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ABSTRACT 
 

Early life exposure to estrogens and estrogen like contaminants in the environment are 

thought to increase the risk of developing breast cancer due to the early onset of puberty in the 

exposed female. However, the results of this study show that in utero exposure to the 

metalloestrogen cadmium altered mammary gland development independent of its effect on 

puberty onset. In utero exposure to the metal resulted in an expansion of the mammary stem 

and/or progenitor cell population in the neonatal gland and an increase in branching, epithelial 

cells, and density in the prepubertal gland. Puberty onset resulted in a further expansion of the 

mammary stem/progenitor cell population and the overexpression of estrogen receptor-alpha that 

was due to an increase and altered response to estradiol of the transcripts derived from exons O 

and OT. These results suggest that in utero exposure to cadmium may increase the risk of 

developing breast cancer by increasing stem/progenitor cell population, density, and estrogen 

receptor-alpha expression in the mammary gland. 
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INTRODUCTION 
 

Mammary Gland Development 

 The adult mammary gland is a ramified tubuloalveolar organ that consists of several 

important structures. It is comprised mainly of epithelial cells, that form the ductal network of 

the gland, and adipocytes, that constitute the fat pad in which the ductal network is embedded, 

and makes up >80% of the breast volume 1. The epithelial cells are categorized into two major 

types: luminal and basal 2. The inner luminal epithelial cells form a single layer that lines the 

inside of the ducts and alveoli, whereas the basal epithelial cells consist of the outer 

myoepithelial cells 3. 

 The mammary gland is unique in that it undergoes the majority of its development after 

birth. Mammary gland development is a very coordinated series of events that is directed by both 

systemic hormones and local growth factors 4. The development of the mammary gland can be 

divided into three phases: embryonic, pubertal and adult 5. The initial stages of mammary gland 

development occur independently of hormonal regulation and instead depend on the interaction 

between the epithelium and the surrounding mesenchyme. 

 

Embryonic development  

 In all species mammary glands develop along the so-called “milk line” or mammary line, 

an epidermal thickening extending between the fore- and hindlimb buds. In the mouse, the first 
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morphological sign of mammary gland development is the formation of the milk lines that run 

along most of the length of the trunk on embryonic day (E) 10.5 6, 7. Between E11 and E11.5 five 

pairs of lens-shaped placodes form as thickenings of the ectoderm at specific locations along the 

milk line in response to signals from the underlying mesenchyme 8, 9. Between E11.5 and E12.5, 

placodal epithelial cells invade the mesenchyme to form the typical bulb-shaped mammary buds. 

In female embryos, the buds remain morphologically quiescent until the final stages of 

embryonic development. Beginning between E15.5 and E16.5, the mammary sprouts are formed. 

By E16.5, a lumen develops within the sprout and the nipple forms by differentiation of the 

overlying epidermis in response to signals from specialized mammary mesenchyme. On E16, 

once the mammary sprout has reached the fat pad, the process of ductal branching 

morphogenesis begins, giving rise to the rudimentary ductal tree. By birth, the mammary gland is 

composed of a ductal tree consisting of the primary duct and 15-20 secondary branches 

embedded in the mammary fat pad. Development is then arrested until puberty 7. 

 Over the past several years, many studies have addressed the signaling pathways 

involved in the embryonic stages of mammary gland development. One of the earliest described 

markers of the mammary line is the expression of several Wnt genes, including Wnt10b 9, Wnt3 

and Wnt6 10 at day E10.5. Following this event, additional Wnt genes are expressed along the 

mammary line between E11.25 and E11.5, including Wnt10a, Wnt10b and Wnt6 9-11. These 

findings suggest that an early expression of Wnt is necessary for the specification of the 

mammary line, which also acts as a signal to induce a cascade of further Wnt gene expression 

and signaling within the mammary line and placodes. The fibroblast growth factor (FGF) 
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signaling pathway and the T-box transcription factor TBX3 may also contribute to mammary 

line specification and placode formation 11, 12. The transcription factor lymphoid enhancer-

binding factor-1 (Lef1), an effector of WNT/β-catenin signaling, is the earliest known marker of 

the mammary placode formation. Its inactivation in vivo leads to embryos with only a single pair 

of inguinal placodes 13. Epithelial-mesenchymal signaling through parathyroid hormone related 

peptide (PTHrP) and it receptor (which are expressed in the epithelium and mammary 

mensenchyme, respectively) is important for the elongation of the primary sprout of the 

developing bud 14, 15. In the absence of PTHrP or its receptor, morphologically normal mammary 

buds form but degenerate and fail to form a ductal tree 14, 15. 

 

Pubertal development 

 After birth, the nascent gland enters a period of relative quiescence during which it 

increases in size just enough to keep up with the normal body growth (isometric growth) until 

puberty. At the onset of puberty, circulating ovarian and pituitary hormones such as estrogens, 

progestins and growth hormone (GH), initiate and drive ductal morphogenesis 16 (allometric 

growth), a process by which the rudimentary ductal structure initiates, extends, bifurcates, and 

differentiates to give rise to the mature tubular organ 17, 18. Elongation of the mammary gland 

ducts occurs by mitotic activity in the terminal end buds (TEBs), which are located at the end of 

the ducts 19. TEBs are composed of a layer of highly proliferative cap cells on their distal 

surface, surrounding a mass of luminal body cells that undergo high levels of apoptosis resulting 
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in luminal hollowing 20, 21. The high rate of cell division causes the ducts to bifurcate and invade 

into a fatty stroma as the ducts elongate 22. New primary ducts form by bifurcation of the TEBs 

and secondary side-branches sprout laterally from the trailing ducts until the ducts reach the 

periphery of the mammary fat pad (10-12 weeks of age), at which time the TEBs regress to blunt 

ended structures containing a single layer of luminal cells with very low mitotic activity 21. 

During ductal expansion, a luminal space forms behind the TEBs that is hypothesized to require 

clearance of an inner cell population by caspase-mediated apoptosis 23. 

 During puberty mammary gland development is driven by both endocrine and paracrine 

factors. Systemic hormones produced by the ovary and pituitary, and growth factors produced by 

the surrounding stroma 4, 21, 24 stimulate the rapid and invasive growth of the ducts. Hormone 

depletion and replacement studies helped with the identification of the systemic hormones 

involved in the regulation of this process. Studies have found that estrogens are able to restore 

TEB formation and mammary gland development in ovariectomized rodents 25, showing the 

importance of estrogen in pubertal mammary gland development. However, estrogens alone 

cannot rescue mammary gland development in hypophyctomized animals, which can be done 

when treated with GH 26, even though they can restore TEB and duct formation in 

ovariectomized and hypophyctomized rats when GH or insulin-like growth factor 1 (IGF-1), but 

not prolactin (Prl), was administered 27, 28. These results led to the proposal that GH acts through 

the GH receptor in the mammary stroma inducing the production of IGF-1, which, in turn, 

stimulates the formation of mammary glands in a paracrine manner 29. Later studies, using 

knockout animals, support the role of estradiol, GH and IGF-1, showing that pubertal mammary 
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gland development is also impaired in mice lacking GH receptor signaling 30, IGF-1 26, and 

estrogen receptor alpha (ERα) 31. On the other hand, mammary glands in mice lacking 

progesterone receptor (PgR), estrogen receptor beta (ERβ) or prolactin receptor (PrlR) developed 

normally at the pubertal stage 16, 20, 31, 32. 

 In addition to systemic hormones, the interaction between the epithelium and the stroma 

through local growth factor signaling is essential for postnatal mammary gland development, as 

well as for organ maintenance and function in the adult 21, 24. One such factor that functions to 

regulate side branching is transforming growth factor beta (TGFβ). TGFβ is secreted from ductal 

epithelium to inhibit lateral branching and ductal growth 33. TGFβ’s inhibitory function is 

mediated by hepatocyte growth factor (HGF), a mitogenic cytokine that is negatively regulated 

by TGFβ 34, and by PTHrP, which is positively regulated by TGFβ and inhibits ductal extension 

during puberty 15. Another important local regulator is amphiregulin, which is a ligand of 

epidermal growth factor (EGF) receptor 35, an essential mediator of ERa-stimulated growth 36. 

Other local growth factors contributing to ductal elongation or branching morphogenesis include 

members of the FGF, Wnt and Notch families 37, 38. Inflammatory cells (macrophages), recruited 

by colony stimulating factor-1 (CSF-1), also appear to have an important role in promoting 

mammary ductal invasion and TEB formation 39. 
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Development during pregnancy  

 The most dramatic changes in mammary gland occur during the first pregnancy to 

prepare for lactation, and involve rapid and intense proliferation followed by alveolar 

differentiation. These changes are triggered by the combined influence of ovarian estrogen, 

progesterone and inhibin 40, placental chorionic gonadotropin (CG) and lactogen (PL), and 

pituitary relaxin 41. During pregnancy, lateral buds extend from the main ducts and the TEBs 

rapidly cleave to form alveolar buds (ABs). The ABs progressively differentiate into lobules, 

filing the stroma with lobuloalveolar structures containing secretory epithelial cells which are 

stimulated after birth to produce milk 42, 43. Upon weaning and during involution, the 

lobuloalveolar compartment undergoes massive apoptosis and remodeling to restore the simpler 

ductal architecture 16, 21. The involuted mammary gland retains some of the vestiges of the 

preceding pregnancy and in both mice and humans is clearly more differentiated when compared 

with its virgin counterpart 44, 45. The proliferation–lactation–involution cycle, which the 

mammary tissue goes through, occurs with each pregnancy.  

 

Estrogens and ERα in mammary gland development 

 Estradiol (E2) is a steroid hormone that is synthesized primarily by the ovaries. E2 binds 

to two distinct receptors, encoded by two different genes, ERα and ERβ. ERα is the more 

important receptor for mammary gland development. A complete knockout of ERα showed that 

TEBs are absent in the mammary gland and that the ducts failed to invade the fat pad 46. These 
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receptors are members of the large family of nuclear receptors, which function as transcription 

factors when bound to the steroid hormone 47. Hormone depletion and replacement studies have 

shown that ovarian E2 is critical for the two major phases of mammary development: ductal 

elongation during puberty and lobuloalveolar development during pregnancy 48. However, the 

effects of estrogens on mammary growth appear to require a functional pituitary gland 26. 

