remain capable of releasing these 

minerals if needed, that is, to prevent their permanent sequestration from the 

circulation, bone and calcified tissues are in a dynamic state of microscopic flux and 

activity. Under physiological stimulation from the proper systemic hormones, such 

as parathyroid hormone (PTH) and 1,25(OH)2D3' bone is resorbed or broken down, 

its crystalline ultrastructure is dissolved, and its minerals, along with various organic 

components, are released to the bloodstream. 

The calciotropic effect created by factors secreted from the parathyroid glands 

in response to hypocalcemia was described as early as 1958 (4), and currently, the 

physiological effects of this hormone are well documented. PTH increases circulating 

calcium levels by mobilizing calcium from the skeleton (4), and by enhancing the 

retention of calcium and the excretion of phosphate by the kidney (5). Lowered 

blood phosphate concentrations also cause the release of calcium from the skeleton 

because they preclude the precipitation of hydroxyapatite in mineralized tissues. 

Also, in the kidney PTH activates an enzyme, 25-hydroxyvitamin D I-hydroxylase 
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(6), that catalyzes the synthesis of the bioactive form of vitamin D, 1,25(OHhD3' 

which then stimulates intestinal calcium absorption (7). 

On the other hand, when circulating mineral concentrations exceed 

homeostatic levels, such as in hypercalcemia, corresponding molecular factors are 

released to the system which cause a lowering of these concentrations to within their 

acceptable ranges. One such factor is calcitonin, a 32 amino acid peptide secreted 

by thyroidal C-cells (8), which inhibits the resorption of bone, and thereby reduces 

the amount of calcium and other minerals released to the bloodstream by the 

skeleton. Thus, in addition to providing structural support and attachment sites for 

muscles, tendons and ligaments, bone, in its role as mineral reservoir, interacts with 

a variety of other physiological systems to maintain homeostatic mineral balance. 

Cell Biology of Bone 

The crystallization of inorganic minerals in skeletal tissues, though a physical

chemical phenomenon, is orchestrated and executed by specialized cells known as 

osteoblasts. Their participation in new bone formation was originally hypothesized 

in 1923 (9), and these cells are now known to synthesize new bone through the 

secretion of organic material which forms a molecular scaffold known as osteoid, and 

upon which mineralization occurs after a specific period of time. The time between 

the establishment of osteoid and the precipitation of hydroxyapatite 
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(Ca lO(P04)6(OH)z) is called the mineralization lag time, and can be measured directly 

by double tetracycline labelling (10). 

Collagen Type I is by far the most abundant protein in the osteoid, and 

represents approximately 90% of the organic matrix (11). Osteoblasts and their 

progenitors synthesize and secrete copious amounts of collagen type I, along with 

other non-collagenous proteins such as osteocalcin (12), osteonectin (13), 

thrombospondin (14) and bone sialoprotein (15). There are many more non

collagenous proteins which have been isolated from bone, but the exact physiological 

function of the non-collagenous proteins remains in question. What is certain is that 

they are essential to proper osteoid formation. 

Osteoblasts are under the direct regulatory control of PTH and 1,25(OH)zD3, 

two of the calciotropic hormones mentioned above. PTH affects amino acid 

transport (16), intracellular cyclic-AMP levels (17), and protein synthesis 

(18) in mammalian osteoblast-like cells. 1,25(OH)2D3 increases osteoblastic 

synthesis of osteocalcin (19) and alkaline phosphatase (20). Although the 

exact role of these biological effects in bone formation is unclear, it would seem that 

they should inhibit the ability of the osteoblast to sequester calcium through new 

bone formation, since the systemic effects of the calciotropic hormones result in 

elevated circulating calcium levels. In fact, many speculate that PTH and 
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1,25(OH)2D3 induce the osteoblast to synthesize and secrete local peptide factors, 

none yet isolated, which activate nearby osteoclasts which destroy the mineralized 

matrix of bone, releasing its contents to the blood. Osteoclasts and their regulation 

will be discussed in detail below. 

In addition to the systemic calciotropic hormones, there are several local 

peptide growth factors which directly influence the differentiation and function of the 

osteoblast. Some of these factors are made by the osteoblast itself, and act in an 

autocrine fashion. Others are synthesized in nearby cells and act in a paracrine 

fashion. Transforming growth factor-,8 and the insulin-like growth factor I are two 

prominent examples. The former has been linked to mammalian osteoblast 

replication and collagen synthesis (21) and the latter has been shown to exert 

independent effects on bone matrix formation and osteoblast proliferation (22). 

Other local factors, which mediate bone formation and resorption indirectly through 

the osteoblast, include tumor necrosis factors (23) and interleukin-1 (24). 

These factors induce the osteoblast to activate nearby cells, osteoclasts, which are 

responsible for bone resorption. 

Osteoclasts are large multinucleate cells, which arise from the fusion of many 

precursor stem cells, possibly CFU-GM cells (colony forming unit for the granulocyte 

macrophage lineage) (25), and which demonstrate motility on bone surfaces 
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(26). The function of these cells is to resorb bone, and they participate with 

osteoblasts in a dynamic and ongoing process known ::!:; bone remodeling. When the 

local activity of bone forming oste.~lJlasts equals that of the resorbing osteoclasts in 

the vicinity, the degree of mineralization and the absolute bone mass and density 

remain constant. When osteoclasts outperform nearby osteoblasts, the net effect is 

bone resorption and a decrease in bone mass and density. When the reverse is true, 

the net effect is bone formation and an increase in bone mass and density. 

The complexity of the regulation of bone is augmented by the fact that several 

of the previously described systemic hormones which modulate osteoblast function 

also elicit direct or indirect biological effects on osteoclasts or their precursors. For 

example, PTH (27) and 1,25(OH)2D3 (28) stimulate the differentiation and 

fusion of osteoclast progenitors to form mature osteoclasts, and also activate existing 

mature osteoclasts to resorb bone, probably indirectly through osteoblast released 

factors. Calcitonin directly inhibits bone resorption by the osteoclast (29). In 

addition, several of the local peptide factors cause biological response in osteoclasts. 

Tumor necrosis factor (23) and interleukin-l (24) stimulate osteoclastic resorption 

indirectly through the osteoblast, as mentioned above. The result is a very complex 

web of biochemical interactions and pathways of regulatory control which must be 

considered within the experimental framework of research on bone. 
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Postmenopausal Osteoporosis 

Steroid hormones represent a large group of biologically active agents which 

elicit specific physiological responses at extremely small (nanomolar) concentrations. 

In contrast to peptide growth factors, steroids are anabolically and catabolically 

metabolized by a plethora of different enzymes, and are produced through the 

biochemical modification of cholesterol. Two steroid hormones not yet mentioned 

are the estrogens and the androgens, the so-called sex steroids. Until 1988, their role 

in bone maintenance was clinically established, though not biochemically defined. In 

1941 Albright et. al. (30) published a consolidated and thorough clinical 

description of the onset, presentation and diagnosis of osteoporosis-induced fractures. 

"Essentially the same story keeps repeating itself. A woman, about 10 years 
after the menopause, receives a minor jolt (by going over a bump in an automobile, 
for example); she experiences a pain in the back; finally, she has a roentgen 
examination which reveals the condition ..... Their skin is noticeably thin, this condition 
suggesting that the atrophy is more widespread than just in the bone matrix." 

Of course, a key physiological event in the life of older women is the 

menopause, and an important consequence of this event is a drastic fall in circulating 

estrogen levels. The average age at which women in North America and Europe 

experience the menopause, namely 50 years of age, has remained constant for 

centuries and women are the only mammals which outlive their capability to 

procreate (1). These facts, combined with increasing life expectancies for women in 
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the 20th century, appear to explain the rapid increase in cases of reported 

osteoporosis as medical technology advanced. Here then, it seems, was one answer 

to the puzzling question of bone decay in older patients noted by the medical 

community of the 19th century. 

Osteoporosis has been defined as an absolute loss in bone mass which leads 

to fractures after minimal trauma (31). In fact, both sexes lose bone in what has 

been called a "protracted slow phase", which begins in middle age (35-50 yr), and 

continues into late,r life. This type of bone decay is implicated in Type II or senile 

osteoporosis, a syndrome which occurs in men and women 70 and over, and is 

manifested mainly by hip and vertebral fractures. At the cellular level, it appears that 

this slow, age-dependent phase is caused mainly by impaired bone formation by 

osteoblasts (31). 

Women, however, have the unfortunate distinction of experiencing an 

additional, transient, accelerated phase of bone loss directly after the menopause. 

The main clinical manifestations of this condition, called Type I or postmenopausal 

osteoporosis, are vertebral and forearm fractures which occur 15-20 years after 

menopause (31). These skeletal sites are rich in trabecular bone, and since the onset 

of trabecular bone loss occurs a decade before the onset of cortical loss, these sites 

may be predisposed to the negative effects on bone which accompany the hormonal 
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changes associated with menopause. At the cellular level, the accelerated phase of 

bone loss has thus far been associated with a high rate of bone turnover, and an 

increase in the number of active osteoclasts (31). Indeed, the drugs currently 

approved by the Food and Drug Administration for the treatment of osteoporosis, 

namely calcium, calcitonin and estrogen, act by decreasing bone resorption (31). 

It is important to bear in mind that both the slow phase of bone loss 

experienced by both sexes, and the accelerated loss experienced by women shortly 

after menopause are universal phenomena (32). Although several risk factors 

have been linked to Type II osteoporosis, including fair skin, low body weight, low 

calcium intake, smoking, alchohol consumption, diabetes mellitus, inactivity, and 

excessive physical activity, postmenopausal bone loss in women is not limited to any 

subgroup (32). In addition, the attenuation of postmenopausal bone loss with 

estrogen therapy does not result in the total elimination of osteoporotic fractures, 

suggesting that the disease is complex, and may arise from a variety of metabolic 

parameters. 

Nevertheless, the long term clinical benefits of estrogen replacement therapy 

in the prevention of postmenopausal bone loss (33) and related hip fractures 

(34) have been well described, and today many postmenopausal women in 

America receive estrogen replacement to prevent bone loss. Although the results are 
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impressive, there are many deleterious or undesired side effects which accompany 

estrogen replacement, including increased risk of cancer in reproductive tissues and 

a recommencement of irregular menstrual cycles. Therefore, any alternative therapy 

which acts specifically to protect bone in postmenopausal women and which does so 

without engendering the side effects associated with estrogen replacement, would be 

warmly welcomed by the scientific and medical communities. The first step in the 

development of such a treatment is to assess the biochemical origin of estrogenic 

(and androgenic) effect(s) on bone, and that has been the purpose of this research. 

The simplest hypothesis would be that estrogen acts directly on bone, 

stimulating osteoblasts to synthesize new bone and/or inhibiting osteoclastic bone 

resorption. Argument against the former was presented in 1978 when attempts to 

detect estrogen receptors in mammalian bone extracts failed (35,36). For several 

years, researchers explored alternative, possibly indirect mechanisms to account for 

estrogen's protective effects on bone. One concept was that estrogen protects bone 

by stimulating secretion of calcitonin from the thyroid (37). This would inhibit 

osteoclast activity and bone resorption, thus attenuating loss in bone mass. Another 

theory was that estrogen maintains the active synthesis of 1,25(OH)2D3 in the kidney, 

thereby enhancing intestinal calcium absorption (38). 

In the late 1980s, several research groups, including our own, returned to the 
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notion of a direct effect of estrogens (and androgens) on osteoblasts and/or 

osteoclasts, and began to use techniques of increased sensitivity to demonstrate the 

. presence of sex steroid receptors in bone cells. Progress has since been made toward 

elucidating the cellular and molecular mechanisms of the protective effects of 

estrogens on bone. The breakthrough occurred in 1988 when two papers in Science 

demonstrated the initial detection of high-affinity 17 f3 -estradiol (E2) binding sites and 

estrogenic responses in osteoblast-like human osteosarcoma cells (39) and in 

normal human osteoblasts (40). The author contributed to the first of these 

publications (39), and since that time, several studies have strengthened the 

conclusion that E2 acts directly on bone to modulate remodeling. E2 receptors have 

been detected, by immunocytochemistry and ligand binding assays, in osteoblastic 

cells derived from polyostotic (41) and monostotic ( 42) fibrous dysplasias in 

humans, and E2 receptor mRNA has been demonstrated by polymerase chain 

reaction amplification in the healing fracture callus of the rat (43). Furthermore, 

E2 has been found to elicit a variety of biological effects in mammalian bone cells, 

including a direct modulation in the response of human osteosarcoma cells (44) 

and immortalized rat calvarial cells (45) to parathyroid hormone. Additional 

research presented herein demonstrates estrogen receptors and estrogenic responses 

in a non-transformed human osteoblast-like cell line, BG688. This work has been 
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accepted for publication (46), and constitutes part of the final proof that 

estrogens act directly on the osteoblastic cells of the skeleton. 

Researchers also began to contemplate the corresponding expression of 

androgen receptors and androgenic responses in bone cells, since it was also apparent 

from clinical investigations that androgens are involved in skeletal metabolism in both 

sexes. For example, in hirsute women, androgen excess can maintain normal bone 

mass in spite of low or undetectable estradiol levels (47), and in young women 

androgens and estrogens appear to function as independent and additive 

determinants of peak trabecular bone density (48). In men, testosterone 

deficiency is associated with a larger risk of spinal compression fractures (49), and 

hypogonadal males demonstrate reduced bone densities (50). Interestingly, the 

reversal of male hypogonadism, accompanied by increased circulating testosterone 

levels, has been associated with net gains in bone mass (51). A clinical pattern 

such as this suggests that androgens, like estrogens, directly modulate the process of 

bone remodelling resulting in homeostatic maintenance or increase in bone. 