Therefore, estrogens may contribute to mammary development by acting trough ERa directly on 

the mammary gland and/or by an indirect endocrine action on the hypothalamic/pituitary/gonadal 

axis.  

 Tissue transplantation experiments have shown that the proliferative effects of E2 are not 

due to direct hormone action but rather to the actions of multiple secondary paracrine effectors. 

In the mammary gland, local control of branching morphogenesis seems to be carried out by 

signals not only from the epithelial cells but also from the stroma 49. The question whether 

stromal or epithelial ERα is responsible for mammary gland growth was addressed by 

experiments in which ERα knockout (ERKO) mouse epithelium was recombined with wild-type 

mammary gland stroma and vice versa. It was found that stromal, but not epithelial, ERα was 

required for mammary epithelial growth 50.  

 The proliferative effects of estrogen in the ductal epithelium and mammary stroma are 

first detectable at three weeks of age. Before that, even though ERa has been detected in both 

epithelial and stromal cells, the gland does not respond to the proliferative effects of estrogen 51, 

52. Most evidence supports the view that ERα is responsible for estrogen-induced proliferation in 

the epithelial cells of the mammary gland, but despite this, proliferating epithelial cells do not 



 

8 
 

express ERα. The proliferating cells in the epithelium of the mature gland are ERα negative and 

are regulated by ERα positive cells 53-55.  

 

Environmental estrogens 

 Over the past 40 years studies, in humans and wildlife have shown a trend of adverse 

effects of the environment on the development of the reproductive system. Examples of these 

effects are altered puberty onset, decreased fertility, feminization or masculinization of different 

species, increasing incidence of cryptorchidism and hypospadias and an increasing incidence of 

hormone-related cancers such as breast and testicular cancer 56-59. These trends may be a 

consequence of the effects of low levels of chemicals in the environment which interfere with the 

body’s endocrine system. These chemicals are known as endocrine disrupting compounds 

(EDCs) and may act through different mechanisms 60. Many EDCs in the environment have been 

shown to mimic or interfere with the actions of physiological estrogens via estrogen receptor 

mechanisms and have been termed environmental estrogens 61, 62. These compounds have very 

diverse origins and chemical structures, and can comprise both natural and man-made 

compounds. Phytoestrogens are a diverse group of naturally occurring nonsteroidal plant 

compounds that because of their structural similarity with E2 exhibit estrogen agonist and 

antagonist activity, and include mainly isoflavones, lignans, coumestanes, stilbenes and the 

flavonoids quercetin and kaempherol 63. Xenoestrogens are industrially made compounds, which 

have estrogenic effects and are a structurally diverse group of hydrocarbons. Some of the more 
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prevalent synthetic estrogens in the environment may be found in plastics, detergents or 

insecticides that include dichlorodiphenyltrichloroethane (DDT) metabolites and polychlorinated 

biphenyls (PCBs). Organochlorines such as PCB are extremely resistant to biological 

transformation and are known to accumulate in the food chain 64. Other examples of man-made 

chemicals that mimic estrogen are diethylstilbestrol (DES), which has been used in the past to 

prevent miscarriage 65, and bisphenol A (BPA), an industrial monomer used in the production of 

polycarbonates and epoxy resins that was originally synthesized as a synthetic estrogen 66. 

During the past decade, evidence has emerged showing that metal ions also exhibit estrogenic 

activity 67-70. This new class of environmental estrogens has been named metalloestrogens, which 

includes both anions and cations.  

 In recent years, concern has been growing that adverse health consequences may result 

from low levels of exposure to commonly occurring environmental estrogens. Environmental 

estrogens have been found to be less potent than E2 regarding their binding affinity with the 

ERs, but they act in an additively fashion with endogenous estrogens 71. They also bind to 

plasma carrier proteins with significant less affinity than those of endogenous estrogens, and 

therefore are more readily available 72. Furthermore, studies show that the same xenoestrogens 

that seem to be weak agonists for nuclear ERs are strong agonist when they act through 

membrane ERs 73. All together these findings may explain why seemingly insignificant 

concentrations of environmental estrogens have the ability to produce potent biological effects. 

Surprisingly, reports show that low doses may even exert more potent effects than higher doses, 

and considerable interest has been generated in the toxicological community by reports of 
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opposite effects occurring at low and high doses 74, 75. Several studies show that these 

compounds may exert non-traditional dose-response curves, such as inverted-U or U-shaped 

curves, and their chemical structure does not always predict their mechanism of action 76-78. 

 Another important aspect of the effects of environmental estrogens is that their 

deleterious effects vary depending on the age/time at which the organism is exposed. Exposure 

of an adult to an environmental estrogen may have very different consequences than the 

exposure of a developing fetus or infant. The developing organism is very sensitive to both 

endogenous and exogenous hormones and it is generally accepted that environmental estrogens 

have the greatest impact when exposure occurs during early development. Furthermore, neonatal 

exposure to environmental estrogens during critical developmental windows can alter hormonal 

programming so that tissues respond abnormally to hormones later in life 79. This can lead to 

several adverse effects, including increased incidence of tumors in several endocrine-sensitive 

tissues as well as adverse reproductive effects in both males and females 80-83. For example, clear 

cell vaginal adenocarcinomas were observed in daughters of pregnant woman exposed in utero 

to DES, but only if the exposure occurred before the 13th week of gestation 84, 85, as well as 

diverse malformations of the genital tract and infertility. In mouse models DES produced similar 

effects 82. 
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Metalloestrogens 

 Metalloestrogens are a class of inorganic xenoestrogens which can affect the expression 

of estrogen responsive genes in human cells. The effects mimic the physiologic function of 

estrogen because metalloestrogens have a high affinity for estrogen receptors. Because they can 

mimic estrogen by activating the estrogen receptor, they are considered harmful and potentially 

linked with breast cancer 67. Metalloestrogens include the heavy metals and metalloids 

aluminium, antimony, arsenite, barium, cadmium, chromium, cobalt, copper, lead, mercury, 

nickel, nitrate, selenite, tin, uranium and vanadate. 

 

Cadmium - Cadmium (Cd) is a ubiquitous environmental pollutant that affects human health 

through chronic low-level occupational or environmental exposure 86. Cadmium is dispersed 

throughout the environment primarily from extraction (mining), foundry, metallurgical and 

electroplating industries, those being the main sources of occupational exposure 87. The exposure 

of the general population occurs through consumption of contaminated water and food (meat, 

fish, and fruit), inhalation of cigarette smoke or contact with products containing this metal, such 

as, nickel/cadmium batteries, pigments and plastics 88. Cadmium is excreted from the body very 

slowly; therefore it accumulates in humans with age due to a lack of an active biochemical 

mechanism for elimination and renal reabsorption, only about 0.001% of total body burden is 

excreted daily, mostly in urine 86, 89. It is important to mention that cadmium has been detected in 
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the human mammary gland 90 and in human milk, which could be a consequence of its passage 

through the breast 91, 92. 

 In vitro and in vivo studies have shown that cadmium has potent estrogenic effects. 

Similar to E2, cadmium treatment of MCF-7 human breast cancer cells stimulates cell 

proliferation, downregulates the ERa, stimulates the transcription and expression of progesterone 

receptor, and activates the estrogen response element (ERE) in transient transfection assays 68, 70, 

93-95. The effects on gene expression of cadmium were blocked by the antiestrogen ICI 182,780 95 

suggesting that the mechanisms were ERa-mediated. One of the most important studies 

indicating that Cd mimics E2, showed in vivo that female rats, treated with a low dose of 

cadmium, similar to the World Health Organization (WHO) Provisional Tolerable Weekly Intake 

(PTDI), experienced earlier puberty onset, increased uterine wet weight, accelerated growth and 

development of the mammary glands and increased expression of hormone-regulated genes 69. In 

the mammary gland of ovariectomized rats, cadmium promoted an increase in the formation of 

side branches and alveolar buds and the induction of casein, whey acidic protein, PgR and 

complement component C3 in the mammary gland. In the uterus, the increase in wet weight was 

accompanied by proliferation of the endometrium and induction of PgR and complement 

component C3. In utero exposure of female offspring to the metal also mimicked the effects of 

estrogens. Female offspring experienced an earlier onset of puberty and an increase in the 

epithelial area and the number of terminal end buds in the mammary gland 69. Importantly, the 

effect of cadmium on uterine weight, mammary gland density, and PgR expression in the uterus 

and mammary gland was blocked by the administration of the antiestrogen 69. 
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Arsenic - Arsenic, the 33rd element, is a metalloid (i.e., semi-metal) having both metal and 

nonmetal properties.  It exists in four oxidation states, As(-III), As(0), As(III), and As(V) and is 

rarely found as a native element but occurs as an organic compound with carbon and hydrogen or 

as an inorganic compound with oxygen, chlorine, and sulfur. Arsenic has no known physiological 

function.  It is present in the body as a result of occupational and non-occupational exposure 96, 97. 

Most occupational exposures occur during employment in mines and smelters 98, during the 

manufacture and use of insecticides, pesticides, fungicides, and pigments, and during the production 

of wines, pharmaceuticals, and preserved wood 99.  In the early 1980s, it was estimated that 55,000 

workers, not including mining and agricultural workers, were exposed to high levels of arsenic. 

Non-occupational exposure to arsenic is also significant and occurs primarily through drinking 

water, food, cigarettes, and medications and through environmental sources 100, 101.  In the general 

population, food and drinking water are the major sources of exposure to organic and inorganic 

arsenic, respectively.  It is estimated that the daily dietary exposure to arsenic from food ranges 

from 0.02 to 2.0 µg/kg body weight (bw)/day.  The major dietary source of organic arsenic is 

seafood, followed by rice, mushrooms, and poultry.  In the case of drinking water, the daily 

exposure to arsenic is usually less than 0.5 µg/kg bw/day but, in contaminated areas, the exposure 

may be as high as 8.3 µg/kg bw/day in infants and 10 to 31 µg/kg bw/day in children exceeding the 

WHO PTDI for inorganic arsenic of 2.1 µg/kg bw/day.  Cigarette smoke is another important 

source of human exposure. The average cigarette smoker inhales a few micrograms of arsenic.  

However, prior to the ban of arsenic in pesticides, cigarette smokers in the 1950s inhaled more than 

100 µg of arsenic per day.  For over 200 years, arsenicals have been used in the treatment of malaria 
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and syphilis with patients ingesting up to 10 mg of inorganic arsenic per day. Currently, arsenic 

trioxide is used in the treatment of acute promyelocytic leukemia 102, 103.   

 The environment is another important source of exposure.  Populations residing near 

smelters are exposed to high levels of arsenic.  For example, in Tacoma, Washington, the copper 

smelter emitted approximately 1000 pounds of arsenic per day 104. Arsenic in the urine of smelter 

workers may be as high as 460 µg/l and in children living near smelters is approximately 50 µg/l 105. 

In pregnant women from areas of low and high contamination, maternal blood levels of arsenic 

range from 0.2 to 37.5 µg/l and the placental concentrations range from 0.2 to 24 µg/l 106.  Coal 

combustion is also another important source of environmental exposure.  In the US, the amount of 

arsenic in coal is approximately 5 mg/kg but can be as high as 1500 mg/kg.  The global atmospheric 

emission of natural and anthropogenic arsenic is approximately 73,500 and 28,100 metric tons per 

year, respectively.   

 

Estrogen Receptor  

 The physiological effects resulting from E2 actions in the mammary gland and other 

target tissues are mediated by changes in the expression patterns of specific target genes. Many 

of these actions are mediated by intracellular receptors, and to date, two nuclear estrogen 

receptors have been well characterized, ERα which mediates mitogenic effects and ERβ wich 

mediates antimitogenic effects. Both receptors are ligand-activated transcription factors and 

members of the nuclear receptor superfamily. Like other members of this family, they consist of 



 

15 
 

several functional domains 107. The transcriptional activity of ERα is mediated by the ligand-

independent activation function 1 (AF1) and ligand-independent activation function 2 (AF2) and 

the activity differs depending on the cellular environment and promoter context 108, 109. The N-

terminal domain contains the AF1, a constitutively active function with modulatory effects on 

the transcriptional activity of the ERa. In response to a ligand, AF1 synergizes with AF2 in the 

ligand binding domain (LBD) located in the C-terminus 110-112.  In the absence of hormone, ERα 

forms an inactive complex together with molecular chaperones such as heat shock proteins. 

Upon hormone binding, there is a conformational change in the ligand biding domain that 

dissociates the heat shock proteins from the ERα, releasing the receptor from the inactive 

complex. Subsequently, the receptor dimerizes and binds to the EREs located within the 

promoters of target genes to activate gene transcription. This activation is achieved through the 

recruitment of specific transcriptional steroid receptors coregulators (coactivators and 

corepressors), such as steroid receptor coactivator 1 (SRC-1) and SRC-3 113.  

 In addition to the classical pathway described above, ERα also regulates both activation 

and repression of gene transcription through alternate pathways without binding directly to EREs 

in the promoter. These alternate pathways are the result of binding of the liganded ERα not to 

DNA, but through protein–protein interactions to transcription	   factor	  complex that contact the 

DNA at promoters and regulate the expression of a large number of estrogen	  regulated	  genes 

that do not contain an ERE. These transcription factors include SP-1 proteins 114, AP-1 proteins 

115, NFkappaB 116 and GATA-1 117. 
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 For many genes, it has been shown that untranslated regions (UTRs) of the mRNA can 

differentially determine protein expression by influencing stability of the transcript 118, 119 and 

translational efficiency 120. The ERα gene has been intensively studied for more than a decade 

and several promoters and exons encoding 5'-UTRs, used in ERα expression, have been 

identified in several species. A comparison of ERα cDNA sequence from human with those of 

chicken 121, rat 122, and mouse 123 showed a high level of conservation between species with the 

exception of the 5'- end due to multiple promoters which generate several mRNA splice variants 

124, 125. Alternative promoter usage and splicing results in mRNA splice variants that differ only 

in their 5’-UTR. The splicing occurs at the first exon of each promoter into a common acceptor 

site upstream of the translational initiation codon in the gene. Studies on the activity of the 

different promoters in several normal and cancerous tissues in human and rats indicate that these 

different RNAs might be important in regulating tissue specific expression of ERα 126-129 as well 

as stability or processing of the mRNA 124. 

 The human ERα gene contains at least seven upstream promoters that can initiate 

transcription 124. Promoters A and C are expressed in normal and cancerous breast and uterine 

tissue 126, 130. In rats, at least five upstream active promoters have been identified. These 

promoters are called OS, ON, O, OT and E1 122, 127, 128, and to date no specific promoter has been 

found to be primarily expressed in the mammary gland. 

 

Puberty Onset  



 

17 
 

 Puberty is a complex developmental process that begins in late childhood and can be 

defined as the maturational process of the hypothalamus-pituitary-gonadal axis resulting in 

physical and physiological changes leading ultimately to the capacity to reproduce 131. The 

physical measurements of development are based on external primary and secondary sex 

characteristics, such as the size of the breast, genitalia and development of pubic hair. The 

Tanner scale defines the stages of physical development in children, adolescents and adults. 

Puberty onset is characterized by the secretion of gonadotropin-releasing hormone (GnRH) in a 

pulsatile manner by the hypothalamus 37, 132. Pulsatile GnRH triggers the secretion of luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH) from the anterior pituitary gland. In boys, 

the gonadotropins stimulate production of testosterone from the Leydig cells in the testes and 

proliferation of seminiferous tubules, resulting in testicular enlargement. In girls, LH induces the 

production of androstenedione in the theca cells of the ovaries, whereas FSH induces the 

aromatase enzyme in the follicular cells to synthesize E2. In girls, the ovarian E2 production 

initiates breast development (thelarche), uterine/endometrial growth and differentiation, and 

epiphyseal maturation and fusion.  

 In the 1980s, longitudinal studies performed by Tanner and Davies 133 established the 

average age of pubertal onset in North American girls, as indicated by breast budding, at 10.7 

years with an standard deviation (SD) of 1 year and the average age of menarche as 12.7 years 

with an SD of 1.3 years. The timing of puberty in the developing world was thought to be stable 

over the past 40 to 50 years, until recent reports showing an unexpected advance in age at breast 

development in American girls in two independent studies, the Pediatric Research in Office 
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Settings study (PROS) and the population-based National Health and Nutrition Examination 

Survey III (NHANES III), published in 1997 and 2002, respectively 134,	   135. The median age for 

the attainment of Tanner 2 breast development is 9.5 years from PROS and 9.7 years for 

NHANES III. Both of these studies reported a lower average age at entering Tanner breast stage 

2, which is approximately 1-2 years earlier than previous reports from the 1940s to the 1980s 136-‐

138, but a significant decline in age at menarche was not reported. Similar results were reported in 

a study that showed no evidence of an earlier age of menarche when comparing data from the 

1950s and 1960s with data collected between 1988 and 1994 139. Altogether, these data suggests 

that the time span from breast development to menarche seems to have increased. 

 Several studies have shown that ethnic/racial differences have an effect on puberty onset 

134, 135, 140. Data from the PROS study (1997) shows that the mean age of breast development 

Tanner stage 2 was 8.87 years for African-Americans and 9.96 years for Caucasians, which is 

about 2 years earlier for African-American girls and 0.5-1 years for Caucasian girls, than 

previous reports from the 1940s to the 1980s  137, 138, 141. The age of menarche was also found to 

be earlier in African-American girls, at an age of 12.16 years, whereas the age of menarche was 

12.88 years in Caucasian girls 134.  One of the explanations offered for the early ages for the 

onset of puberty found in the PROS study was a coincident rapid rise in the incidence of obesity 

in US children 142, 143. Many studies have examined the relationship between body mass index 

(BMI) and timing of maturation. Supporting the proposed correlation, these studies have shown 

that girls with early thelarche have higher BMI scores than age-matched girls with no signs of 

breast development 134, 144. The changes are more apparent in African-American than Caucasian 
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girls, suggesting an interaction of environmental factors with racial and genetic factors 145. There 

is also evidence of a correlation between higher BMI scores and earlier menarche, but the 

evidence for this is less strong 146.  

 Timing of puberty onset follows a familial pattern and, therefore, seems to be controlled 

by strong genetic factors 147. Family and twin studies predict that genetic factors account for 57-

100% of the variation in the time of puberty onset 148-150. A recent investigation studied the 

influence and interaction of genetic and environmental effects on pubertal timing and concluded 

that genetic factors contributed 86 and 82% of the variance in pubertal timing of girls and boys, 

respectively. The rest of the variance was attributed to environmental influences 151. As advances 

are made in understanding the control of puberty onset, it is clear that genetic factors (i.e. 

hyperinsulinemia and insulin resistance 152, ethnic background, and pediatric obesity are 

potential explanations for the earlier onset of puberty observed in girls. However, the 

mechanisms behind several observations of idiopathic early onset of puberty are poorly 

understood. A proposed hypothesis includes that exposure to EDCs ubiquitously present in food 

and our environment may interfere with the timing of puberty 153-155. The timing of puberty in 

males and females has been found to be especially sensitive to in utero and/or peripubertal 

exposures to certain EDCs 155-158. Furthermore, as showed in the PROS and NHANES III 

studies, a significant decline in age at breast development was shown but a decline of similar 

magnitude in age at menarche was not reported, a change in the timing of a single measure of 

puberty could result from exposure to an EDC that affects hormone activity at a specific target 

tissue. The implications of altered timing of puberty onset are clinically and socially relevant. 
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Altered timing of puberty has been associated with reproductive tract cancers in adult life. The 

early onset of telarche 159 and menarche 160 has been associated with an early diagnosis of breast 

cancer, and early adrenarche has been associated with an increase risk for developing obesity, 

type 2 diabetes and cardiovascular disease 161. 