These clinical observations have begun to receive biochemical and molecular 

biological corroboration during recent years. Data from mammalian calvarial models 

indicate that androgens can stimulate mineralization (52) and inhibit bone 

resorption (53), and recent data suggest the presence of specific androgen binding 
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sites and androgen receptor mRNA in normal human osteoblast-like cells (54). 

Furthermore, like estrogen, androgens modulate the response of human osteoblast

like osteosarcoma cells to PTH (55). The resuits presented herein, which 

demonstrate androgen receptors and androgenic regulation in the human osteoblast

like osteosarcoma line HOS TE85, have been accepted for publication (56,57), 

and comprise additional evidence for the direct action of male sex steroids on the 

skeleton. 

This monograph therefore represents the synthesis of two independent 

projects, each with the same experimental goals: 1) to determine whether osteoblasts 

are targets for sex steroids, and, if this is indeed the case, 2) to begin the 

characterization of the biochemical response to these hormones in osteoblasts. 

Hypothesis and Predictions 

Several dramatic advances in biochemical and molecular methods over the 

past decade have resulted in the development of newer and highly sensitive 

techniques, such as the polymerase chain reaction (peR), and have also effected a 

remarkable increase in the sensitivity of previously used protocols, such as ligand 

binding and Northern blot analysis, two techniques designed to detect proteins and 

mRNAs, respectively. For example, the characterization and quantitation of steroid 
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hormone receptors in target cells with low receptor numbers has been bolstered by 

the synthesis of radiolabeled steroid hormones of higher specific activities and the 

development of compounds capable of specifically and covalently radiolabeling 

receptor proteins. Similarly, improvements in the isolation of poly(A)+ RNA, the 

effectiveness of transfer techniques, and the UV cross-linking of RNA to nylon 

membranes have increased the ability of Northern analysis to detect small copy 

number mRNAs and have improved the quantitative validity of Northern results. 

It has been our goal to utilize these new and improved technologies in the re

examination of the biochemical and molecular questions surrounding the role of sex 

steroids in bone biology. Namely, it is our contention that earlier researchers have 

been plagued by limitations in sensitivity which precluded the identification of bone 

as a target tissue for sex steroids. 

HYPOTHESIS 

PREDICTIONS 

Sex steroids exert direct effects on normal and transformed 

human osteoblast-like cells, in vitro. 

1. Such cells express previously characterized, sex steroid 

receptor genes at both the mRNA and protein level. 

2. The effects which sex steroids exert on human osteoblasts 

augment the ability of the cells to actively participate in bone 

formation and remodeling, in vivo. 
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We report here the development of a finite human cell line, designated 

BG688, which is osteoblast-like in phenotype, as evidenced by several independent 

markers (Chapter 2). Furthermore, we attempt to demonstrate that these cells 

possess specific, high affinity E2 binding sites and express hER mRNA (Chapter 3). 

We have also investigated the possibility that BG688 cells demonstrate biological 

responses to estrogen (Chapter 4) by searching for pleiotropic alterations in the 

pattern of expression of cellular mRNAs when BG688 cells are exposed to estrogen, 

and by examining the prospect of an estrogen-regulated increase in the steady state 

level of al(I)-procollagen mRNA. Since the structural protein derived from this 

message is such a crucial component of the osteoid matrix, any estrogenic regulation 

of its expression would be accompanied by important implications regarding the 

maintenance of skeletal integrity. 

We also chose to examine the potential regulatory effects of testosterone (T) 

and dihydrotestosterone (DHT) on the human osteoblast-like osteosarcoma line, 

HOS TE85. These cells were originally derived from the osteogenic sarcoma of an 

adolescent girl (58), and express lower levels of alkaline phosphatase than other 

human osteosarcoma lines such as SaOS-2 (59). These results are meant to 

complement earlier work on estrogenic effects in HOS TE85 cells (39) by showing 

that these cells also express high affinity androgen binding sites and human androgen 
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receptor mRNA (Chapter 5), and respond to physiological levels of both testosterone 

and DHT (Chapter 6). We have examined androgen-regulated effects on 

proliferation and steady state concentrations of O!l(I)-procollagen and transforming 

growth factor-beta (TGF-,e) mRNAs. These two gene products are associated with 

differentiated osteoblast functions, and their potential regulation by sex steroids 

presents some interesting possibilities for the influence of androgens and estrogens 

on bone remodeling. Finally, a conceptual model is offered (Chapter 7), which 

incorporates the results presented here within the larger framework of known 

biological systems that regulate skeletal metabolism. Therefore, this monograph 

provides evidence for the conclusion that .osteoblasts, the pivotal cells in bone 

formation, are targets for sex steroids. 



Introduction 

CHAPTER 2 

PHENOTYPIC CHARACTERIZATION OF 

HUMAN OSTEOBLAST-LIKE CELLS 

(BG688) 
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Our first goal was to establish a non-tumorigenic human cell line with 

osteoblast-like characteristics. With this line we hoped to complement and confirm 

our earlier finding of estrogen receptors and estrogenic responses in bone cancer cells 

(39). The advantages of using transformed osteosarcoma cells or experimentally 

immortalized osteoblastic cell lines are that they have been characterized to be 

osteoblast-like in phenotype, they represent a homogeneous population of cells, and 

their rapid growth rate, coupled with unlimited population doublings, allows for 

relatively large yields of biological material. Indeed, such cells are often employed 

as osteoblast models (60,61, and Chapters 5-7). Nevertheless, continuous cell 

lines present an inherent disadvantage in that the altered patterns of gene expression 

which are responsible for the tumorigenic or perpetually undifferentiated phenotype, 

may augment or attenuate responses to hormones and/or growth factors which signal 
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differentiation-specific changes in cell function. Thus, tumorigenic or immortalized 

cells may not accurately reflect the nature or magnitude of responses in normal 

osteoblasts, in vivo. Primary cultures of normal human osteoblasts offer an 

alternative to osteosarcoma lines, and have been well described (62,63). These 

models present experimental limitations in that the yields from preparative harvests 

are comparably lower, which reflects the reduced proliferation rate and increased 

differentiation characteristic of finite cell lines, particularly after several passages in 

culture. However, their unique advantage is that they may more closely resemble 

normal bone cells, and as such, their study could reveal aspects of bone cell biology 

which are masked, altered or non-existent in tumorigenic cells. Therefore, the main 

goal of the first experimental pathway of inquiry presented in this monograph was to 

procure a normal human osteoblast-like cell line (Chapter 2) to be used subsequently 

to test the hypothesis that estrogen modulates osteoblast activity through a receptor

mediated mechanism (Chapters 3,4). 

Materials and Methods 

Cell Culture 

BG688 cells were isolated from fragments of human bone tissue which were 

removed from the left knee of a 48 year old premenopausal female patient as a result 

of orthopedic replacement surgery. The patella was excised in this case because of 
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local pain associated with necrosis. Although knee fractures are a relatively uncommon 

. 
manifestation of postmenopausal osteoporosis when compared to fractures of the hip and 

vertebrae, osteoblasts derived from the knee of an individual are probably representative of the 

osteoblast population elsewhere in his/her skeleton. In fact, since the knee may be a site least 

affected by sex steroids, any detection of biological regulation in knee-derived osteoblasts would 

provide potent evidence for the importance of these systemic hormones in osteoblast regulation 

in general. Bone chips were cleaved and rinsed several times in Dulbecco's modified Eagle's 

medium (DMEM) (Gibco, Grace Island, NY) supplemented with penicillin, streptomycin and 

10% fetal bovine serum (FBS), and then cut into thin sections with a scalpel. The sections were 

placed in 25 cm2 flasks with DMEM/l 0% FBS until explant cultures were established. Cultures 

were maintained in 175 cm2 flasks and not allowed to proliferate beyond 80-85% confluency. 

Furthermore, BG688 cells were cloned into purely homogeneous cell strains through limiting 

dilution cloning (100 cells/ml media in 100 mm petri dishes), and the strains obtained from 

individual colonies were maintained in 60 mm dishes pending further examination. During this 

time, the media were changed weekly until the cells reached 80-85% con fluency, at which point 

histochemical studies were performed. 

Alkaline phosphatase assessment 

Alkaline phosphatase (AP) content of cells was detemlined histochemically and 

spectrophotometric ally with the use of commercially available kits (Sigma Chemical Co., 
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a) 

b) 

Figure 1. a) Photomicrograph derived from color original, of a confluent field of 
BG688 cells stained with neutral red buffered solution. The cells are elongated with 
large round nuclei. The nuclei are multi-nucleolated, suggesting active biosynthesis 
in the cell cycle, and abundant intercellular processes are evident. b) 
Photomicrograph derived from color original, of BG688 cells stained for alkaline 
phosphatase activity. Dark granules indicate sites of enzyme activity. 
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St. Louis, MO). For experiments with 1,25(OH)2D3' cells were treated with vehicle 

(EtOH) or hormone (10 nM or 100 nM) for 7 days prior to harvest. Cells were then 

rinsed twice with phosphate buffered saline, scraped from the flasks in 1 ml of 221 

alkaline solution (Sigma), and sonicated with three 20 s bursts. The sonicate was 

centrifuged at 10,000 x g and the supernatant was assayed directly. Protein 

concentrations of the samples (for calculation of specific activity) were determined 

using the Bradford technique. (64) 

Bone gla protein radioimmunoassay 

Bone gla protein (BGP) synthesis was determined by radioimmunoassay 

utilizing a commercially available kit (Biomedical Technology Inc., Stroughton, MA). 

BG688 cells were grown in 6-well plates, and at 24 hand 48 h prior to harvest, 

triplicate wells were washed, and changed to serum-free, phenol red-free DMEM.The 

conditioned media (CM) were collected and concentrated approximately 10-fold in 

a Savant Speed Vac Concentrator (HSC 10000). lOX concentrated CM (25Id) or 

BGP standards were incubated with the anti-BGP antibody. The following day, 

[
l25I]BGP was added, and on the third day, a secondary antibody was used to 

immunoprecipitate the [12sI]BGP-anti BGP complex. The ability of the proteins in 

the concentrated CM samples to compete with e25I]BGP for binding to the primary 

antibody was compared to a standard curve of known concentrations of unlabelled 



BGP in order to determine the amount of endogenous BGP in the lOX CM. 

Profile of collagen mRNA expression 
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Northern blot analysis was conducted as described (65, and see Chapter 4), 

using radiolabelled Q1(I)-procollagen (66) and Q1(III)-procollagen (67) cDNA 

probes. /3-actin was also probed as a non-regulated internal control. Poly(At 

RNA was isolated from cells which had received no hormone treatment. 

Results 

Morphology and alkaline phosphatase expression 

BG688 cells are fusiform in morphology, and contain large, round multi

nucleolated nuclei (Fig. 1a). This is consistent with other primary bone cell lines that 

have been described (68). The cells display many cytoplasmic processes which are 

in contact with each other, forming a network of putative or precursor canaliculi, the 

small canals which provide a source of nutrients and gas exchange to the mature 

osteoblasts and osteocytes embedded within the calcified bone matrix. A large 

proportion (greater than 50% in a broad field) of the cells show varying degrees of 

positive histochemical staining for alkaline phosphatase (Fig. 1b). Approximately 

10% of the cells possess high levels of histochemically detectable AP activity (Fig 2a). 

This is consistent with previous reports which have shown that only 20-25% of 

primary human bone cells cultured in serum-free medium stain positively for AP, and 
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that the addition of serum lowers this percentage considerably (69). For relative 

comparison, we stained the ROS 17/2.8 rat osteosarcoma cell line as a positive 

control (Fig. 2b), because ROS 17/2.8 cells were sub cloned from cells originally 

selected for their PTH-responsive adenylyl cyclase activity and abundance of AP 

(60,70). Considering both intensity of individual cell staining and percentage of 

staining among all cells, the ROS 17/2.8 cells appear to express more AP activity than 

the BG688 cell line. 

To determine if the relatively low occurrence of strong AP staining in BG688 

cells was the result of cell heterogeneity, we performed limited dilution cloning of the 

parent, primary cell line in order to assess whether we could isolate a homogeneous 

sub-population in which the majority of cells would demonstrate intense AP staining. 

Interestingly, in each of the nine homogeneous strains developed, only a fraction 

(approximately 10%) of the cells, such as the one depicted in Figure 3, showed high 

levels of AP activity. Moreover, the percentage of cells staining positive for AP in 

the subclones was similar in all instances to that in the parental line. Therefore, we 

conclude that graded AP staining is an inherent property of our primary cell line, 

possibly related to the degree of phenotypic maturation of individual cells in culture, 

but is not caused by heterogeneity. 

We next sought to determine whether the pattern of AP expression in the 
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a b 

Figure 2. Photomicrographs (XlOOO), derived from color originals, of alkaline 
phosphatase (AP) stained cells. (a) The BG688 cell is fibroblast-like in appearance 
and demonstrates the presence of intense alkaline phosphatase activity (dark 
granules) in the perinuclear cytoplasm. (b) AP stained ROS 17/2.8 cells utilized as 
a positive control to show patterns of AP activity similar to that observed in (a). 
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Figure 3. Photomicrograph (XlOOO), derived from a color original, of an individual, 
intensely staining cell from one of the strains cloned by limiting dilution of the 
parental BG688 cell line. Note the absence of staining in the two adjacent cells. 
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BG688 population indicated a relatively undifferentiated phenotype, by examining the 

ability of the differentiation-specific hormone, 1,25(OHhD3, to stimulate AP activity. 