Breast Cancer Risk Factors 

 Breast cancer is the most common cancer among women in most developed and 

developing countries of the world, with approximately a million new cases diagnosed each year. 

In 2010, an estimated 207,090 new cases of invasive breast cancer were diagnosed in women in 

the U.S., along with 54,010 new cases of non-invasive (in situ) breast cancer 162. Besides skin 

cancer, breast cancer is the most commonly diagnosed cancer among U.S. women. More than 1 

in 4 cancers in women (about 28%) are breast cancer 162. Apart from the 5-10% of breast cancers 

that can be linked to inherited germline mutations of the BRCA1 and BRCA2 genes, most of the 

cases are sporadic and associated with other factors, including diet, lifestyle and the environment 

163. Most of the known risk factors have a correlation with increased lifetime exposure to 

estrogens, either to endogenous estrogens (early age at menarche and late age at menopause), 

exogenous estrogens (combined oral contraceptives or hormone replacement therapy) and/or 

influenced by diet and lifestyle (obesity, excessive consumption of fat from red meat, or alcohol) 

164-167. About one-third of the cases of this disease arise in women with recognized known risk 

factors. Neither changes in established risk factors nor increased detection due to improved 

screening methods can completely account for the persisting increase in global incidence of 

breast cancer 168, 169. Based on experimental and epidemiological it has been suggested that the 
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increase in breast cancer incidence is due to the presence of environmental estrogens 170, 171. In 

addition to previously known phytoestrogens and xenoestrogens, our lab has recently identified a 

new, potent class of environmental estrogens referred to as metalloestrogens 172. Recent studies 

from our laboratory show that arsenite 173 and cadmium 69, 70 are potent activators of ERa. 

Preliminary data from our lab show that in intact animals, cadmium and arsenite accelerate the 

development of the mammary gland and increases the incidence of mammary tumors in animals 

challenged with the chemical carcinogen dimethylbenzanthracene (DMBA), consistent with an 

estrogen like effect on mammary tumorigenesis. 

 

Mammary Stem Cells 

 As discussed above, the mammary gland undergoes dramatic changes throughout life, 

from embryonic development, to puberty, pregnancy, lactation, involution and menopause 5. 

During pregnancy and lactation, the cells undergo extensive proliferation and differentiation. 

Conversely, apoptosis occurs during mammary involution. The continuous cell expansion and 

plasticity of the mammary gland must be maintained by a population of mammary stem and 

progenitor cells. Stem cells have two major characteristics: self-renewal and multilineage 

differentiation. Self-renewal is the ability to go through numerous cycles of cell division while 

maintaining the undifferentiated state. In adult tissues, the replication rate of the stem cells must 

be regulated such that it preserves the number of stem cells without attrition or overproduction. 

Based on the differentiation capability, mammary stem cells are multipotent, that is, they 
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generate daughter cells of different lineages in order to maintain the heterogeneity and 

functionality of the tissue. These daughter cells have more restricted lineage potentials than the 

stem cells 2.  

 The first experimental evidence that there is a mammary gland stem cell population was 

established in mice. It was demonstrated that the transplantation of portions of the mouse 

mammary epithelial tree into the cleared fat pad of a recipient mouse resulted in the generation 

of functional mammary outgrowths containing ductal, alveolar and myoepithelial cells 174,	   175. 

Importantly, the clonally derived outgrowths could then be transplanted serially and still 

recapitulate all functional elements of the gland 176. It was initially shown that virtually any 

portion of the mammary gland could reconstitute the entire mammary ductal tree on 

transplantation into the mammary fat pad 175, and later studies revealed that repopulating 

mammary cells exist throughout the life span of the adult mouse 177. More recently, a similar cell 

population was identified in human mammary glands. It was demonstrated that some mammary 

epithelial cells in normal adult breast tissue were bipotent 178.  

 In addition to driving normal mammary development, stem cells are also implicated in 

the onset and maintenance of breast cancer. Due to the similarities between ‘cancer stem cells’ 

(CSCs) and normal stem cells and to the idea that differentiation is a nonreversible process, it has 

been hypothesized that CSCs are derived from normal mammary stem cells 179. Furthermore, it 

has been suggested that they can be responsible for tumor heterogeneity, because of the various 

pathways that the initiating stem cells take, leading to anomalous differentiation 179. Breast stem 

cells are normally ERα−, however they are often surrounded by cells expressing ERα 180-183. 
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ERα+ cells, under the influence of E2, can secrete paracrine factors such as amphiregulin which 

then act indirectly to stimulate neighbouring ERα− stem cells to proliferate. It seems likely that at 

least some of these ERα+ niche cells are stem cell progenitors 183. 

HYPOTHESIS AND RELEVANCE 

 

The underlying causes of the breast cancer epidemic are still largely unknown. Lifetime 

and timing of exposure to estrogen appears to be a critical factor for breast cancer development.  

Early puberty onset is associated with an increase in developing breast cancer. It has been 

suggested that early puberty onset accelerates the production of estrogens, which act as potent 

growth stimulators of normal and tumor breast cells, and thereby increases the window of time in 

which the mammary gland is susceptible to tumorigenesis, resulting in a higher risk of breast 

cancer. It is generally thought that in utero exposure to estrogens or endocrine disruptors 

increases the risk of developing breast cancer. Environmental exposures to compounds which 

mimic estrogen are strongly correlated with increased breast cancer risk in epidemiological 

studies as well as in animal studies 170, 171, suggesting that exposure to environmentally relevant 

doses of metalloestrogens might be one of the new unaccounted factors increasing the risk for 

breast cancer. Studies suggest that intrauterine stages and age at menarche are two of the critical 

periods in the development of breast cancer. This may be due to the fact that breast cells are 

undergoing longer uninterrupted intervals of differentiation and proliferation. Studies in rats have 

shown that during early breast development there is a higher risk of tumor initiation. 

Furthermore, overexpression of ERα appears to occur early in the benign to malignant 
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progression of breast cancer 184, 185 and approximately 70% of invasive breast carcinomas contain 

ERα-positive proliferating cells 186, suggesting that upregulation of ERα is a necessary step or at 

least an advantageous one in the formation of breast tumors. However, it is possible that early 

life exposure to environmental estrogens alters mammary gland development independent of 

their effects on puberty onset. Published studies show that in utero exposure to metalloestrogens 

accelerates puberty onset and alters mammary gland development in the exposed offspring 69. 

 The goal of this study is to test the hypothesis that in utero exposure to low doses of 

metalloestrogens alters mammary gland development through an effect on puberty onset or a 

direct effect on the fetal gland by expanding the mammary stem and/or progenitor cell 

population and by increasing the basal expression of ERα mRNA. 

 

 

AIMS 

 

Aim 1: Determine whether in utero exposure to metalloestrogens alter mammary gland structure 

and development through an effect on puberty onset or a direct effect on the fetal gland. 

Aim 2: Determine whether in utero exposure to metalloestrogens alters the mammary gland stem 

and/or progenitor cell population. 
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Aim 3: Determine whether in utero exposure to metalloestrogens increases the basal expression 

of ERα regulated genes in the mammary gland. 

 

METHODS 

 

Animals and Study Design 

 All animal studies were conducted in accordance to the Georgetown University Animal 

Care and Use Committee (GUACUC). Pregnant Sprague-Dawley rats (Rattus norvegicus) were 

delivered on day 7 of gestation from Harlan Breeding Facilities (Frederick, MD), to the Division 

of Comparative Medicine (DCM) in Georgetown University and maintained on phytoestrogen-

free diet that was not supplemented with Cu, Cr and Se, TD 02373 (Tekland Lab Animal Diets). 

Pregnant female rats were treated as follows: two IP injections with 5 µg/kg bw of arsenite on 

days 12 and 17 of gestation, two IP injections with 5 µg/kg bw of cadmium on days 12 and 17 of 

gestation, treated with vehicle (untreated control group), or gavaged daily with 50 µg/kg bw of 

ethinyl estradiol (EE) starting on day 12 of gestation until birth (positive control group). The 

female offspring were weaned at day 21 and continued on the TD 02373 control diet. To 

determine normal development of the female offspring, eye lid opening day and weekly weight 

was monitored. To establish the time of puberty onset, vaginal opening was monitored daily 

starting at postnatal day 25 until day 40. To determine the effect of the metalloestrogens on 

mammary gland development and the prepubertal effect on gene expression, female offspring 
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were euthanized on postnatal days 0, 5, 10, 15, 20, 25 and 30 and the fourth abdominal 

mammary glands were dissected. One mammary gland was frozen in liquid nitrogen and stored 

at -80˚C until RNA extraction, while the contralateral gland was fixed in Carnoy’s fixative for 

the mammary whole mounts. To study the mechanism involved in the effect of in utero exposure 

to metalloestrogens on the basal expression of ERα regulated genes in the mammary gland, 

female offspring were ovariectomized at 45 days. Two weeks after ovariectomy, a subset of 

animals from each group was administered estradiol subcutaneously (2.5mg/pellet, 90day 

release; IRA, Sarasota, FL) for 4 days. Animals were euthanized at 60±2 days and the fourth 

abdominal mammary glands were dissected, frozen in liquid nitrogen, and stored at -80˚C until 

RNA extraction. To study the effects of in utero exposure to metalloestrogens on the mammary 

stem and/or progenitor cell population, female offspring were euthanized at postnatal day 5 and 

the fourth abdominal mammary glands were dissected, digested to obtain a single cell 

suspension, and cultured in suspension in a serum-free media for 7-10 days to allow the growth 

of mammospheres.  

 

Mammary Gland Morphological Analysis   

 The mammary glands were excised in one piece and stretched onto a 48 X 55 mm 

microscope slide and processed for morphological analysis as whole mounts. Tissues were fixed 

in Carnoy’s fixative (3 parts 100% ethanol to 1 part glacial acetic acid) for 4 hours to overnight 

(depending on the size and thickness of the gland), defatted overnight in xylene, re-hydrated, 
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stained overnight with carmine alum (Sigma, St. Louis, MO), dehydrated in a series of graded 

alcohols, cleared in xylene and coverslipped with Permount (Sigma, St. Louis, MO). To 

determine the epithelial density and branching of the mammary gland, digital images of the 

whole mounts were obtained using a Nikon SMZ1500 stereoscope and a Hamamatsu CA4742-95 

digital camera, with the light passing through the sample. The digitized images were analyzed 

using MetaMorph Microscopy Automation & Image Analysis Software (Sunnyvale, CA). To 

measure the mammary gland epithelial density the images were binarized and the density was 

calculated as the percentage of the epithelium compared to the fat pad in the whole mount. The 

mammary gland branching was calculated as the number of branch points per unit length of two 

ducts from the nipple to the terminal end. 

 

 Mammosphere Culture 

Dissociation of rat mammary tissue - Five days old female offspring were euthanized, rinsed in 

70% ethanol to sterilize the dissection areas and placed in hood. Whole rat mammary glands 

were harvested, placed in 25 ml DMEM/F12 medium (STEMCELL Technologies Inc., 

Vancouver, Canada) on ice, and dissociated mechanically and enzymatically. Minced glands 

were suspended in 1 part 10x collagenase/hyaluronidase (STEMCELL Technologies Inc., 

Vancouver, Canada) with 9 parts medium in a dissociation flask. The flask was placed in a 5% 

CO2 incubator and checked periodically to ensure successful digestion. After 7 hours of 



 

28 
 

digestion, the samples were centrifuged at 80 x g for 30 seconds. The overlying liquefied fat 

layer was discarded leaving a pellet highly enriched for epithelial organoids.  

Generation of single cell suspension - Five ml of pre-warmed Trypsin-EDTA (STEMCELL 

Technologies Inc., Vancouver, Canada) was added to the pellet of collagenase/hyaluronidase-

dissociated mammary cells and the pellet resuspended by pipetting for 1-3 minutes. The sample 

was stringy due to lysis of dead cells and the release of DNA. Ten ml of cold Hanks’ Balanced 

Salt Solution Modified (STEMCELL Technologies Inc., Vancouver, Canada) supplemented with 

2% FBS (HF) was added and the solution centrifuged at 350 x g for 5 minutes. As much 

supernatant as possible was removed and 2 ml of pre-warmed 5 mg/ml Dispase and 200 µl of 1 

mg/ml DNase I was added, the pellet was resuspended by pipetting for one minute. To obtain a 

single cell suspension, the cell sample was diluted with 10 ml of cold HF and filtered through a 

40-µm cell strainer into a new 50 ml conical tube. The sample was then centrifuged at 350 x g 

for 5 minutes and the supernatant discarded and resuspended in 1 to 2 ml of  a serum-free 

mammary epithelial growth medium (MEGM, Lonza, Switzerland), supplemented with B-27 

supplement minus vitamin A (2x) (Invitrogen), 20 ng/ml recombinant rat EGF (PeproTech, 

Rocky Hill, NJ)  and 20 ng/ml recombinant rat bFGF (PeproTech, Rocky Hill, NJ), and 4 µg/ml 

heparin (Sigma, St. Louis, MO). Bovine pituitary extract was excluded. An aliquot of the single 

cell suspension was loaded in the hemocytometer, and doublets, triplets, and groups with higher 

numbers of cells were counted. A minimum of 400 cells or groups of cells was counted. The 

number of single cells was 99% or more in all experiments.  
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Primary culture of mammospheres - Single rat mammary epithelial cells were plated in ultralow 

attachment 6 well plates (Corning Inc, Corning, NY)  at a density of 40,000 cells in 2 ml of the 

supplemented MEGM per well. The cells were then incubated in 5% CO2 incubator at 37oC for 

7-10 days. Mammospheres larger than 60 µm in size (may have solid or hollow morphology) 

were counted and photo-documented. 

Mammospheres subculture - Mammospheres were collected by gentle centrifugation (350 x g for 

5 minutes) after 7–10 days and dissociated enzymatically with 0.5-1 ml of pre-warmed Trypsin-

EDTA. Mammospheres were triturated using a P-1000 pipette for 1.5-2 minutes and 5 ml of cold 

HF was added and the suspension was centrifuged at 350 x g for 5 minutes. Supernatant was 

aspirated and the pellet resuspended in 2 ml of supplemented MEGM. Single cells were plated in 

ultralow attachment 6 well plates and incubated as described above for 7-10 days.  

 

Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction 

(qRT-PCR)  

RNA extraction - Frozen tissue was pulverized in liquid nitrogen using Spectrum Bessman 

Tissue Pulverizers.  One ml of Trizol reagent (Invitrogen, Carlsbad, CA) was added and the 

tissue was then homogenized using Omni Tip Soft Tissue Homogenizer. Due to the high fat 

content of the mammary gland, the homogenate was centrifuged for 10 minutes at 12,000 rpm at 

4˚C. The top lipid layer was removed and the supernatant was collected and transferred to a new 
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tube. After a 5 minute incubation at room temperature, chloroform (0.2 ml) was added for each 1 

ml of sample. The sample was vortexed for 15 seconds and incubated at room temperature for 3 

minutes. The sample was then centrifuged for 15 minutes at 12,000 rpm at 4˚C. Following 

centrifugation, the upper clear phase was collected and an equal volume of isopropanol was 

added to precipitate the RNA. The sample was then incubated at -20˚C for 2 hours to overnight 

and later centrifuged for 15 minutes at 12,000 rpm at 4˚C. Following centrifugation, the 

supernatant was discarded and the pellet washed with 1 ml of 75% ethanol. The sample was 

centrifuged for 5 minutes at 7,000 rpm at 4˚C.  The supernatant was removed and the pellet 

allowed to air dry. The pellet was then resuspended in 50 µl of DEPC treated water and the 

concentration and the 260:280 ratio were determined using a spectrophotometer. Samples were 

aliquoted and stored at -80˚C for future use. 

Reverse transcriptase reaction - Deoxyribonuclease I (2 µl, Invitrogen, Carlsbad,CA) and 2.5 µl 

of 10x buffer (200 mM Tris-HCl pH 8.4, 20 mM MgCl2, 500 mM KCl; Invitrogen, Carlsbad,CA) 

was added to 2 µg of RNA and incubated at room temperature for 15 minutes. Then 2 µl of 

EDTA (25 mM; Invitrogen, Carlsbad, CA) was added and the sample incubated for 15 minutes 

at 65˚C.  Each 70 µl RT reaction was set up as follows: 7 µl of 10x Taqman RT Buffer (500 mM 

KCl, 100 mM Tris-HCl pH 8.3), 15.4 µl of 25 mM MgCl2, 14 µl of dNTPs, 3.5 µl of random 

hexamers, 1.4 µl of RNase inhibitor, 1.75 µl of MultiScribe reverse transcriptase (Applied 

Biosystems, Foster City, CA), 2 ug of RNA (brought up to a volume of 20 µl with DEPC treated 

water), and 6.95 µl of DEPC treated water.  The mixture was incubated in the thermal cycler for 

10 minutes at 25˚C, 30 minutes at 48˚C, and then 5 minutes at 95˚C.   
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Quantitative real-time polymerase chain reaction - Each 10 µl quantitative real-time PCR 

reaction was set up as follows:  5 µl of Sensimix II Probe Mastermix (Bioline, London, United 

Kingdom), 0.5 µl of 20x Assay on Demand (Applied Biosystems, Foster City, CA) and 4.5 µl of 

cDNA; or 5 µl of Sensimix SYBR (Bioline, London, United Kingdom), 0.25 µl of 20 uM 

forward primer, 0.25 µl of 20 uM reverse primer and 4.5 µl of cDNA.  Samples were then run on 

the 7900HT (Applied Biosystems, Foster City, CA) and the data analyzed by the 2-ΔΔCt method 

using the SDS 2.1 software (Applied Biosystems, Foster City, CA).  

 

Nuclear Run-On Assay 

Nuclei isolation - Mammary glands were excised from the 2 month old ovariectomized rats.  For 

the preparation of nuclei, the samples were frozen, pulverized in liquid nitrogen and then 

resuspended in nuclei isolation buffer (15 mM HEPES, 1.5 M sucrose, 60 mM KCl, 15 mM 

NaCl, 0.15 mM spermine, 0.5 mM spermidine, 2 mM EDTA, 0.5 mM EGTA, 0.1 mM PMSF*, 2 

mM DTT*; *added immediately before use) plus 0.1% of Triton-X (Promega, Madison, WI). 

Twelve ml ice-cold nuclei isolation buffer were added to approximately 500 mg of frozen 

pulverized tissue and the tissue was homogenized in a Dounce homogenizer (Wheaton, using the 

‘B’ pestle). The homogenate was checked under the microscope for cell lysis and then filtered 

through four to six layers of Miracloth (EMD Chemicals, Gibbstown, NJ) into a prechilled 

conical tube to remove connective tissue and undissociated tissue fragments. The nuclei were 

collected by centrifugation at 250 g for 10 minutes at 4°C, washed once with nuclear isolation 
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buffer, resuspended with 100 µl of freezing buffer (50 mM HEPES, 0.1 mM EDTA, 5 mM 

MgCl2, 40% glycerol) and stored at -80oC. 