Spectrophotometric analysis shows that AP specific activity in BG688 cells is 

increased by physiological (10 nM) and supraphysiological (100 nM) concentrations 

of 1,25(OH)2D3' One week of treatment with this calciotropic hormone elicits a 5-

fold increase in AP specific activity, as shown in Figure 4. This increase is statistically 

significant for both 10 nM (p<O.OOl) and 100 nM (p<0.017) concentrations of 

1,25(OH)2D3' The activities detected, on the order of nmo1/min/mg protein, are 

consistent with both the histochemical pattern observed and with previous 

determinations of AP specific activity in other non-tumorigenic human bone cell lines 

(65). 

BGP secretion 

In addition to AP expression, BG688 cells also were found to synthesize and 

secrete immunoreactive bone gla protein (BGP). Following 24 h of culture in serum 

free medium, we detected 3.16 ng/ml BGP in lOX concentrated, conditioned medium. 

In a repeat experiment, the level of BGP in the lOX concentrated conditioned 

medium was found to be approximately 7.50 ng/ml. However, BGP levels did not 

appear to be responsive to 1,25(OH)2D3 within the 24 h time frame of culture in 

serum-free media (data not shown), probably because BG688 cells possess very low 



>--.s; ._-
-c u._ 
c(Q) -Q) 0 o ... 
caa. -ca .cO) 
a.E 
0_ 
o c .c ._ 
Il.E -CI) C/) 
C Q) 
='0 
~E 
- c c(_ 

20 

10 

o 
EtOH 10nM D3 

Treatment 

100nM D3 

36 

Figure 4. Stimulation of alkaline phosphatase activity in BG688 cells by 
1,25(OH)2D3. Cells in each treatment group were grown in triplicate flasks, and were 
treated with vehicle (EtOH) or 1,25(OH)2D3 (10 nM D3, 100 nM D3) for seven days 
prior to harvest. Enzyme activities in cell lysates were determined 
spectrophotometrically at 410 nm, and protein concentrations were determined by the 
Bradford technique (64). Results are shown as the mean of enzyme specific activities 
+SEM. 
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levels of 1,25(OH)2D3 receptors «500 copies/cell; data not shown). This low 

1,25(OH)2D3 receptor concentration may preclude mature osteoblastic responses such 

as BGP induction, but is definitely capable of facilitating enhanced AP expression in 

these immature osteoblast-like cells (Fig. 4). Of course, the heterogeneous nature 

of the BG688 population, reflective of the different stages of osteoblastic 

differentiation present within it, may mean that only a subset of BG688 cells express 

the 1,25(OH)2D3 receptor, perhaps those which demonstrate intense AP staining. 

Collagen mRNA profile 

Figure 5 shows a Northern analysis depicting the steady state abundance of 

<ll(I)-procollagen mRNA and a 1(1I1)-procollagen mRNA in BG688 cells and in two 

homogenous osteoblast-like osteosarcoma lines, HOS TE85 (human) and ROS 17/2.8 

(rat). It is apparent that all three lines express both collagen mRNAs (Type I and 

Type III), with ROS 17/2.8 cells expressing only the lower of two detectable forms of 

the Type III collagen transcript. Although the collagen Type III signal seems highest 

for the BG688 cells (lane 1), the actin signal is also highest in this lane, indicating 

that more poly(A)+ RNA may have been loaded in this lane. The 4-fold longer 

exposure time for the protollagen Type III signal, combined with relative band 

intensities, reveals that BG688 cells and ROS 17/2.8 cells express significantly lower 

levels of collagen Type III mRNA than collagen Type I mRNA. A similar pattern 



38 

1 2 3 

a 1 UIII procollagen 

alill procollagen. 

(J-actin 

Figure 5. Northern blot analysis of the pattern of collagen expression in BG688 cells 
(lane 1), HOS TE8S cells (lane 2) and ROS 17/2.8 cells (lane 3). The membrane was 
first probed for al(III)-procollagen mRNA, then stripped and reprobed for al(I)
pro collagen and ~-actin simultaneously. The blot showing Type III expression was 
exposed for 72 h, and the lower blot was exposed for 18 h. 
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of pro collagen mRNA expression has been reported for human osteoblast-like cells 

maintained in culture (71). 

Discussion 

BG688 cells are a non-tumorigenic, osteoblast-like cell line, established from 

primary cultures of human bone explants in order to examine the regulation of 

osteoblasts by E2. These cells are osteoblast-like in phenotype, as evidenced by the 

detection of several osteoblastic markers. First, untreated cells possess 

histochemically detectable levels of alkaline phosphatase, with intense staining seen 

in some cells. This enzyme plays an important role in both bone formation and 

repair (72), has been histologically associated with osteoblasts, (73) and is 

regulated by hormones which directly affect bone remodelling, such as 1,25(OH)2D3 

(70). Since low AP activity is associated with osteoblastic precursors (74) and with 

cells in an early stage of the osteoblast developmental sequence (75), BG688 cells 

may be relatively undifferentiated at least in this characteristic. Another indication 

of their pre-osteoblastic phenotype is the fact that even in homogeneous cell strains 

derived from the original parental line, only a fraction of the cells in each clonal 

population expresses high levels of AP activity. We interpret this to mean that the 

expression of AP varies within unsynchronized populations of immature osteoblasts, 

due to the range in states of maturation which exists among the cells, i.e., some cells 
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spontaneously differentiate in culture to express high levels of AP. In addition, AP 

specific activity in BG688 cells is increased by the hormone 1,25(OH)2D3' a finding 

consistent with an immature or undifferentiated osteoblastic phenotype (68). 

Another indication of their osteoblastic nature is that BG688 cells synthesize 

and secrete BGP. This bone matrix protein appears developmentally during 

calcification (76) and is considered to be an osteoblast-specific protein, as 

evidenced by its selective secretion from osteoblastic cells (77). The low but 

detectable levels of BGP secreted by BG688 cells suggest that, although osteoblast

like in phenotype, the cells represent an immature population, not yet involved in the 

process of mineralization, at least within the time frame of the experiments 

performed here. This corresponds to the interpretations drawn for AP activity and 

responsiveness discussed above. 

The final criterion for the characterization of the BG688 cells as osteoblastic 

is the demonstration of a similar pattern of expression of a 1(I)-procollagen mRNA 

and a 1(III)-procollagen mRNA, when compared to other, homogeneous osteoblast

like cell lines. Collagen, the primary synthetic product of osteoblasts, is regulated by 

systemic bone remodeling factors like parathyroid hormone (PTH), (78) and 

1,25(OH)2D3' (79) and a 1(I)-collagen protein synthesis was demonstrated in other 

cultured osteoblast systems (80). Even though collagen synthesis is not exclusive 
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to osteoblasts, the qualitative conformity in steady state mRNA levels of both al(I)· 

procollagen and al(III)-procollagen in BG688 cells, as compared to the other 

previously characterized osteoblastic cell lines examined here (HOS TE8S and ROS 

17/2.8), lends credibility to the classification of BG688 cells as osteoblast-like. Human 

osteoblasts also express both types of collagen at the protein level. The human 

osteoblast-like osteosarcoma line MG-63, for example, demonstrates both basal levels 

and 1,2S(OH)2D3-dependent increases in Types I and III collagen protein expression 

(in the absence of ascorbic acid), as measured by whole cell labeling with [3H]proline, 

followed by polyacrylamide gel analysis of solubilized cell proteins (81). In 

addition, human osteoblasts secrete approximately four times as much Type I 

collagen compared to Type III collagen (82) when measured by 

radioimmunoassay, and this ratio closely parallels our results for collagen mRNA 

expression. Thus, although collagen Type III expression, like that of collagen Type 

I, has been shown to be Ubiquitous (83), the low level of collagen Type III 

mRNA in comparison to collagen Type I mRNA found in BG688 cells is analogous 

to findings in other human osteoblast-like cell cultures (71), and may indicate an 

absence of contaminating fibroblasts in the BG688 population. Based on the above 

results, BG688 cells were selected for further study, to determine if these osteoblast

like cells respond to estrogen (17,8-estradiol). 
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CHAPTER 3 

ESTROGEN BINDING AND RECEPTOR mRNA 

IN BG688 CELLS 

INTRODUCTION 

In 1960, while presenting the results of the now classic experiments which 

demonstrated the systemic localization of radiolabeled estrogen to its primary target 

tissues in rats (84), Jensen and Jacobson began with a commentary which is, 

ironically, still true today with respect to the actions of sex steroids in bone biology . 

.. Through the fog which envelops our understanding of the general problem of 
growth and its physiological control, the steroid sex hormones stand out as agents 
whose participation in specific growth processes is clearly recognized. What these 
substances can do in promoting and restraining growth is well established. But how 
they do it is quite another matter. And ... the biochemical mechanism of steroid 
hormone action is a field which is currently receiving considerable attention." 

Certainly, the fog has cleared rapidly since then. A series of investigations, 

begun in the 1960s, has revealed much about the biochemical mechanism of steroid 

hormone action. Steroid hormone receptors represent one of the key elements of 

our current understanding of this important pathway of biological control, and, since 

their initial discovery, considerable effort has been applied to measure, purify, and 
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characterize estrogen receptors in target cells. 

One invaluable tool developed by the scientific community to facilitate the 

study of steroid hormone receptors was the radiolabeled ligand. Using this 

technology, one can tag the receptor protein of choice, resulting in the simultaneous 

ability to quantitate receptors (85,86,87) and to monitor both their progress 

within various purification schemes and their gross movements within the cell. It was 

soon learned that, upon association with hormone in the cytoplasm, the estrogen 

receptor (named estrophilin in those days) exhibits nuclear translocation and a 

subsequent increase in sucrose gradient sedimentation rate (88). Indeed, several 

forms of the estrogen receptor were identified in the calf uterus using sedimentation 

analysis. These included a native cytosol receptor migrating at 8S in low salt and at 

4S in high salt, and a stable cytosol receptor migrating at 4.5S in high or low salt. 

There is also a nuclear receptor which, like the native cytosol receptor migrates at 

8S in low salt, but, in contrast to the native cytosol receptor, migrates at 5S in high 

salt (89). These facts, coupled with the finding that estrophilin translocates from 

the cytoplasm to the nucleus upon hormone treatment, strongly suggested that 

estrogen receptors become somehow activated by hormone, enabling them to regulate 

or control the transcription and expression of unknown genes (see Chapter 4). 
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The purification of estrogen receptors from several mammalian sources 

represents a. major success within the field of steroid biology. Initial protocols usually 

called for the radiolabeling of estrophilin with tritiated estradiol, followed by salt 

precipitation of cytoplasmic or nuclear proteins, gel filtration, and polyacrylamide gel 

electrophoresis of fractions retaining radioactivity (89). The purity of these 

preparations was sufficient for the development of monoclonal antibodies which 

display cross-specificity for several mammalian estrogen receptor proteins (90). 

Affinity chromatography, with estradiol linked to Sepharose, was also employed to 

purify human estrogen receptor from MCF-7 cells, a human breast cancer line. This 

receptor preparation was used to immunize rats in order to obtain additional 

monoclonal antibodies, which also show extensive species cross-reactivity (91). 

These rat anti-human antibodies were next used to screen a cDNA expression library 

from MCF-7 cells, in a successful effort to clone the gene coding for the human 

estrogen receptor (hER) (92). 

The cloned hER gene has been sequenced (93,94) and it codes for a 595 

amino acid protein with a predicted molecular weight of 66.2 kDa. Interestingly, 

there are two putative and closely spaced, alternate translation start sites downstream 

from the suggested start codon which would both yield proteins of approximately 46 

kDa. Indeed, in vitro translation of hybrid-selected hER mRNA produces two major 
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protein products of 65 and 46 kDa (92). Furthermore, the functional domains of 

hER have been well defined (95), and these include a DNA-binding region rich 

in cysteine residues, a C-terminal hormone-binding region, and an N-terminal region 

important in transcriptional activation fTom eukaryotic promoters. 

In vivo, the hER-hormone complex binds to specific DNA sequences upstream 

of target genes, and then activates transcription at a distance through an as yet ill

defined interaction with the RNA polymerase II and the balance of the 

transcriptional machinery. These distal DNA sequences, termed enhancers or 

estrogen response elements (EREs), were originally derived from genomic clones 

containing the 5' flanking regions of estrogen responsive genes (96, and see 

Chapter 4), are often palindromic in nature (97,98), and activate transcription 

in an orientation-independent manner. The palindromic character of the consensus 

ERE reflects the fact that hER dimerizes upon hormone binding, a phenomenon 

essential for tight binding to the ERE (99). It is probable that any potential 

estrogenic regulation of human osteoblasts is effected through a similar biochemical 

mechanism. 

MCF-7 cells, from which the human estrogen receptor was cloned, were 

originally obtained from a breast carcinoma (100), and possess specific estrogen 

binding sites of high affinity (~ = 0.113 nM) which have been described (101). 
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We have used these cells as a positive benchmark against which to measure hER 

expression, at the mRNA and protein levels, in human cells in the osteoblast lineage. 

We have also increased the sensitivity of our techniques to improve the chances for 

successful detection of hER. First, we have used radiolabelled 17,B-estradiol of high 

specific activity. Using the high energy gamma emitter 1251 as a radioactive marker 

makes possible the demonstration of minute amounts of ligand binding. 

Furthermore, through the use of the polymerase chain reaction (PCR) to detect hER 

gene expression, even low copy number mRNAs can be amplified and detected. 

Materials and Methods 

Estrogen binding studies 

Binding assays were performed essentially as described by Grino et al. (102). 