Run-on assay - Nuclei were thawed in ice and one volume (100 µl) of transcription buffer 2x (20 

mM HEPES, 200 mM KCl, 5 mM MgCl2, 200 mM sucrose, 4 mM ATP, 4 mM CTP, 4 mM 

GTP, 20% glycerol, 4 mM DTT*; *added immediately before use) was gently added to each 

sample. Eight µl of biotin-16-UTP (from 10 mM stock; Roche Diagnostics Corporation, 

Indianapolis, IN) were added. Samples were incubated for 1 hour at 26°C to allow transcription 

to occur and the reaction was stopped by adding 6 µl of 250 mM CaCl2 in DEPC treated water 

and incubating for 10 minutes at 26°C. The nuclei were collected by centrifugation for 20 

minutes at 4°C at 12000 rpm and resuspend in 500 µl of Trizol to extract the RNA. The RNA 

extraction from the nuclear run-on was performed using the regular Trizol protocol (10 µg of 

tRNA was used as a carrier before adding the isopropanol for precipitation) and resuspend in 50 

µl of DEPC treated water. 

RNA binding to magnetic beads - Dynabeads M-280 Streptavidin (Invitrogen, Carlsbad, CA) 

were used to purify the nascent mRNA following the manufacturers protocol. Briefly, the 

Dynabeads were added to the mRNA samples and incubated for 20 minutes at 42°C and then 2 

hours at room temperature to allow the beads to bind to the biotinylated mRNA. The mRNA-

bead complex was separated using a Dynal magnet. The beads were thoroughly washed and then 

resuspended in 30ul of DEPC water and stored at -20°C. mRNA-bead complex was used to 

synthesize cDNA for a quantitative real-time PCR. 
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microRNA Quantitative Real-Time Reverse Transcription-Polymerase Chain 

Reaction 

Reverse transcriptase reaction - RNA extraction was performed as previously described. To 

measure the expression of miRNAs in the mammary gland, the TaqMan Small RNA Assays 

(Applied Biosystems, Foster City, CA) protocol was used. Each 15 µl RT reaction was set up as 

follows: 1.5 µl of 10x Taqman RT Buffer (500 mM KCl, 100 mM Tris-HCl pH 8.3), 0.15 µl of 

dNTPs (100mM), 1 µl of MultiScribe reverse transcriptase, 3 µl of 5x RT primers, 0.19 µl of 

RNase inhibitor, (Applied Biosystems, Foster City, CA) and 100ng of RNA (brought up to a 

volume of 5 µl with DEPC treated water), and 4.16 µl of DEPC treated water. The mixture was 

incubated in the thermal cycler for 30 minutes at 16˚C, 30 minutes at 42˚C, and then 5 minutes at 

85˚C.   

Quantitative real-time polymerase chain reaction - Each 20 µl quantitative real-time PCR 

reaction was set up as follows: 10 µl of TaqMan Universal PCR Master Mix II (2✕), no UNG; 1 

µl of 20x TaqMan Small RNA Assay (Applied Biosystems, Foster City, CA), 1 µl of the RT 

product and 7.67 µl of water. Samples were then run on the 7900HT (Applied Biosystems, Foster 

City, CA) and the data analyzed by the 2-ΔΔCt method using the SDS 2.1 software (Applied 

Biosystems, Foster City, CA).  
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RESULTS 

 

Chapter 1: Cadmium 

Effects of early life exposure to cadmium on puberty onset in female offspring 

 The WHO PTWI for cadmium is 7 µg/kg bw. To determine the effects of early life 

exposure to environmentally relevant doses of the metalloestrogen cadmium on puberty onset, 

pregnant animals were treated with two doses of cadmium (5 µg/kg bw and 50 µg/kg bw) by i.p. 

injection on days 12 and 17 of gestation. As a positive control, pregnant animals were treated 

with ethinyl estradiol (estradiol; 50 µg/kg bw; positive control) by daily oral gavage starting on 

day 12 of gestation until birth (Figures 1 and 2). Vaginal opening was monitored in female 

offspring beginning on postnatal day 28. There was no significant difference in puberty onset 

between control animals (postnatal day 33.77±0.32) and animals exposed in utero to 50 µg/kg 

bw of cadmium (postnatal day 33.46±0.3).  However in animals exposed to 5 µg/kg bw of 

cadmium, vaginal opening occurred significantly earlier (postnatal day 32.41±0.19; p < 0.05) and 

was not due to an increase in body weight (data not shown). 

 To ask whether the timing of exposure to cadmium had an impact on puberty onset, 

pregnant animals were treated as described above and the pups were crossfostered at birth 

(Figure 2). Pups exposed while in utero were crossfostered with control dams and control pups 

were crossfostered with cadmium treated dams.  
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Figure 1. Effect of early life exposure to different doses of cadmium on the time of the vaginal 

opening.  Pregnant female rats were treated with cadmium (5 µg/kg bw or 50 µg/kg bw) by i.p. 

injection on days 12 and 17 of gestation. Female offspring were monitored for vaginal opening.  
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   Control Cadmium  C/Cd Cd/C EE 

Mean  34.76 34.15* 33.95*  33.24*  33.81*  

SE  0.3 0.18 0.18 0.2 0.32 

 

Figure 2. Effect of exposure while in utero and/or during postnatal development on the time 

of vaginal opening.  Pregnant female rats were treated with cadmium (5 µg/kg bw) by i.p. 

injection on days 12 and 17 of gestation or ethinyl estradiol (EE, positive control, 50 µg/kg bw) 

by gavage beginning on day 12 until birth. Female offspring were crossfostered at birth and 

monitored for vaginal opening. Cadmium treated animals were exposed to cadmium while in 

utero and during postnatal development; C/Cd treated animals were exposed to cadmium during 

postnatal development; Cd/C treated animals were exposed to cadmium while in utero. (mean ± 

S.E, * p<0.05, compared to control)  
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 Exposure to cadmium while in utero and/or during postnatal development mimicked the 

exposure to estradiol on puberty onset. In control animals vaginal opening occurred on postnatal 

day 34.76 ± 0.3 and in animals exposed to estradiol, vaginal opening occurred on postnatal day 

33.81 ± 0.32. In animals exposed to cadmium while in utero, during postnatal development, or 

both while in utero and during postnatal development, there was an earlier vaginal opening 

(33.24 ± 0.2, 33.95 ± 0.18 and 34.15 ± 0.18, respectively) that was not due to an increase of body 

weight, suggesting that exposure to a low a dose of cadmium while in utero and/or during early 

postnatal development accelerates puberty onset in the female offspring.  

 The onset of puberty is initiated by the reactivation of the GnRH pulse generator. To ask 

whether in utero exposure to cadmium alters the expression of GnRH, the amount of GnRH 

mRNA in the hypothalamus was assessed by a qRT-PCR assay on postnatal days 0, 5, 10, 15, 20, 

25, and 30 (Figure 3). In the control animals, GnRH mRNA began to increase between postnatal 

days 25 and 30.  In the animals exposed to cadmium, GnRH mRNA began to increase between 

postnatal days 20 and 25 and was significantly higher on postnatal 30 suggesting that early life 

exposure to cadmium alters the expression of GnRH and consequently puberty onset. 
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Figure 3. Effect of in utero exposure to cadmium on GnRH mRNA in the hypothalamus of 

female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 and 17 of 

gestation. The amount of GnRH mRNA was measured on postnatal days 0, 5, 10, 15, 20, 25, and 

30 by a qRT-PCR assay and normalized to the amount of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA. (n=2 to 3; mean ± S.E, * p<0.05, compared to control )  
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Effects of in utero exposure to cadmium on the morphology and development of the mammary 

gland in female offspring 

 Early puberty onset may alter the development and/or morphology of the mammary gland 

due to an earlier increase in the synthesis of estrogens in the ovaries that. To ask whether in utero 

exposure to cadmium alters mammary gland morphology and/or development through an effect 

on puberty onset or a direct effect on the fetal gland, pregnant rats were treated with cadmium 

and the female offspring were examined. The fourth abdominal mammary glands were dissected 

and processed as whole mounts, and examined prior to the onset of puberty on postnatal days 0, 

5, 10, 15, and 20. On postnatal day 0 an abnormal pattern of lateral budding 187 was observed 

along the ducts of the mammary gland of animals exposed while in utero to cadmium, suggesting 

that the in utero exposure to the metalloid alters branching in the mammary gland (Figures 4 A 

and B, red arrows).  

 To determine whether exposure to cadmium while in utero or during postnatal 

development alters branching in the mammary gland, the number of branching points along the 

ducts of 5 day old animals was counted (Figure 5). There was no difference in the number of 

branch points in the mammary glands of control animals (2.08 ± 0.26 branch points/unit length) 

compared to the number of branch points in the glands of animals exposed to cadmium during 

postnatal development (2.16 ± 0.4 branch points/unit length). However, there was a significant 

increase in the number of branch points in the mammary glands of animals exposed to cadmium 

while in utero (2.88 ± 0.3 branch points/unit length) or exposed both to cadmium while in utero   



 

40 
 

 

 

Figure 4. Effect of in utero exposure to cadmium on morphology and development of the 

mammary gland of female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on 

day 12 and 17 of gestation. The mammary glands were excised on postnatal day 0 and processed 

for morphological analysis as whole mounts. (A) Digital image of mammary gland from control 

animal (representative image, n=2). (B) Digital image of mammary gland from animal exposed 

in utero to cadmium (representative image, n=3). Arrows indicate abnormal pattern of lateral 

budding. 
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Figure 5. Effect of early life exposure to effects of cadmium exposure on mammary gland 

branching in female offspring. Pregnant female rats were treated with cadmium (5µg/kg bw) by 

i.p. injection on days 12 and 17 of gestation. Mammary glands were excised on postnatal day 5 

and processed for morphological analysis as whole mounts. The branch points were measured as 

the number of branches per unit length. Cadmium animals were exposed to Cd while in utero 

and during postnatal development; Cd/C treated animals were exposed to Cd while in utero; and 

C/Cd treated animals were exposed to Cd during postnatal development.  (n= 3; mean ± S.E, * 

p<0.05, compared to control) 
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and during postnatal development (2.99 ± 0.19 branch points/unit length), suggesting that 

exposure to cadmium during fetal development increases branching of the gland.  