Cells were harvested by trypsinization, pelleted by centrifugation at 800 Xg for 5 min, 

washed once in Tris-saline buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl), and 

once in TE buffer (10 mM Tris-HCl, pH 7.2, 1 mM EDTA). The cells were 

suspended in 6 ml ofTEG-M (10 mM Tris-HCl, pH 7.2,1 mM EDTA, 10% glycerol, 

1 mM 2-mercaptoethanol, 1 mM sodium molybdate), and homogenized with 20 

passes in a 7 ml Dounce homogenizer. The cell lysate was centrifuged at 160,000 X 

g for 40 min to yield a soluble cytosolic extract. The extracts (100 ILl) were incubated 
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incubated at 4°C for 8 h (in triplicate) in tubes containing 0.1 - 3.0 nM [125I]16-a-

Iodo-3,17-f3 estradiol (New England Nuclear, Boston, MA, 2200 Ci/mmol). The 

specific activity of the [125I]Ez was adjusted to 400 Ci/mmol through the addition of 

the appropriate amount of unlabeled E2• Parallel sets of tubes contained identical 

concentrations of [125I]E2 plus a 500-fold molar excess of nonradioactive 

diethylstilbestrol (DES). A 1 % Dextran-coated charcoal solution (700 JLI, in TE 

buffer) was added, all tubes were vortexed, and after 15 min at 4°C, the tubes were 

centrifuged at 2500 X g to pellet the charcoal-bound free hormone. Supernatants 

(500 JLI) from each tube were counted in a gamma counter (Packard Auto Gamma 

5650), and specific binding was determined by subtracting the triplicate averaged cpm 

in the presence of excess radioinert DES from the average cpm of the corresponding 

tubes containing only [125I]E2• Scatchard analysis was performed as described 

(103). 

Covalent radiolabelling of estrogen receptors 

[3H]Tamoxifen aziridine was used to covalently label estrogen receptors in 

BG688 cells, and in MCF-7 cells as described in detail elsewhere (104). Briefly, 

cells were exposed to a 10 nM concentration of label for a period of two hours, and 

then extracts were prepared. These samples were electrophoresed in a 5-15% 

polyacrylamide gel which was dried and exposed to X-ray film for three weeks. 
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peR amplification of hER mRNA 

Total RNA samples were obtained from BG688 cells and MeF-7 cells 

(positive control), were converted to single stranded cDNA via a reverse transcriptase 

reaction, and were amplified using a commercially available kit (Gene Amp, Perkin

Elmer). The primers used for peR were oligomers specific to two regions within the 

estrogen receptor DNA sequence separated by approximately 440 base pairs. 

Amplification products were then electrophoresed in a 5% agarose gel and 

transferred to nylon membrane (Nytran) by overnight capillary transfer. The 

membrane was dried, baked (2 h at 80 e), prehybridized (16 h) and hybridized with 

an end-labelled oligomer complementary to a region of the estrogen receptor DNA 

sequence located between the two peR priming sites. The membrane was washed 

and exposed to X-ray film for 16 h. 

Results 

Ligand binding and hormone specificity 

Figure 6 illustrates a representative saturation curve and Scatchard analysis of 

radiolabelled Ez binding in BG688 cytosolic extracts. Saturation (Fig. 6a) occurs at 

approximately 1.0 nM, and the Kd for Ez binding calculated from the Scatchard plot 

(Fig. 6b) is 0.45 nM. Based on cell count, and the Nmax generated from the Scatchard 
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Figure 6. High affinity E2 binding in cytosolic extracts from BG688 cells. (a) 
Saturation analysis of radiolabelled 17-/3 estradiol (400 Ci/mmol) binding in BG688 
cytosolic extracts. Total and non-specific data points represent the mean of triplicate 
determinations, and the standard errors for all points are too small to plot. (b) 
Scatchard analysis of specific binding values obtained in (a). (~=dissociation 
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(abscissa) are as follows: E2=17/3-estradiol, DES = diethylstilbestrol, T=testosterone, 
Pr=progesterone, and DEX=dexamethasone. 
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plot, we calculate that BG688 cells possess approximately 2400 high affinity E2 

binding sites per cell which corresponds to 20 fmol of E2 binding sites per mg protein. 

In order to determine if the high affinity binding observed in Fig. 6 was specific 

for estrogen, a competition analysis was performed (Fig. 7) in which assay tubes 

contained 2.0 nM [l25I]~ and a 500-fold molar excess of one of the following steroid 

hormone agonists as a competitor: diethylstilbestrol (DES), E2, testosterone (T), 

progesterone (Pr), or dexamethasone (DEX). The most effective competitors in this 

group were the synthetic estrogen, DES, and E2 which competed 42% and 45% of 

the label, respectively, while the least effective competitors were Pr (15%) and DEX 

(22%). Interestingly, T was able to compete 30% of the labelled E2 from the BG688 

cytosolic extract. It is important to note that the data shown in Figure 7 represent 

total cytosolic binding, and the inability of E2 and DES to compete off more than half 

of the radiolabelled hormone may be attributed to the presence of unsaturable, low 

affinity-high capacity estrogen binding sites in the cytosolic extracts, similar to the 

Type II estrogen binding observed in the rat uterus (105). 

Covalent radiolabelling of hER 

Figure 8 shows the results obtained in an attempt to radiolabel the estrogen 

receptor with [3H]tamoxifen-aziridine. In each of the lanes containing proteins from 

the chromatin extracts of MCF-7 cells (3 and 7), a prominent band is apparent at 
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Figure 8. Covalent radiolabeIling of estrogen receptor in BG688 cells. Samples were 
run at 30 rnA in a 5-15% acrylamide gel which was fixed overnight, enhanced with 
sodium salicylate, dried and exposed to film for 3 weeks. Molecular weight markers 
are indicated on the left, and the volumes of sample loaded in each lane were as 
follows: lane 1;10 /.LI, lane 2;100 /.LI, lane 3;10 /.LI, lane 4;100 /.LI, lane 5;105 /.LI, lane 
6;100 /.LI, lane 7;10 /.LI). 
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Figure 9. PCR amplification of estrogen receptor in BG688 cells. Samples were 
amplified for ten cycles (odd lanes) or for 30 cycles (even lanes). a) Photograph of 
ethidium bromide-stained gel of amplified PCR products. The gel was stained for 10 
minutes and destained overnight. b) Southern blot analysis of cDNAs from panel (a), 
probed with an end-labeled oligomer complementary to hER. Exposure time was 16 
h. 
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approximately 65 kDa, the known size of intact hER. In contrast, there are no 

observable corresponding bands in the MCF-7 cytosol lanes, indicating that, in these 

cells, the large majority of receptor molecules were nuclear-localized. Although no 

labelled proteins are visible in the BG688 chromatin extract (lane 5), there are two 

labelled proteins which appear in the cytosol sample (lane 6). As their sizes are 

approximately 46 kDa and 26 kDA, neither would seem to represent intact hER. 

Nevertheless, the 46 kDa protein has been observed before (92) and both the 46 kDa 

and 26 kDa forms may be the products of protein synthesis from alternate translation 

start sites, as there are methionine codons located coincidentally within the hER 

sequence. Of course, proteolytic cleavage in vitro is another possibility. 

peR amplification of hER mRNA 

The detection of hER expression at the mRNA level in BG688 cells is shown 

in Figure 9. After 30 cycles of amplification of 500 ng of BG688 poly(At RNA, a 

cDNA is visible (lane 6) which demonstrates comigration with the amplified control 

eDNA fragment from MCF-7 cells (lane 2). Interestingly, there are some other 

eDNA fragments of larger size than the predicted 440 base pairs which are produced 

in the BG688 amplification. These are shown to be artifactual, however, in the 

subsequent Southern blot analysis (panel b) in which these larger cDNAs do not show 

hybridization with the hER-specific probe. A lack of processivity is also apparent in 
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the BG688 samples, as smaller hybridizing cDNAs are detected, particularly when 

higher RNA concentrations are used to fuel the amplification reaction (lanes 6 and 

8). 

Discussion 

The detection of specific, high affinity Ez binding in extracts from human 

osteoblastic cells has been described (39,40) and confirmed independently (41,42). 

The contemporary development of radiolabelled Ez of high specific activity, coupled 

with newer, more sensitive assay techniques, may explain why earlier attempts to 

characterize E2 binding in osteoblasts produced negative results (35,36). In the 

present investigation, we employed the protocol of Grino et al. (102), which includes 

buffers containing potential receptor stabilizing agents such as EDT A and molybdate, 

to examine E2 binding in BG688 cytosol extracts. The concentration of E2 binding 

sites that we detected (2400/cell) approximate~, ,that reported by Eriksen et al (40). 

(1600/cell) for their cultured normal human osteoblast system, and the Kd derived by 

Scatchard analysis for E2 binding in BG688 cells (0.45 nM) is within the range of 

reported literature values for E2 and its receptor in classicai target tissues 

(106,107). Interestingly, the number of E2 binding sites detected in BG688 

cells is significantly greater than that detected in the osteoblast-like osteosarcoma cell 

lines HOS TE85 and ROS 17/2.8 (200-500 sites/cell) (39). This may indicate that 
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some transformed osteoblast-like cell lines are E2 receptor deficient relative to non-

transformed osteoblasts, and could possibly be relevant to the pathophysiology of 

osteosarcoma. 

Nevertheless, it should be emphasized that 2400 is not a relatively large 

number of receptors when compared to the number expressed in classical target cells 

such as MCF-7. Furthermore, the number 2400 represents a maximum 

approximation of receptor number in BG688 cells, due to the presence of non

specific and non-saturable binding sites in the cytosol. These sites probably skew the 

linear regression used in Scatchard analysis, to yield an exaggerated estimate of 

receptor concentration. Indeed, the dissociation constant derived from the Scatchard 

analysis in Figure 6b (0.45 nM) is approximately 4 times as large as the ~ calculated 

for hER in MCF-7 cells (0.11 nM), indicating that the slope of best-fit line should be 

steeper, and that the x-intercept value is really lower. This would result in a smaller 

Nmax, and in fact, we believe the true number of high-affinity E2 binding sites in 

BG688 cells is closer to 1000 per cell. 

MCF-7 cells possess several-fold more E2 binding sites than BG688 cells (101), 

a fact reflected by the covalent radiolabeling of BG688 and MCF-7 cytosolic estrogen 

receptors (Fig. 8), in which approximately ten times as much BG688 extract is needed 

to yield a signal (from putative proteolytic products) about l/lOth as intense as the 
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native hER signal displayed by MCF-7 cells. The validity of this analysis is supported 

by the results of the PCR amplification of hER in MCF-7 and BG688 cells (Fig. 9). 

With equal amounts of priming RNA, the MCF-7 hER signal is detected (lane 2) 

while the BG688 hER signal does not appear (lane 4). A 5-fold increase in the 

amount of BG688 priming RNA is required to yield a signal (lane 6) similar to that 

of the MCF-7 control (lane 2), indicating that BG688 cells express lower levels of 

hER mRNA. Quantitation with PCR amplification is approximate at best, and there 

appears to be a threshold effect, in which the relatively small amount of hER mRNA 

expression in BG688 cells can be amplified by PCR to produce a definitive hER 

eDNA fragment. It is also possible that in MCF-7 cells, the hER mRNA is translated 

more efficiently than in osteoblasts, and/or that the receptor protein is more stable. 

The low level of estrogen receptors detected in bone cells (39,40,this chapter) 

prompts speculation regarding the subsequent manner in which these cells might 

respond to the hormone. Specifically, unlike classical estrogen target tissues where 

there is a relatively rapid and dramatic response to sex steroids, osteoblastic 

regulation by sex steroids may be characterized by a muted response over a longer 

time frame. Bone is constantly being remodeled, and a small shift in the balance 

between formation and resorption is sufficient to create significant loss or increased 

mass. The exacerbated bone mass loss in postmenopausal women that is blunted by 
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estrogen therapy indicates an important role for estrogen in bone maintenance. The 

present studies lend support to the proposal that estrogen may affect bone directly 

through a limited number of receptors over a long time-frame, as opposed to the 

marked, acute influence of sex steroids on reproductive tissues like uterus and breast 

that possess high levels of estrogen receptors. 
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CHAPTER 4 

ESTROGENIC REGULATION OF BG688 CELLS 

Introduction 

Having established hER expression in BG688 cells, we proceeded with an 

initial characterization of the regulation of these cells by estrogen. In the past, a 

plethora of target genes for steroid hormones have been identified within a variety 

of tissues and cell types (for review see 108). For example, estrogen treatment 

induces the dramatic accumulation of ovalbumin mRNA in the hen and chick oviduct 

(109), and the hormone withdrawn chick oviduct displays a 3000-fold decrease 

in the relative frequencies of ovalbumin, ovomucoid and lysozyme mRNAs 

(110). Similarly, estrogen causes a 2000-fold increase in the abundance of 

vitellogenin mRNA in the Xenopus liver (111). In contrast to such spectacular 

effects, we might expect that BG688 cells should display more modest estrogenic 

regulation of target genes, because they express a relatively low number of estrogen 

receptors. Thus, one might predict that estrogens act upon osteoblasts in a blunted 

fashion to elicit phenotypic changes over longer periods of time, consistent with the 

slow onset of postmenopausal osteoporosis. 
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One method to· obtain an overall "snapshot" of cellular gene expression, both 

before and after estrogen treatment, is to analyze the pattern of proteins synthesized 

in in vitro translations of poly(A)+ RNA from control and treated cells. A 

fundamental assumption of this technique is the absence of translational regulation 

in the system (rabbit reticulocyte lysate in our case). As such, the amount of each 

protein synthesized is assumed to be proportional to its abundance within the mRNA 

pool. Utilizing this technique, given its assumptions, allows for an analysis of changes 

in entire patterns of gene expression. 

The osteoblast must synthesize large amounts of collagen type I for proper 

osteoid formation, and since this gene is regulated by estrogen in other mammalian 

tissues such as the rat uterus (66), we performed Northern analyses of poly(At RNA 

from untreated and estrogen-treated BG688 cells to identify and estrogenic effects 

on collagen gene expression. The ability of estrogen to enhance the abundance of 

Type I collagen mRNA expressed by human osteoblasts is significant within the field 

of bone biology in that it suggests one possible mechanism behind the etiology of 

degenerative bone disorders related to estrogen deficiency. Namely, the thin skin and 

bone of elderly women may be due, in part, to lower levels of collagen type I 

expression by the cells which participate in the formation of these connective tissues. 
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Poly(A)+ RNA was isolated from BG688 cells as previously described by 

Komm et aI. (39). Briefly, cells were disrupted with 4M guanidinium isothiocyanate 

and total RNA was obtained by two phenol/chloroform extractions followed by two 

chloroform extractions and sodium acetate/ethanol precipitation. Poly(A)+ RNA was 

selected by oligo-dT cellulose chromatography (63). 

In vitro translation and two-dimensional polyacrylamide gel electrophoresis 

Both control and hormone-treated BG688 poly(A)+ RNAs (2J.£g) were in vitro 

translated in a rabbit reticulocyte lysate system (Promega Biotec, Madison, WI) 

containing [35S]methionine. Incorporation of label was determined by trichloroacetic 

acid precipitation, and 100,000 cpm from each sample (control and E2-treated) was 

separated using the ISO-DALT system (112). The SDS-polyacrylamide gels 

were fixed for 1 h in 10% TCA, 10% acetic acid, and 30% methanol, washed twice 

with distilled water, and impregnated with 1M sodium salicylate for 40 min. After 

drying, the gels were exposed to X-ray film (Kodak X-ARS) at -BO°C for one week. 

Northern blot analysis 

BG688 poly(A)+ RNA (SJ.£g or 10 J.£g) from both control and E2 treated (10 

nM, 24 h) cells were electrophoretically separated on a 1% agarose gel containing 
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2.2M formaldehyde in MOPS buffer (20mM 2[N-morpholino]propane-sulfonic acid, 

pH 7.0, 5mM sodium acetate, 0.5mM EDTA) and electroblot transferred (40 volts, 

2 h) to a nylon membrane (Zeta-probe, Biorad, Boston, MA). The membrane was 

dried under vacuum at 80°C for 1 h, pre-hybridized 15 min in 50% formamide, 5X 

SSC(1X SSC = 0.15 M sodium chloride, 0.015M sodium citrate, pH 7.0), 50 mM 

Na2P04, 0.1% SDS, 0.25 mg/ml ssDNA, and 1X Denhart's solution at 42°C, and 

hybridized overnight (16 h) with a radiolabeled lXl(I)-procollagen cDNA probe (66), 

at 42 C. The membranes were washed four times for 5 min in 2X SSC, 0.1% SDS 

at room temperature, followed by two additional washes in O.lX SSC, 0.1% SDS for 

15 min at 55°C, The membranes were exposed to X-ray film (Kodak X-AR5) with 

intensifying screens at -80°C. In order to normalize the poly(At RNA 

concentrations, the probe was removed in 50% formamide, 50 mM Tris pH 8.0, 1% 

SDS at 68°C for 1 h, and then rehybridized with radiolabelled ~-actin cDNA probe. 

Hybridizing bands were scanned with a laser densitometer (LKB, Bromma, Sweden), 

and quantitative determinations were made by normalizing the lXl(I)-procollagen 

bands to the ~-actin values (Figs. 11,12). 



63 

a 

,.... 
b ~ 

.c: 
~ 
"""'"" 

Q. :a W' 
::?! 
b ,.. 
+ 

0. v .... 0_ .... _ .. '. .. ... ~.,.:£""-'-:...."""'" ;:.;....:.~~~;.;L~_,.:;..~ .. :"·~c:.'""'.""_,,~._,.o __ 

Figure 10. Two dimensional analysis of in vitro translation products of poly(At 
RNAs from control (a) and E2-treated (b) BG688 cells. 100,000 cpm of 
[
35S]methionine labelled protein were loaded onto each gel. Mr=molecular weight 

in daltons; pI=isoelectric point. Proteins of interest are designated P{mol.wt. in 
kilodaltons} . 
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Figure 11. Northern analysis of mRNA from untreated and Ez-treated BG688 cells. 
Five /.Lg of poly(A)+ RNA from control (lane 1) and Ez-treated (lane 2) cells were 
electrophoresed on a 1% agarose gel, transferred to a nytran membrane and 
hybridized to [32p]dCTP labelled eDNA probes for Ct1(I)-procollagen and ,a-actin. 
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Figure 12. Repeat Northern analysis of mRNA from untreated and E2-treated 
BG688 cells. Ten J.l.g of poly(At RNA from control (lane 1) and E2-treated (lane 
2) cells were analyzed exactly as described for Fig. 11. The intensities of the actin 
bands are more equivalent in this experiment. 
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Results 

Tho dimensional analysis of in vitro translation products 

Figure 10 illustrates the effect of estrogen on BG688 cell gene expression, as 

reflected by the two-dimensional gel electrophoretic patterns of peptides obtained 

from the in vitro translation of poly(At RNA samples from untreated (Fig. lOa) and 

E2-treated (Fig. lOb) BG688 cells. Several polypeptides vary in the amount of 

incorporated [35S]methionine following E2 treatment, as indicated by different spot 

intensities on the developed fluorographs. Two examples of up-regulated 

polypeptides, reflective of unknown up-regulated mRNAs, are P50, and P15, while 

P65, on the other hand, appears to be down-regulated following E2 treatment. 

Proteins denoted N1-N4, which appear unaffected by Ez, were scanned with a laser 

densitometer and their relative abundance was found to vary less than 10% between 

treated and untreated samples; thus, these were used as internal normalization 

controls. Similar scans of P50 and P15 yielded a 141% and a 60% increase, 

respectively, and scans of P65 yielded a 58% decrease in concentration following Ez 

treatment. Finally, P30, although not abundant, appears to be completely induced 

by Ez. The regulated pep tides identified in Figure 10 were also observed to be 

altered in a similar manner in a replicate experiment (data not shown), and are 

representative of a larger population of more subtly altered mRNA levels. 
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Northem analysis of collagen mRNA 

BG688 poly(A)+ RNA was also analyzed by Northern blot hybridization, and 

the results are shown in Figures 11 and 12. It is apparent that the poly(A)+ RNA 

populations obtained following 24 h E2 treatment of BG688 cells (lanes 2) exhibit a 

2-fold increase in the steady state abundance of Q 1(I)-procollagen mRNA, when 

compared to control cells (lanes 1). The intensities of the actin bands are slightly 

different in Fig. 11, demonstrating that the relative amounts of mRNA loaded in 

these two lanes are close but not equal. In the separate experiment (Fig. 12), using 

mRNA derived from freshly plated BG688 cells, the actin levels are equal and the 

effective increase in collagen mRNA is observed once again. 

Discussion 

Steroid hormones such as E2 often act on more than a single gene in a given 

target cell type, and pleiotropic responses to steroids, in which the expressed levels 

of some gene products are increased, and those of others are decreased, have been 

described (113,114). In BG688 cells, E2 appears to exert control of the 

expression of several genes, at least at the level of mRNA abundance. In particular, 

several translation-derived peptides, denoted P65, P50, P28 and P15, all appear to be 
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affected to a different extent by~. These findings are consistent with the concept 

of a "gene network," (115) and point to the importance of determining which 

regulated products are cell specific and the most crucial in the mediation of a 

biological response to a given hormone. A better understanding of the estrogenic 

response in BG688 cells, including the specific identification of ~-regulated gene 

products, should provide new insight into the role of E2 in bone metabolism. 

The osteoblast mediates the stimulation of bone resorption induced by 

calciotropic hormones like PTH (32), through the enhanced production of a family 

of partially characterized peptides, the so called osteoblast-derived resorption factors 

(OBDRFs), which activate nearby osteoclasts. Several OBDRFs have been identified, 

their resorptive effects have been well documented, and one of estrogens major roles 

in skeletal metabolism is probably to inhibit their production. Indeed, these factors 

are also produced by cells of the immune system which are the immature precursors 

of osteoblasts and osteoclasts, and which may, due to their immaturity, be susceptible 

to the regulatory control of systemic steroids like estrogens. For example, interleukin

I (IL-I) is a distinct bone resorbing agent produced by monocytes (116) as well 

as osteoblasts. Furthermore, activated leukocytes, as well as osteoblasts, produce 

bone resorbing activity which may be the result from the presence of tumor necrosis 

factors a and f3 (TNF-a and TNF-f3) (117). Some of these bone resorbing 
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agents can also stimulate the expression of other OBDRFs such as IL-6, an 

interleukin which is produced by osteoblasts, and elicits a dose dependent release of 

4SCa from calvariae (118), indicative of enhanced resorption. The expression 

of IL-6 by osteogenic cells is also regulated by other peptide hormones like PTH 

(11.9), indicating the importance of both systemic and local regulation of 

resorbing activity. 

One hypothesis, consistent with current models of the regulation bone 

metabolism, is that sex steroids suppress the expression of OBDRFs by osteoblasts, 

and therefore interfere with the indirect activation of osteoclasts by calciotropic 

hormones. Indeed, a global analysis of patterns of mRNA expression (Fig. 10) shows 

that the steady state levels of some mRNAs, such as P65, are reduced by estrogen. 

These could be currently unidentified OBDRFs, and an important future project, 

pertinent to the elucidation of the pathway of estrogenic regulation of skeletal 

metabolism, will be to identify the as yet uncharacterized members of the bone 

resorbing OBDRF family of pep tides. These factors, once isolated in pure form, may 

be used alone or in concert with currently identified OBDRFs such as the interleukins 

and the tumor necrosis factors, to attenuate the exaggerated and improper bone 

growth associated with ostotic dysplasias, and antibodies or antagonists to the 

OBDRFs may be used to correspondingly treat and attenuate the bone mass loss 
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associated with postmenopausal osteoporosis. 

One Ez-regulated gene in BG688 cells, specifically identified in the present 

study, is Ql(I)-procollagen. The cells exhibit a 2-fold greater abundance of mRNA 

coding for this structural matrix protein after treatment with Ez for 24 h, an effect 

which has also been reported in HOS TE85 cells (39). This suggests a direct role for 

Ez in the function of immature osteoblasts. Specifically, by elevating the 

concentration of Q1(I)-procollagen mRNA in osteoblasts, Ez may enable them to 

synthesize higher levels of collagen protein in vivo, which would facilitate an 

enhanced bone formation rate. This hypothesis is also supported by independent 

research in other mammalian osteoblastic models, where Ez has been shown to cause 

an increase in the abundance of pro collagen mRNA (45,120). Moreover, recent 

reports indicate that there are a variety of Ez-mediated effects on osteoblasts, 

including decreased responsiveness to parathyroid hormone (44,45), altered 

proliferative activity (45,120), and increased expression of relevant growth factors 

such as transforming growth factor-,B (39) and insulin-like growth factors (121). 

The estrogenic diminution of osteoblastic PTH-responsiveness is a finding which 

supports the hypothesis described above, in which sex steroids block the effects of 

calciotropic hormones on osteoblasts. Hence, it is evident, from the results presented 

here (Fig. 10) as well as from previous studies, that the regulation of osteoblasts by 



71 

~ is complex. We consider the ~-mediated enhancement of collagen Type I 

expression reported here (Figs. 11 and 12) to be both fundamental within the 

paradigm of estrogenic modulation of osteoblast function and significant in the 

pathophysiology of postmenopausal osteoporosis. Although the estrogenic regulation 

of collagen expression described here does not account for the antiresorptive effects 

of estrogens in bone, it does offer another explanation for the increased loss in bone 

mass associated with postmenopausal osteoporosis which does not contradict current 

antiresorptive theories. Indeed, the effects of estrogens on bone are probably both 

pro-formative and antiresorptive, and these two mechanisms are consistent with each 

other in that, individually, each would yield well maintained, healthy bone mass. 
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CHAPTER 5 

ANDROGEN BINDING AND RECEPTOR mRNA 

IN HUMAN OSTEOSARCOMA CELLS (HOS TE85) 
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One of the major differences between the reproductive life cycles of men and 

women is the absence in men of an acute physiological event analogous to the 

menopause. The fall in circulating androgen levels experienced by older men is both 

chronic and gradual, and interestingly, the rate of osteoporosis-induced fractures in 

geriatric males is much lower than that in postmenopausal women. This suggests that 

androgens can act to protect bone mass in men after age 50, and accordingly, we 

examined the possibility of direct androgenic regulation of human osteoblast-like cells 

via specific androgen receptors. 

The sequence of experimental strategies used by the scientific community to 

isolate and identify the human androgen receptor (bAR) gene was, in many ways, the 

exact opposite of that implemented to characterize hER. Namely, the gene was 

cloned first (122) by using the knowledge that bAR is X-linked, and screening 

a flow-sorted human X chromosome cDNA library with an oligodeoxribonucleotide 
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probe possessing significant homology to the highly conserved DNA binding domains 

of previously characterized steroid receptors. Positive clones were then sequenced 

(123), revealing interesting differences and significant similarities between bAR 

and the other steroid receptors. For example, the N-terminal domain of hAR is 

much larger than that of hER, suggesting to many that bAR should be placed in the 

receptor sub-family containing the progesterone receptor (hPR), the 

mineralocorticoid receptor (hMR), and the glucocorticoid receptor (hGR), all three 

with large N-terminal domains. Nevertheless, even in the relatively unconserved 

hER, the homology to bAR in the DNA binding region is 59%, and the two sex 

steroid receptors possess 25 % homology in the hormone binding domain, suggesting 

a common ancestral gene. 