To ask whether the increase in branching results in an increase in the number of epithelial 

cells, the mammary glands from 5 days old animals were excised and the epithelial cells were 

isolated and counted (Figure 6). There was a significant 1.31-fold increase (p < 0.05) in the 

number of cells in the mammary glands of animals exposed to cadmium compared to control 

animals.  

To ask whether the increase in epithelial cells continues throughout the prepubertal 

growth of the gland, mammary gland density was measured on postnatal days 10, 15 and 20 

(Figures 7 B and C).  There was a significant increase (p < 0.05) in mammary gland density in 

animals exposed to cadmium (39%, 43% and 38%, respectively) compared to controls (28%, 

35% and 27%, respectively). To establish that the increase in mammary gland density was due to 

an increase in branching, mammary density was measured in the crossfostered animals on 

postnatal day 20. Consistent with the changes in branching, there was an increase in density in 

animals exposed to cadmium while in utero (34%, p<0.05) and no increase in density in animals 

exposed during postnatal development (28%), suggesting that the increase in the mammary gland 

density could be due to an increase in branching.   

 Taken together, the results demonstrate a consistent 30% to 40% increase in the number 

of branch points, number of epithelial cells, and density in the mammary glands of animals 

exposed to cadmium while in utero but no differences in the glands of the animals exposed     
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Figure 6.  Effect of in utero exposure to cadmium on the number of epithelial in the 

mammary gland of female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on 

day 12 and 17 of gestation or ethinyl estradiol (EE, positive control, 50 µg/kg bw) by gavage 

beginning on day 12 until birth. The fourth abdominal mammary glands were excised from 

animals on postnatal day 5, digested to obtain a single cell suspension, and the number of cells 

from both fourth abdominal mammary glands was determined. (n= 2 to 4; mean ± S.E, * p<0.05, 

compared to control)  
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Figure 7. Effect of early life exposure to cadmium on mammary gland density in female 

offspring. Pregnant female rats were treated with cadmium (5 µg/kg bw) by i.p. injections on 

days 12 and 17 of gestation. The mammary glands were excised and processed for 

morphological analysis as whole mounts. Mammary gland density was measured and calculated 

as the percentage of epithelium in the fat pad. (A) Digital image of mammary gland from control 

and cadmium exposed animals on postnatal day 15 (representative image, n=3). Cadmium 

animals were exposed to Cd while in utero and during postnatal development; Cd/C treated 

animals were exposed to Cd while in utero; and C/Cd treated animals were exposed to Cd 

during postnatal development.  (n= 3; mean ± S.E, * p<0.05, compared to control)  

Control day15 Cadmium day15
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during postnatal development. Since the morphological effects of cadmium were observed in 

animals exposed while in utero and occurred prior to the onset of puberty, the results suggest an 

effect of the metal on the fetal mammary gland that is independent of its effect on puberty onset. 

 

Effects of in utero exposure to cadmium on mammary gland stem and progenitor cell 

population of female offspring 

 The increase in mammary gland branching as a result of in utero exposure to cadmium 

suggests an increase in the number of mammary stem and/or progenitor cells 188. To ask whether 

in utero exposure to the metal altered the mammary stem/progenitor cell population, pregnant 

animals were treated with cadmium or estradiol as described above and the number of 

stem/progenitor cells was assessed on the female offspring at postnatal day 5 (Figure 8). 

Mammary glands were excised and organoids were isolated and digested to form a single cell 

suspension. Mammospheres were obtained by culturing the cells in serum-free media under non-

adherent conditions. Mammospheres were counted after 7 to 10 days. Compared to the control, 

there was a 1.68-fold increase in the number of mammospheres from the mammary gland of 

animals exposed in utero to cadmium and a 1.76-fold increase in animals exposed to estradiol. 

To demonstrate that the mammospheres were derived from a stem or a progenitor cell and have 

the potential for self-renewal, secondary and tertiary generations of mammospheres were grown 

in serum-free under non-adherent conditions, supporting a stem-like phenotype (not shown).  
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Figure 8. Effect of in utero exposure to cadmium on number of mammospheres from female 

offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 and 17 of gestation 

or ethynil estradiol (50 µg/kg bw) from day 12 until birth. Mammary glands were excised from 

female offspring on postnatal day 5. Organoids were isolated and digested to form a single cell 

suspension. To obtain mammospheres the cells were cultured and grown in serum-free media 

under non-adherent conditions. Mammospheres were counted after 7 to 10 days in culture. (n= 

4; mean ± S.E, * p<0.05, compared to control)  
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 Although the rat mammary gland is generally considered to be a good model of the 

human breast, rat mammary stem and progenitor cells have not been characterized.  The patterns 

of mammary gland morphology and development of the human breast are closer to the rat gland 

than to the mouse gland. Furthermore, mammary tumors in the mouse are estrogen independent, 

whereas a significant percentage of breast cancers in humans and mammary tumors in the rat are 

estrogen-dependent for growth. In addition, the mammary stem/progenitor markers are in 

humans and mice are different. However, there are no studies that characterize the 

stem/progenitor cells in rat. To characterize the rat mammospheres, the expression of the stem 

cell marker acetaldehyde dehydrogenase 1 (Aldh1), the mouse stem cell marker heat stable 

antigen CD24 and the human stem cell marker epithelial cell adhesion molecule (EpCAM) were 

determined by a qRT-PCR	  assay (Figure 9). Similar to mouse mammary stem/progenitor cells, 

rat mammospheres expressed CD24 but more interestingly, rat mammospheres expressed Aldh1 

and EpCAM similar to human mammary stem/progenitor cells. As ERα is implicated in the 

initiation and progression of breast cancer and is not clear if the receptor is expressed in the stem 

and/or progenitor cells, the expression of ERα mRNA was also determined by a qRT-PCR assay 

(Figure 12).  

 To ask whether in utero exposure to cadmium alters ERα expression and the response to 

estradiol, the amount ERα mRNA was measured in mammospheres isolated from 5 day old 

animals exposed in utero to cadmium or estradiol (Figure 10). When compared to controls, no 

significant difference in ERα mRNA was found in the animals treated in utero. To ask whether 

in utero exposure to cadmium alters the response to estradiol, a second generation of  
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Figure 9. Expression of mammary gland stem/progenitor cell markers and ERα in 

mammospheres. Mammary glands were excised from female animals on postnatal day 5. 

Organoids were isolated and digested to form a single cell suspension. Cells were cultured and 

grown in serum-free media under non-adherent conditions. Mammospheres were collected after 

7 to 10 days in culture. The amount of mRNAs was measured by a qRT-PCR assay and 

normalized to the amount of acidic ribosomal phosphoprotein p0 (Arbp) mRNA.  

 

 
 
 
 

 



 

49 
 

 

 

Figure 10. Expression of ERα in mammospheres. Mammary glands were excised from female 

offspring on postnatal day 5, organoids were isolated and digested to form a single cell 

suspension. Cells were cultured and grown in serum-free media under non-adherent conditions 

and mammospheres were collected after 7 to 10 days. The amount of ERα mRNA was determined 

by a qRT-PCR assay and normalized to the amount of Arbp mRNA. (n= 2; mean ± S.E). 
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mammospheres was grown in the presence and absence of estradiol. There was a significant 1.3- 

and 1.53-fold increase in the number of secondary generation mammospheres grown from 

cadmium exposed and control animals, respectively. However, there was no difference in the 

number or size of the secondary mammospheres derived from exposed or control animals 

(Figure 11 and data not shown).   

To ask whether the in utero exposure-induced increase in the stem/progenitor cell 

population persisted throughout development, stem/progenitor cell markers were measured in 

pre- and postpubertal animals (Figures 12-13).  In animals exposed in utero to cadmium, there 

was a significant increase in Aldh1 mRNA on postnatal days 0, 5, and 10 (2.41-, 1.52-, and 1.65-

fold increase, respectively; p<0.05) but no difference on postnatal days 15 through 30.  To avoid 

the effects of estrogens, the postpubertal animals were ovariectomized on postnatal day 45 and 

examined on postnatal day 60. Interestingly in animals exposed in utero to cadmium or estradiol, 

there was a significant increase in Aldh1 mRNA (2.74- and 2.49-fold increase, respectively; 

p<0.05) as well as an increase in telomerase mRNA 189  (1.9- and 2.4-fold; p=0.057 and p<0.05; 

respectively), and Six1 mRNA 190 (2.9- and 2.3-fold; p=0.075 and p<0.05; respectively).  The 

increase in the number of mammospheres together with the increase in mammary gland Aldh1, 

telomerase, and Six1 mRNAs suggests that in utero exposure to cadmium or estradiol results in 

the expansion of the mammary stem/progenitor cell population in the fetal gland and a further 

expansion in the adult gland. 

 It has been proposed that the targets of transformation in the mammary gland are the stem 

and/or progenitor cells. The ability of in utero exposure to cadmium to expand the stem and/or 
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progenitor cell population in the gland suggests that exposure to the metalloestrogen during fetal 

development predisposes the mammary gland to tumorigenesis by increasing the number of 

putative target cells. 
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Figure 11. Effect of estradiol on secondary generation mammospheres. Primary 

mammospheres were collected after 7 to 10 days and digested with trypsin. Single 

stem/progenitor cells were grown in serum-free media under non-adherent conditions in the 

presence and absence of estradiol. Secondary mammospheres were counted after 7 to 10 days in 

culture (n= 2; mean ± S.E, * p<0.05, compared to control) 
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Figure 12. Effect of in utero exposure to cadmium on Aldh1 mRNA in mammary gland of 

female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 and 17 of 

gestation. The amount of Aldh1 mRNA was measured on postnatal days 0, 5, 10, 15, 20, 25, and 

30 by a qRT-PCR	  assay and normalized to the amount of Arbp mRNA. (n=3; mean ± S.E, * 

p<0.05, compared to control)  
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Figure 13. Effect of in utero exposure to cadmium on Aldh1, Telomerase and Six1 mRNAs in 

the mammary gland of female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) 

on day 12 and 17 of gestation or with ethinyl estradiol (50 µg/kg bw) from day 12 until birth. 