Monoclonal antibodies to bAR were subsequently obtained with specificity for 

peptide epitopes within the unconserved N-terminal domain (124,125). 

However, biochemical analysis of bAR has been plagued by its inherent lability, made 

worse by lysosomal proteases released during cytosol preparations. As such, only 

recently has overexpression of hAR allowed for the immunochemical identification 

of intact bAR as a 114 kDa protein (125), and even so, ambiguity remains as other 

methods including covalent radiolabeling (126) and ligand photoaffinity labeling (127) 

have identified putative hAR proteins of 58 kDa and 97 kDa, respectively. 
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Protease activity and low copy number have correspondingly made the 

demonstration of specific androgen binding in osteoblasts a difficult task. Steps were 

therefore taken, in the studies presented here, to limit proteolytic degradation of 

bAR in cell extracts. Firstly, the cation chelator EDT A was utilized to inhibit 

magnesium and calcium-dependent proteases. EDT A acts to sequester cations away 

from the "free pool", and this limits the ability of cation-dependent proteases to 

function. Secondly, all incubations with radiolabelled ligand were of short duration 

(3 h) at 4 C in the hopes of attenuating time and temperature-dependent proteolytic 

degradation. Northern blot analysis was also employed in an attempt to detect bAR 

mRNA expression. Poly(At RNA from the rat ventral prostate acted as a positive 

control to demonstrate co-migration of the bAR and rAR mRNAs. Additionally, the 

rat samples were obtained from 3-day castrates, to prevent the autologous 

downregulation of the rAR by androgens (124). 

The cell type used for these studies (Chapters 5 and 6) was HOS TE85, a line 

derived from a human osteosarcoma. This line was chosen for two reasons. Firstly, 

the cells possess the advantages described earlier for tumorigenic cells (Ch.2), 

including the ability to produce large amounts of biological material in a relatively 

short period of time, making several repeat experiments possible. Secondly, these 

cells have been shown to express estrogen receptors (39), and the characterization 
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of their expression of androgen receptors seemed a logical extension of previous 

work. 

Materials and Methods 

Androgen binding studies 

Assays were performed essentially as described by Grino et al. (102). Cells 

were harvested by trypsinization, pelleted by centrifugation at 800 X g for 5 min, 

washed twice in Tris-saline buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCI), and 

once in TE buffer (10 mM Tris-HCI, pH 7.2, ImM EDTA). The cells were pelleted 

again and resuspended in 6 ml of TEGM-l buffer (10 mM Tris-HCI, pH 7.2,1 mM 

EDTA, 10% glycerol, 1 mM 2-mercaptoethanol, 1 mM sodium molybdate), and 

homogenized with 20 passes in a 7 ml Dounce homogenizer. The cell lysate was 

centrifuged at 160,000 X g for 40 min to yield an organelle-free cytosol. Aliquots 

(100 ILl) of extract were incubated for 3 h at 4 C (in triplicate) in tubes containing 0.1 

- 3.0nM [1,2,4,5,6,7, 16, 17-3H(N)]DHT ([3H]DHT, New England Nuclear, Boston, MA, 

174 Ci/mmole). Parallel sets of tubes contained identical concentrations of [3H]DHT 

plus a 500-fold excess of radioinert DHT. A 1% Dextran-coated charcoal solution 

(in TE buffer) was added (700 ILl), the tubes were vortexed and immediately 

centrifuged at 2500 X g to pellet the charcoal-bound free hormone. A 500 ILl aliquot 

of the supernatant from each tube was counted in a Beckman LS 5801 scintillation 
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Figure 13. Saturation analysis (a), and Scatchard plot (b), of [3H]DHT binding in 
HOS TE8S cytosolic extracts. Data points for total and non-specific binding (a) are 
the mean of triplicate determinations and standard errors are shown or are too small 
to represent. In the Scatchard plot (b), Bound/Free was plotted against the number 
of femtomoles per assay tube (100 J1.1), the best fit line was fitted by linear regression, 
and the concentration of protein in the extract was determined 
spectrophotometrically to evaluate the amount of DHT bound per mg protein. 
Similar results for the Kd were obtained in four separate experiments, although the 
maximum number of detected androgen binding sites was lower on certain occasions 
because of the inherent instability of the AR. 
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counter, and specific binding was determined by subtracting the mean dpm in the 

presence of excess unlabelled DHT from the mean dpm of the corresponding tubes 

containing only [3H]DHT. The dissociation constant for specific binding was 

determined as described by Scatchard (103), and the best fit line was determined by 

linear regression performed on all data points. 

For competition experiments, tubes contained 2.0 nM [3H]DHT plus either a 

constant SOO-fold molar excess of competitors (Fig. 13a) or a range of increasing 

concentrations (200 nM - 2000nM) of unlabeled steroid hormone agonists (Fig 13b). 

Sample processing was performed as described above for saturation analyses. 

Northem analysis of androgen receptor mRNA 

Poly(At RNA samples from HOS TE8S cells and ventral rat prostate 

(positive control) were electrophoresed in a 1 % agarose gel containing formaldehyde. 

RNA was then transferred to a nylon membrane and hybridized to a radiolabelled 

hAR cDNA probe (122) for 16 h, washed and exposed to X-ray film for 72 h. 

Results 

Androgen binding 

Figure 13a depicts a representative saturation analysis of [3H]DHT binding to 

HOS TE8S cytosolic extracts. The binding observed is high-affinity and saturates at 
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Figure 14. Competition analysis of [3H]DHT binding in HOS TE8S cytosolic extracts. 
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the mean of triplicate determinations (+ Standard Errors): Salpha-DHT = Sa
dihydrotestosterone, Sbeta-DHT = S,B-dihydrotestosterone, Test = testosterone, P4 
= progesterone, MP4 = medroxyprogesterone. 
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Figure 15. Northern analysis of human androgen receptor in HOS TE8S cells. Cells 
were grown in 10% PBS and were not treated with androgens prior to RNA isolation. 
10 p,g (lane 1) and 15 p,g (lane 2) of poly(A)+ RNA from HOS TE85 cells, and 5 p,g 
of poly(A) + RNA from rat ventral prostate (lane 3), were probed with a radiolabelled 
human androgen receptor eDNA. A standard ladder of transcript sizes is shown to 
the left (in kilobases), and a major hybridizing band is detected at approximately 9.5 
kb. Similar results were obtained in 3 separate experiments. 
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1-2 nM DHT. Non-specific binding is approximately 30% of total binding at lower 

radioligand concentrations, and increases to approximately 60% at higher [3H]DHT 

levels. Scatchard analysis (Fig. 13b) yields a dissociation constant (~) of 0.66 nM. 

Calculation of Nmax shows that HOS TE8S cells express approximately 2800 binding 

sites per cell or 3S fmol/mg protein of specific androgen binding. 

Competition analysis (Fig. 14a) reveals specificity for androgen binding in that 

SOO-fold molar excesses of Sa-DHT, SI3-DHT and testosterone (T) each display 

much greater competition with radiolabeled DHT than the glucocorticoid agonist, 

dexamethasone (DEX), or the estrogen agonist diethylstilbestrol (DES), both of 

which show no significant competition with [3H]DHT binding. Interestingly, 

progesterone competed as successfully as the androgens in this experiment. In a 

subsequent follow-up study designed to carefully distinguish androgen and progestin 

binding in HOS TE8S cytosol (Fig. 14b), a preference for androgen competition is 

observed over a range of competitor cocentrations as the androgens T and Sa-DHT, 

and the androgen antagonist SI3-DHT, competed better than the progestins, 

progesterone and medroxyprogesterone. These data confirm the specificity of the 

high-affinity androgen binding observed in HOS TE8S cells. These experiments 

demonstrate an unsaturable, high capacity binding component, as even a SOO-fold 

excess of DHT cannot compete off more than half of the total counts. 
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Expression of lIAR mRNA 

The presence of androgen receptors in HOS TE85 cells is substantiated by 

Northern blot of the human androgen receptor (hAR) (Fig. 15). A low level of 

hybridization corresponding to a transcript of approximately 9.5 kilobases is observed 

(lanes 1,2) using a human androgen receptor cDNA probe. This size corresponds to 

the predominant hAR transcript previously identified in human and other mammalian 

target tissues (122). The 9.5 kb mRNA transcript also comigrates with a hybridizing 

mRNA from the rat ventral prostate gland, an abundant source of rAR mRNA (lane 

3). 

Discussion 

We have demonstrated that osteoblast-like, HOS TE85 cells exhibit specific, 

high affinity androgen binding sites and transcribe the human androgen receptor 

gene. Although androgens appear to induce bone formation and prevent loss of bone 

mass, their clinical usage and mechanism of action are not as well established. In 

support of the clinical data and the recent report of the detection of androgen 

receptors in normal human osteoblast-like cells (54), the results presented here 

suggest that, like estrogen (39,40), androgens act directly on osteoblasts to modulate 

their function and phenotypic characteristics. 

We detected a maximum of 2800 high-affinity androgen binding sites per 
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osteosarcoma cell (Fig. 13). This represents approximately 10% of the receptor 

concentration in male sex organs such as the rat prostate, which possesses 20,000 -

30,000 androgen receptors per cell (128). The calculated dissociation constant 

for these sites is 0.66 nM, a value close to the reported ~ for human androgen 

receptor (122), and this supports the presence of authentic androgen receptors in 

HOS TE8S cells. Independent confirmation of the expression of bAR was obtained 

by Northern blot hybridization (Fig. 15). The faint signal observed for the hAR 

mRNA in HOS TE8S cell poly(At RNA may reflect the downregulation of bAR by 

endogenous serum androgens, as has been noted for cultured prostate cells 

(129). Historically, the androgen receptor has been difficult to characterize 

biochemically, even in reproductive tissues which express high amounts. In fact, only 

recently has overexpression of the androgen receptor permitted immunoblot detection 

and determination of the molecular mass of the native AR (125). Consequently the 

relatively low number of putative AR in osteoblasts may limit further in-depth 

biochemical studies. 

A related question is the nature and specificity of the androgen binding 

observed in HOS TE8S cytosolic extracts. In addition to high affinity androgen 

binding, the data (Figs. 13 and 14) reveal a significant amount of high capacity, low 

affinity androgen binding sites, as even large (SOD-fold) molar excesses of androgens 
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are unable to compete for a significant percentage of the eH]DHT bound. It is 

possible that these sites represent residual extracellular androgen binding proteins 

(130) or testosterone/estradiol-binding globulin (131) from the serum in 

which the cells were cultured. However, this is unlikely since the cells were rinsed 

thoroughly with phosphate buffered saline and Tris-saline before the cytosolic extracts 

were prepared. Instead, these high capacity, low affinity sites suggest the presence 

of intracellular proteins such as the Type II estrogen binding proteins described in 

rat uterine nuclei (105). These proteins probably function to shuttle steroid 

hormones from the cytoplasm to the nucleus, for binding their specific receptors. 

The ability of testosterone to compete nearly as well as DHT for binding to 

high-affinity sites is of possible significance. It is unlikely that the added testosterone 

is converted to DHT via a Sa-reductase in the HOS TE8S cytosolic extracts, because 

this enzyme has been shown to be located exclusively in the nuclear membrane 

fraction of human prostatic tissue (132), and in our assays, the nuclei and 

membrane fragments were removed by ultracentrifugation. Furthermore, a study of 

another mammalian bone cell model reveals an absence of Sa-reductase activity, as 

isolated rat tibial cells from the periosteum fail to reduce testosterone to DHT 

(133). Finally, the temperature at which the assays were performed (4 C) would 

reduce potential Sa-reductase enzyme activity. Thus, since testosterone competes 
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almost as effectively as DHT for binding to the human androgen receptor (122), 

testosterone itself may bind to androgen receptors in HOS TE8S cells. As such, both 

DHT and testosterone could act directly on human bone cells and were consequently 

used to investigate the androgenic regulation of HOS TE8S cells in our studies. 

With the presence of androgen receptors confirmed in HOS TE8S cytosols, 

we next turned our attention to the characterization of the biological responses which 

occur in these human osteoblast-like osteosarcoma cells. 



Introduction 

CHAPTER 6 

ANDROGENIC REGULATION OF 

HOS TE8S CELLS 

8S 

With the expression of bAR established in HOS TE8S cells, we proceeded to 

determine if androgens exert direct effects on these osteoblast-like cells. 

Testosterone (T) and dihydrotestosterone (DHT) exert critical genetic regulation in 

male reproductive tissues, and defective cellular, genetic, or transcriptional responses 

to androgens result in a variety of inherited disorders including incomplete 

masculinization and testicular feminization (134). The affinities of T and DHT 

for bAR are similar and both are known to elicit biological effects in primary target 

tissues. To conduct a thorough analysis, therefore, studies should be done with both 

androgens. A potential problem arises in using T for in vivo experiments, however, 

as it can be converted by an aromatase to 17,B-estradiol, which can then induce 

estrogenic responses. Ambiguity is alleviated by performing complementary in vivo 

experiments with DHT, which is non-aromatizable. 

Endogenous serum factors add a degree of complexity to experiments with 



86 

cells grown in culture in that these factors can attenuate or amplify responses to 

steroid hormones, making reproducibility an issue. In these studies, fetal bovine 

serum (FBS) concentrations in culture ranged from 2% - 10%, depending on the 

purpose of each experiment. Proliferation studies were done on cells grown in 2% 

FBS to limit the growth surge induced by high serum concentrations, and poly(A)+ 

RNA isolations were from cells grown in 5 - 10% FBS, to maximize yield. 

A complete understanding of the effect of a specific hormone on the growth 

and function of any target cell must necessarily include the identification of all genes 

in the cell that demonstrate altered expression upon hormone treatment. This is 

quite a challenging endeavour, and can be attempted using two different 

methodologies. The first is to isolate and microsequence proteins that show 

hormone-altered expression in two-dimensional electrophoretic gel analyses (see Fig. 

10, Ch.4), and to use their amino acid sequences to design oligonucleotide probes 

with which to screen a cDNA library. This route is quite laborious, subject to the 

difficulties inherent in preparative protein separation and is used when a researcher 

wants to identify a particular protein that demonstrates recurring and consistent 

hormone-induced alterations in expression. The second method of approach is to use 

subtractive cDNA techniques to enrich DNA populations or libraries with induced 

or altered genes, and then to sequence these cDNAs directly. This technique has 
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been used successfully in the transcriptional analyses of steroid-regulated gene 

networks (135), and is attempted herein. 

Furthermore, based on the results obtained with estrogen in BG688 cells 

(Ch.4), the influence of androgens on the abundance of Q 1(I)-procollagen mRNA is 

directly examined, and, since local growth factors such as TGF-p can be an important 

regulators of bone cell function (21), we extend our investigation to include an 

analysis of the androgenic regulation of TGF-p in HOS TE85 cells. 

Materials and Methods 

cDNA cloning of androgen-regulated genes 

A cDNA library of approximately 150,000 clones (un amplified) was 

successfully constructed in the pcDNAl vector. The Librarian kit from Invitrogen 

was used to make the library from 10 micrograms of poly(A)+ RNA isolated from 

HOS TE85 cells grown in 10% defined fetal bovine serum and treated for 24 hours 

with 10 nM dihydrotestosterone (DHT). The mRNA was size selected by agarose 

gel electrophoresis, and all poly(A/ RNA species over 750 base pairs were utilized. 

A degenerate cDNA probe enriched for genes upregulated or induced by 

DHT was successfully constructed using the Subtractor kit from Invitrogen. This 

probe was made from the same mRNA population used in the construction of the 

library (and a parallel population of mRNA from untreated HOS TE8S cells), and 
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was used to screen the amplified, induced eDNA library. Several positive bacterial 

colonies were selected for analysis, and the HOS TE8S cDNA inserts were amplified 

with PCR (as in Ch. 3) using primers complementary to the T7 and SP6 promoters 

flanking the pcDNAl insert site. The amplified inserts were then used to construct 

random-labeled eDNA probes, useful in determining whether the isolated clones are 

androgen-regulated. 

Proliferation studies 

HOS TE8S cells were seeded at equal density (100,000 per well) in 6-well 

plates and treated with vehicle (ethanol) or androgens (10 nM) for 24 h, 48 hand 72 

h. Cell numbers were obtained for each sample well using a hemocytometer. The 

values from three separate experiments with 3 wells in each treatment group were 

analyzed statistically using the two-tailed, unpaired Student's t-test. 

Northem analysis 

Poly(A)+ RNA was isolated from HOS TE8S cells (grown in 10% FBS) as 

previously described by Komm et al. (39). Briefly, cells were disrupted with 4M 

guanidinium isothiocyanate, and total RNA was obtained by two phenol/chloroform 

extractions followed by two chloroform extractions and sodium acetate/ethanol 

precipitation. The poly(A)+ RNA fraction was enriched by oligo-dT cellulose 

chromatography, as described (65). 
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HOS TE85 poly(A)+ RNA from cells exposed to vehicle (ethanol) and from 

cells treated with testosterone (10nM) for 24 h was electrophoretically separated on 

1 % agarose gels, electroblot transferred to a nylon filter, and hybridized with an 

a 1(I)-procollagen cDNA probe (66) as described in Chapter 4. After exposure and 

development of the autoradiograph, the Q1(I)-procollagen probed was then removed 

from the membrane by stripping in 50% formamide, 50 mM Tris-HCI, pH 8.0, 0.1% 

SDS at 68 C for 1 h, and the membrane was then repro bed with a radiolabelled 

TGF-,a cDNA probe (136), stripped again, and reprobed with a human ,a-actin 

cDNA (to normalize the amount of poly(A) + RNA loaded in each lane). Hybridizing 

bands were scanned with a laser densitometer (LKB, Bromma, Sweden), and 

quantitative determinations were made by normalizing the Ql(I)-procollagen and 

TGF-,a bands to the ,a-actin values. Similar experiments were performed using a 10 

nM dose of DHT, in which Q1(I)-procollagen and ,a-actin were probed as described 

above, except that the cells were grown in media containing 5% FBS. 
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Figure 16. Colony filter screen of DHT-treated HOS TE85 cDNA library with 
subtractive radiolabelled probe. 
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Figure 17. peR amplification of pcDNAl inserts from colonies which demonstrated 
positive hybridization to subtractive probe on both duplicate filters. 
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Figure 18. Slot blot analysis of poly(At RNA from control and DHT-treated HOS 
TES5 cells using random labelled probes from positive eDNA inserts, 
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Results 

eDNA cloning 

100,000 clones from the amplified library were spread on filters in 20 150mm 

plates and duplicated twice before screening. 14 clones which appeared as positives 

(see Fig. 16) on both duplicate filters were then isolated from the master filter for 

characterization. Restriction digestion was initially used to isolate the cDNA inserts 

from positive clones. Unfortunately, while revealing inserts, this method proved 

difficult because of another larger plasmid in the host bacterial strain. As such, we 

decided to use the peR to amplify the inserts, using primers complementary to the 

flanking SP6 and T7 promoters. This technique proved successful, as shown in Figure 

17, and a variety of inserts with sizes ranging from 750 - 1200 base pairs was revealed 

(the smaller 350 bp fragment is an artifactual stuffer fragment). Several of the inserts 

were isolated by preparative gel electrophoresis and used to construct random labeled 

cDNA probes. Poly(A/ RNA from the original HOS TE85 cell populations 

(untreated and DHT-treated) was then probed by slot blot to determine if any of the 

clones represent upregulated or induced messages (Fig. 18). None of the clones 

screened to date has been demonstrated to be dramatically regulated by DHT (i.e. 

> to-fold). Nevertheless, there may be non-specific hybridization present in the slot 

blots which masks more subtle changes in signal intensity (i.e < to-fold). 
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Figure 19. Effect of androgens on the proliferation of HOS TE8S cells. Cells were 
treated with ethanol vehicle (C) or lOnM T or lOnM DHT over a period of 72 
hours, and cells from triplicate wells were counted with a hemocytometer at 24 h 
intervals. Values shown are means + SEM, and n=3 for all groups except 72h-DHT, 
for which n=2. The unpaired Student's t-test was used to determine statistical 
significance (* P<O.OS;** P<O.02) 
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TABLE 1. Inhibition of HOS TE85 cell proliferation by DHT 

Experiment Number 

I II III 

Cell CountA Cell Count Cell Count 
Time Treatment (% decreaset (%.decrease) (% decrease) 

24 h Control 447 + 29 313 + 20 358 + 28 
DHT 353 + 2c 287 + 13 360 + 12 

(21) (9) (0) 

48 h Control 860 + 40 605 + 34 688 + 17 
DHT 644 + 76 527 + 22 604 + 31 

(25) (13) (12) 

72 h Control 1060 + 8 748 + 49 1140 + 39 
DHT 902 + 2d 582 + 39c 773 + 89d 

(15) (22) (32) --
a Mean number of cells (x 10-3

) per well + SEM. 
b Derived from mean values. 
c P<O.05 vs. corresponding control. 
d P < 0.02 vs. corresponding control. 

Combined Data 

Cell Count 
(% decrease) 

373 + 24 
·333 + 12 
(11) 

718 + 41 
592 + 30c 

(18) 

982 + 62 
734 + 58d 

(25) 

\0 
VI 
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In fact, collagen does not appear to be regulated by DHT in the slot blot (Fig. 18), 

in contrast to the two-fold estrogenic increase in collagen mRNA in BG688 cells 

(Figs. 11 and 12). Therefore, to increase the sensitivity and selectivity of mRNA 

detection, Northern analysis, which includes the separation of RNAs on a sizing gel, 

was used to further examine androgenic effects on collagen and TGB-,8 mRNA 

expression. These experiments are described below, following the growth studies. 

Proliferation studies 

Proliferation analyses ofHOS TE8S cells grown in 2% FBSIDMEM containing 

10 nM DHT or 10 nM T, show a decrease in cell number when compared to 

untreated cells (Fig. 19). Although the number of HOS cells increased at each time 

point in the androgen treated groups as well as the control group, a slower rate of 

increase results from androgen treatment. To substantiate these data we focused on 

the non-aromatizable androgen DHT, and performed two additional growth 

experiments. The pooled results from the three separate experiments, shown in 

Table 1, indicate that DHT significantly suppresses HOS TE8S proliferation at 48 h 

(p < 0.05) and at 72 h (p < 0.02). 

Androgenic regulation of collagen and TGF-,8 mRNAs 

In addition to the effects on proliferation, androgen treatment also influences 

the expression of O!l(I)-procollagen and TGF-,8 in HOS TE8S cells. Fig. 20 illustrates 
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Figure 20. Northern analysis of the regulation by testosterone of the abundance of 
O!I(I)-procollagen mRNA in HOS TE8S cells. 10 J1.g of poly(At RNA from control 
and testosterone (T) treated cells (10 nM) were probed with a radiolabelled al(I)
procollagen eDNA. The filter was then stripped and reprobed with a radiolabelled 
~-actin probe (for normalization), shown in the inset. Intensities of the resultant 
bands were quantitated with a laser densitometer. Similar results were obtained in 
two separate experiments. 
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Figure 21.24 hour time course of androgenic regulation of a1(I)-procolIagen mRNA 
levels in HOS TE8S cells. Cells were treated with 10 nM testosterone (T) at planned 
time intervals before simultaneous preparation of poly(A)+ RNA from all samples. 
Lane l:no treatment, lane 2:3h T, lane 3:12h T, lane 4:18h T, lane S:24h T. 



} . 

\ 

; .. ' 

99 

kb· 

Figure 22. Northern analysis of the regulation by testosterone of the abundance of 
TGF-13 mRNA in HOS TE85 cells. The filte~ shown in Fig. 5 was stripped and 
reprobed with a radiolabelled TGF-13 eDNA. The resultant hybridizing bands were 
scanned with a laser densitometer, and values were normalized using the actin bands 
(Fig. 20 inset) as a non-regulated control. 
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that testosterone treatment (10 nM, 24 h) causes a S-fold increase in the steady state 

abundance. of Ct1(I)-procollagen mRNA, as assessed quantitatively by laser 

densitometry and normalized to p-actin mRNA (inset). In addition, Figure 21 

illustrates a more complete time course response by HOS TESS cells to T, showing 

an early (3h) initial increase in the abundance of O!l(I)-procollagen, followed by a 

cessation and a later increase at 24 h. It is significant that the basal (control) level 

of a 1(I)-procollagen mRNA in this experiment is higher than that in Figure 20, 

signifying that the cells were in a slightly different stage of osteoblastic differentiation. 

Thus, the fold-increase observed in response to T is reduced, but the qualitative 

increase is maintained nonetheless. 

Furthermore, the 10 nM testosterone elicits a 2.2-fold increase in the steady 

state concentration of TGF-{3 mRNA (Fig. 22), as revealed after the membrane from 

Fig. 20 was stripped of the a 1(I)-procollagen probe and rehybridized with a TGF-p 

eDNA probe. Finally, Figure 23 demonstrates that the non-aromatizable androgen, 

DHT, elicits an increase in the abundance of O!l(I)-procollagen mRNA in HOS TESS 

cells which is similar to the increase observed when the cells are treated with T (Fig. 

22). This indicates that both androgens can function to increase O!l(I)-procollagen 

expression in HOS TESS cells. 
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Discussion 

Although the primary screening yielded clones which did not demonstrate 

androgenic regulation, the cDNA library can still prove quite useful. In fact, another 

alternative would be to make a corresponding cDNA library from untreated HOS 

TE8S cells, and to use subtractive hybridization to create a subtracted library. This 

would lower the number of clones screened with the subtractive probe, and improve 

the chances of isolating a regulated gene. Of course, should any DHT regulated 

genes be obtained from HOS TE8S cells through future efforts and a continuation 

of these studies, they will be sequenced and characterized to determine either their 

novelty or their identity. 

DHT has previously been shown to affect proliferation in other osteoblastic 

cell types, such as normal human bone cell primary cultures and the human 

osteosarcoma line, HOS TE89 (137). However, this published study, which was 

performed on cells grown in serum-free medium, demonstrated a DHT-mediated 

increase in proliferation at 24 h, in contrast to the DHT -mediated decrease in 

proliferation of HOS TE8S cells reported here. This incongruity may reflect 

differences in phenotype between the cell lines, or possibly the effects of relatively 

low concentrations of mammalian serum growth factors in modulating proliferative 

responses to androgens, since our HOS TE8S cells were grown in 2% fetal bovine 
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Figure 23. The effect of the non-aromatizable androgen DHT on the expression of 
Q1(I)-procollagen in HOS TE8S cells. As in Fig. 5, a Northern blot analysis was 
performed using 10 ILg of poly(At mRNA from both control (EtOH) and treated 
(10 nM DHT, 24 h) treated cells. The abundance of Ql(I)-procollagen mRNA 
detected is higher in the DHT- treated sample (right lane) than in the EtOH-treated 
sample (left lane). 
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serum instead of serum-free medium. 

Steroid hormones generally exert their biological effects through the alteration 

of gene expression. Because 17,B-estradiol has been shown to increase the steady 

state levels of mRNAs from genes coding for Ql(I)-procollagen and TGF-,B in HOS 

TESS cells (39), we examined the effects of androgens on these two genes. In a 

similar manner to estrogen, testosterone treatment resulted in significant increases 

in the steady state abundance of Q1(1)-procollagen (S-fold) and TGF-,8 (2-fold) 

mRNAs obtained from HOS TESS cells (Figs. 20, 22). The biphasic response of 

Type I procollagen mRNA levels to testosterone seen in the time course (Fig. 21) is 

of possible significance. In a recent report (71), two important growth factors, TGF-{3 

and IGF-II, were shown to increase collagen Type I mRNA expression human 

osteoblast-like cells in two different, time-dependent fashions. TGF-{3 caused a rapid 

response, maximal in 10 hours, whereas IGF-II caused a more moderate, delayed 

response, which was sustained through 24 hours. It is tempting to speculate that the 

biphasic response to testosterone which we observe is the product of a more complex, 

growth-fact or-mediated pathway of biological control. Indeed, our results do indicate 

an elevation in TGF-{3 mRNA expression at 24 hours, a finding somewhat consistent 

with such speculation. 
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As mentioned, testosterone can be aromatized to estradiol in several cell types. 

Although SaOS-2 cells, another human osteosarcoma line, have been shown to be 

negative for aromatase activity (138), it was necessary to exclude the possibility 

that the added testosterone is aromatized in intact HOS TE8S cells to 17,e-estradiol, 

which would then exert its effects through the estrogen receptor. The results 

obtained with DHT confirmed those procured with T in that an increase in the 

abundance of O!l(I)-procollagen mRNA was observed (Fig. 23). These findings also 

parallel previous work with estrogen that revealed qualitatively equivalent responses 

in HOS TE8S cells (39), and indicate that both androgens and estrogens elicit a 

similar pattern of gene expression in these osteoblast-like osteosarcoma cells. q 

The regulation of a structural gene coding for an extracellular matrix 

protein (Type I collagen), and of a growth factor gene (TGF-,e) by androgens (and 

estrogens) in human osteoblastic cells derived from an osteosarcoma (HOS TE8S), 

provides intriguing possibilities for the control of proliferation and differentiation in 

osteoblasts. Type I collagen is ubiquitous (139) and the primary component of 

the interstitial bone matrix, which gives bone its structural framework. TGF-,e is a 

multifunctional peptide which has been shown, at high doses, to inhibit the 

proliferation of Htb96 cells, an osteoblast-like osteosarcoma line (140). TGF-,e 

has also been shown to transcriptionally activate the mouse 0!2(I)-collagen gene, via 
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a nuclear factor 1 cis-element in the <l2(1)-collagen promoter (141). These 

findings, combined with the results presented here, suggest a hypothesis in which 

androgens increase the expression of genes coding for factors like TGF-,B in 

osteoblasts, producing increased local concentrations which would then act to retard 

proliferation and expedite differentiation. Increased expression of a differentiation

specific, structural gene such as Type I collagen would result in a higher rate of 

interstitial bone matrix synthesis by osteoblasts, and a correspondingly higher bone 

density. 

While the results presented here provide evidence for the biochemical 

regulation of bone-derived osteoblast-like cells by androgens, they should be 

considered within the larger context of bone cell biology. Specifically, androgens may 

also indirectly affect the osteoclast, whose activity is modulated by osteoblast 

generated mediators. For example, androgens attenuate the responsiveness of 

human osteoblastic cells (55) and cultured mouse calvariae (142) to the 

calciotropic influence of parathyroid hormone, and this may interfere with the 

production of osteoblast-derived resorptive factors which stimulate local osteoclasts 

to resorb bone. Also, TGF-,B reduces osteoclastogenesis (143) and this may 

favor the activity of the osteoblast in the remodeling process, resulting in a net 

formation of new calcified bone matrix. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

In summary, the work presented here demonstrates that two human bone cell 

lines, BG688 and HOS TE8S, are regulated in culture by estrogen and androgens, 

respectively. In addition, the results suggest that these cell lines constitute useful 

systems in which to study the modulation of human osteoblast activity by sex steroids. 

However, the low levels of receptor expression and the relatively low magnitude of 

the responses illustrate that the study of bone regulation by sex steroids is and wiII 

be plagued by issues of sensitivity. 

Previous clinical studies indicate that sex steroids influence the integrity and 

maintenance of bone. Estrogen replacement therapy is an effective preventative for 

postmenopausal osteoporosis. Similarly, androgens appear to induce bone formation 

and prevent loss of bone mass. The present research provides a molecular and 

cellular explanation for the clinical efficacy of sex steroids in maintaining the 

structural integrity of the mineralized skeleton. We have determined that osteoblast

like human cells exhibit specific, high affinity sex steroid binding sites and respond 

biologically to concentrations of estrogenic and androgenic hormones traditionally 
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Figure 24. Model for the actions of sex steroids on osteoblasts. Estrogen and 
androgens are proposed to act via receptor mediated mechanisms to alter nuclear 
events, and this results in the postulated cellular responses. Solid lines represent 
pathways for which experimental evidence has been reported;-.-~-· - = second 
messenger pathway and dashed lines indicate hypothetical pathways. ER = estrogen 
receptor, AR = androgen receptor, IGF = insulin-like growth factor, preOCL = 
osteoclast precursor. 

I . __ I 
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used in cell culture experiments. These responses include the regulation of 

proliferation as well as cx1(I)-procollagen and TGF-.B gene expression, and they 

suggest that estrogens and androgens act directly on osteoblasts to modulate their 

function and phenotypic characteristics. 

We have incorporated our findings into a conceptual scheme of bone 

remodeling, synthesized from a wide variety of studies in a spectrum of osteoblast 

model systems. Although somewhat speculative, this model (Fig. 24) displays 

pathways of osteoblastic regulation that are supported by this dissertation research 

and results obtained in other laboratories. Calciotropic hormones and sex steroids 

are depicted to act directly on the osteoblast through receptor-mediated mechanisms, 

with the resulting alterations in gene expression serving to perturb the bone 

remodeling equilibrium. PTH and 1,25(OH)2D3 are shown to stimulate osteoclastic 

bone resorption indirectly through the osteoblast, by acting on cell surface and 

nuclear receptors, respectively, to enhance the release of osteoblast-derived 

resorption factors (OBDRFs). Sex steroids are also proposed to attenuate the effects 

of calciotropic hormones to elicit the release of OBDRFs. Androgens and estrogen 

are also postulated to increase the production by osteoblasts of essential growth 

factors which then regulate the osteoblast in an autocrine fashion to expedite the 

expression of differentiation-specific genes and, correspondingly, to alter the 
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proliferation of the cell. 

The discovery of the expression of high-affinity sex steroid receptors in human 

osteoblast-like cells (39,40,54, Chapters 3 and 5) adds complexity to the contemporary 

scientific understanding of the regulation of bone by systemic hormones. The modern 

model (Fig. 24) portrays estrogens and androgens binding to receptors which may be 

nuclear or cytoplasmic, and then activating those molecules to affect gene 

transcription in the nucleus. Thus, the sex steroids now join the calciotropic 

hormones to become the second group of circulating biomolecules which control 

osteoblast function. 

To increase the potential for bone matrix formation in the remodeling process, 

sex steroids appear to inhibit the traditional resorptive pathways mediated through 

the osteoblast by parathyroid hormone (PTH) and 1,25(OH)2D3' Namely, estrogen 

and androgens probably attenuate the osteoblastic response to these resorptive 

hormones, resulting in the decreased synthesis and secretion of factors by the 

osteoblast which stimulate or activate the osteoclast (Fig. 24). Evidence exists to 

support this contention, as estradiol treatment reduces PTH-stimulated adenylate 

cyclase activity in immortalized rat calvarial cells and trabecular cells (45), and also 

diminishes the accumulation of cAMP stimulated by hPTH-(1-34) and hPTH-related 

protein in SaOS-2 cells (44), another osteoblast-like osteosarcoma line. Furthermore, 
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androgens attenuate the responsiveness of SaOS-2 cells (55) and cultured mouse 

calvariae (144) to the calciotropic influence of parathyroid hormone, possibly 

interfering with the production of osteoblast-derived resorptive factors which 

stimulate local osteoclasts to resorb bone. Although these inhibitory estrogenic and 

androgenic effects on the regulation of osteoblasts by the calciotropic hormones 

further substantiate the expression of hER and bAR in these cells, our focus has 

been on the elucidation of positive osteoblastic responses to sex steroids. 

Specifically, and as shown in the model, we have demonstrated that these 

hormones can enhance the expression of collagen Type I mRNA (Chapters 4 and 6) 

in osteoblasts. This result parallels that of other investigations (45,120), and presents 

a possible role for estrogens and androgens in facilitating both the expression of 

collagen and the subsequent formation of the osteoid matrix. However, a rigorous 

confirmation of this possibility must include an in-depth analysis at the protein level, 

to prove that sex steroids actually enhance the osteoblastic secretion of collagen Type 

I and other crucial matrix proteins, resulting in a greater net deposition of osteoid 

material per cell. 

Osteoblasts, like all other cells, must balance their energy expeditures between 

the two predominant cellular functions of proliferation and differentiation. 

Environmental and biological parameters such as resource availability and circulating 
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metabolite levels, respectively, cue the release of systemic hormones which induce 

specific cells to proliferate and/or to perform crucial functions associated with the 

differentiated phenotype. The model (Fig. 24) predicts the modulation of 

proliferation in osteoblasts by sex steroids. Our own data (Ch.6), as well as those of 

several others (45,55,120) confirm this prediction, but ambiguity remains, as the 

proliferative effects which have been detected are both positive and negative, and 

some studies have shown no effect at all. This is probably due to the presence of 

uncontrolled and un characterized growth factors in serum which enhance or attenuate 

proliferative responses. Nevertheless, it is evident that androgens can modulate 

proliferation in HOS TE85 cells under our experimental cell culture conditions, 

probably through receptor-mediated changes in gene expression. 

Local growth factors like TGF-~ also play pivotal roles in the regulation of 

osteoblast differentiation and proliferation. Accordingly, the model indicates that 

TGF-~ induces biological effects in the osteoblast, including the stimulation of 

collagen gene transcription (71,141), and the biphasic modulation of proliferation 

(140). A key element of the model is that the osteoblast is shown to act as an 

intermediary in the conversion of a systemic signal carried by sex steroids into a local 

one mediated by growth factors (39,56,57, Chapter 6), through the direct modulation 

of genes which code for these peptides. Indeed, IGF-I and IGF-II may also play an 



112 

important role in remodeling, and estrogen has been demonstrated to increase the 

amount of IGF-IIII secreted into the medium by rat osteosarcoma cells (121), as well 

as the release of IGF carrier proteins by osteoblast-like rat calvarial cells (145). 

Finally, the osteoclast cannot be overlooked in any hypothetical scheme of 

bone remodeling, and there is evidence to suggest that these terminally differentiated 

cells and/or their precursors respond to both systemic hormones and local growth 

factors. For example, a recent study found evidence for estrogen and progesterone 

receptors in human osteoclasts, suggesting the possibility of direct osteoclastic 

regulation by sex steroids (146). Furthermore, and as indicated in the model 

(Fig. 24), TGF-,B can attenuate the differentiation of osteoclast precursors (143), 

thereby diminishing the number of cells capable of active resorption. However, TGF

f3 also elicits potent stimulation of resorption in fully differentiated 

osteoclasts (147), suggesting that its effects on osteoclast precursors may be the 

incidental result of the growth factor's previously characterized ability to suppress 

proliferation of primitive hematopoietic cells. A complete understanding of bone 

remodeling must also include detailed knowledge regarding the regulation of 

osteoclasts, osteoblasts, and their immune-system precursors by systemic and local 

agents. 

The complexity of current research in bone regulation is compounded by the 
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plethora of hormones and factors now under study. Diversity in the state of 

differentiation of different cell types employed as models adds to this complexity, as 

results which seem contradictory at first may, in fact, correctly reflect differentiation

specific phenomena. Three areas of investigation in bone biology which deserve 

particularly intense attention are: 1) the characterization of the resorptive factors or 

OBDRFs through subtractive cloning, 2) the elucidation of the function of the non

collagenous proteins, such as osteocalcin or BGP, in the synthesis of the osteoid 

matrix, and 3) the determination of the exact nature of the course of differentiation 

followed by osteoclast precursors. Furthermore, two faCts made abundantly clear in 

studies with osteoblast-like cells in recent years are that 1) strict controls are needed 

to maintain cells in a fixed stage of differentiation in order to repeat experiments 

properly, and 2) any truly comprehensive evaluation of osteoblast regulation must 

include repetitive experiments within each of several independent states of osteoblast 

differentiation. 

The cells which participate in bone remodeling do not exist in isolation in vivo. 

In fact, one of the caveats to using finite or continuous cell lines or primary cell 

cultures is that, once removed from their internal milieu, cells from such sources 

cannot "communicate" with other cells present in vivo, and any potentially important 

cellular coupling (27) is lost. As such, systems which employ the co-culture of 
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different cell types or cells in different stages of differentiation should yield pertinent 

discoveries in the future. 

The integrated events of bone formation and resorption reflect complex 

interactions between a plethora of growth factors and hormones that influence bone 

remodelling cells. The data presented herein are signifi.cant in that they support and 

extend previous data demonstrating estrogen and androgen receptors in osteoblasts, 

and they provide insight into the specific influence of sex steroids on the cellular 

function of osteoblasts. This augments our understanding of the mechanism of 

androgenic and estrogenic regulation of bone remodeling, and the protective effects 

of estrogens and androgens on bone. The further experimental elucidation of specific 

pathways in this biological circuitry, including a complete understanding of the effects 

of sex steroids on the osteoblast, should provide insight into the molecular etiology 

of skeletal disorders such as osteoporosis. 
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