Female osffspring were ovariectomized on postnatal day 45 and the mammary glands were 

excised on postnatal day 60. The amount of Aldh1, Telomerase and Six1 mRNAs was measured 

by a qRT-PCR	  assay and was normalized to the amount of Arbp mRNA.  (n= 8 to 10; mean ± 

S.E, * p<0.05, compared to control)  
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Effects of in utero exposure to cadmium on gene expression in the mammary glands of female 

offspring 

To determine whether in utero exposure alters ERα expression during development of the 

mammary gland, ERα mRNA was measured on postnatal days 0, 5, 10, 15, 20, 25 and 30 (Figure 

14) and on postnatal day 60 in the ovariectomized animals (Figure 15).  In control animals, the 

expression of ERα mRNA increased from postnatal day 0 to day 20 and decreased following the 

onset of puberty (postnatal day 25 to day 30).  In animals exposed in utero to cadmium, the 

expression of ERα mRNA increased from postnatal day 0 to day 20 but remained elevated 

following the onset of puberty (postnatal day 25 and 30).  Basal expression of ERα mRNA 

remained elevated in the ovariectomized animals (postnatal day 60); there was a 2.0- and 4.08-

fold increase (p<0.05) in ERα mRNA in animals exposed in utero to cadmium or estradiol, 

respectively (Figure 15). To determine whether in utero exposure alters the regulation of ERα by 

estradiol, the ovariectomized animals were then treated with estradiol.  Treatment with estradiol 

had no effect on the expression of ERα mRNA in control animals but decreased ERα mRNA in 

animals exposed in utero to cadmium or estradiol.  These results suggest that in utero exposure 

to cadmium alters the response of the mammary gland to estradiol.  
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Figure 14.  Effect of in utero exposure to cadmium on ERα mRNA in the mammary glands of 

female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 and 17 of 

gestation.  The amount of ERα mRNA was measured on postnatal days 0, 5, 10, 15, 20, 25, and 

30 by qRT-PCR assay and normalized to the amount of Arbp mRNA.  (n = 3 to 11; mean ± S.E, * 

p<0.05, compared to control). 
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Figure 15.  Effect of in utero exposure to cadmium on gene expression in the mammary 

glands of female offspring.  Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 

and 17 of gestation or with ethinyl estradiol (50 µg/kg bw) by daily oral gavage starting on day 

12 of gestation until birth. Female offspring were ovariectomized on postnatal day 45 and the 

mRNA was measured by a qRT-PCR assay on postnatal day 60. The amount of ERα mRNA was 

normalized to the amount of Arbp mRNA and the data presented as fold difference. (n = 8 to 10; 

mean ± S.E, * p<0.05, compared to OVX+E2).   

 

*	  

*	  



 

58 
 

 To ask whether in utero exposure to cadmium alters the basal expression of genes that are 

regulated by estradiol or play a role in mammary gland development, growth, or tumorigenesis, 

candidate genes were measured in the mammary gland, uterus, and liver of the ovariectomized 

animals. In the estrogen regulated genes, two classes of genes were examined. The first class of 

genes, regulated by the estrogen receptor through an ERE in their promoters, included PgR, 

tumor growth factor alpha (TGF-α), TGF-β, complement C3, and GREB1. The second class of 

genes, regulated by the estrogen receptor through the interaction with either SP-1 or AP-1, 

included IGF-I, and cyclin D1. In the genes with altered methylation patterns in breast cancer the 

expression of ERα, BRCA-1, ID-4, AP-2, PTEN, cyclin D1, and p16 was measured. In the genes 

with altered expression or believed to play a role in breast tumorigenesis the expression of 

Ncoa3, ErbB2, Ebag9, PrlR, Myc, Fos, enos, Jun, telomerase, and RARa was measured. In the 

genes involved in mammary gland growth and development the expression of AIB1, GATA3, 

AR, EGF, Fgf10, Fgfr2b, FoxA1, Six1, Wnt1, Wnt4, GHR, GH1, and Ki67 was measured (data 

not shown). Among the genes analyzed, the expression of GREB1 (Ghosh et al., 2000) and 

amphiregulin (Kariagina et al., 2010) was altered.  In utero exposure to cadmium or estradiol 

increased the basal expression of GREB1 mRNA but had no effect on progesterone receptor 

(PgR) mRNA in the mammary gland. However, in utero exposure to cadmium increased the 

basal expression of PgR mRNA in the uterus. In utero exposure to cadmium also increased the 

basal expression of amphiregulin mRNA in the mammary gland but in utero exposure to 

estradiol had no effect on the expression of amphiregulin (Figure 16).  
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Figure 16.  Effect of in utero exposure to cadmium on gene expression in the female 

offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 and 17 of gestation 

or with ethinyl estradiol (50 µg/kg bw) by daily oral gavage starting on day 12 of gestation until 

A B

C D
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birth. Female offspring were ovariectomized on postnatal day 45 and the mRNA was measured 

by a qRT-PCR	  assay on postnatal day 60. The amount of mRNA was normalized to the amount of 

Arbp mRNA and the data presented as fold difference (n = 7 to 10; mean ± S.E, * p<0.05, 

compared to control). (A-C) In utero effects on gene expression in the adult mammary gland. 

Amphiregulin (A),Greb1(B), and PgR (C).(D) In utero effects on progesterone receptor 

expression in the adult uterus.   
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Effects of in utero exposure to cadmium on the expression of ERα transcripts in the mammary 

gland of female offspring 

 The rat ERα gene has five promoters (OS, ON, O, OT, and E1) 125, 127, 128, 191  resulting in 

ERα transcripts with different 5’-UTRs. The different promoters appear to confer tissue specific 

expression 127, 128. However, the promoter utilized in the mammary gland is not known. To 

determine which of the transcripts is predominantly expressed in the mammary gland, the 

5’UTRs of ERα transcript were measured using primers specific for exons OS, ON, O, OT, and 

E1 in animals at postnatal day 10 to day 30 (prepubertal animals; Figure 17), and in the 

ovariectomized adult animals (Figure 18). In the mammary glands of prepubertal control 

animals, the 5’UTR of the ERα transcript is derived predominantly from exons O and OT, with 

expression of exon O approximately 2- to 4.5-fold greater than exon OT (Figure 17). In the 

mammary gland of the adult ovariectomized animals (postnatal day 60), the 5’UTRs of the ERα 

transcript derived from exon O (72.7%), followed by exons E1, O and OS (14.1%, 10.4% and 

2.8%, respectively). These data suggests that in the mammary gland throughout development and 

in the adult animal, the ERα transcript derives predominantly from exon O.  

 To determine whether in utero exposure to cadmium alters expression of the ERα 

transcripts, the 5’UTRs of ERα mRNA were measured on postnatal days 10 to day 30 

(prepubertal animals; Figure 19), and in the ovariectomized adult animals (Figure 18). On 

postnatal days 10, 15 and 20 there is no difference in the expression of the ERα transcripts. 
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However, in the exposed animals, there was a significant increase in the transcript derived from 

exon O on postnatal day 25 (2.28-fold; p < 0.05) which remained elevated on postnatal day 30 

 

 

Figure 17.  Expression of ERα 5’UTR mRNA in prepubertal mammary glands. The amount of 

ERα 5’UTR mRNA was measured on postnatal days 10, 15, 20, 25, and 30 by a qRT-PCR assay 

and normalized to the amount of Arbp mRNA.  (n = 3). 
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Figure 18. Effect of in utero exposure to cadmium on expression of ERα 5’UTR mRNA in the 

mammary glands of female offspring.  Pregnant rats were treated with cadmium (5 µg/kg bw) 

on day 12 and 17 of gestation. Ethinyl estradiol (50 µg/kg bw) was administered by daily oral 

gavage starting on day 12 of gestation until birth. Female offspring were ovariectomized on 

postnatal day 45, the amount of ERα 5’UTR mRNA was measured on postnatal day 60, and 

normalized to the amount of Arbp mRNA.  (n = 7 - 12; mean ± S.E, * p<0.05, compared to 

control). 

*

*



 

64 
 

 

(2.1-fold), as well as a significant increase in the transcript derived from exon OT on postnatal 

day 30 (2.77-fold; p < 0.05). There was a similar increase in the transcripts derived from exons O 

and OT (2.37- and 2.43-fold; p<0.05, respectively) in the exposed adult gland. The increase in 

ERa mRNA may be due to an increase in basal transcription of the ERα gene, however, a nuclear 

run on assay showed that there was no difference in transcription of the ERα gene between 

control animals and animals exposed in utero cadmium or estradiol (Figure 20). To ask whether 

in utero exposure alters the regulation of the O and OT transcripts, the ovariectomized animals 

were treated with estradiol (Figure 21). Treatment with estradiol had no effect on the expression 

of the O and OT transcripts in control animals but decreased the expression of the O and OT 

transcripts in animals exposed to cadmium while in utero. Taken together, the data show that in 

utero exposure to cadmium increases the expression of the O and OT ERα transcripts and 

provides additional evidence that in utero exposure to the metal alters gene expression in the 

mammary gland in response to ovarian hormones. The data also suggest that overexpression of 

ERα mRNA may be due, in part, to alternate promoter usage and/or posttranscriptional 

regulation.   



 

65 
 

 

 

Figure 19.  Effect of in utero exposure to cadmium on expression of ERα 5’UTR mRNA in the 

mammary glands of female offspring. Pregnant rats were treated with cadmium (5 µg/kg bw) 

on day 12 and 17 of gestation. The amount of ERα 5’UTR mRNA was measured on postnatal 

days 10, 15, 20, 25, and 30 by a qRT-PCR assay and normalized to the amount of Arbp mRNA.  

(n = 2 - 3; mean ± S.E, * p<0.05, compared to control). 

 

 



 

66 
 

 

 

 

Figure 20. Effect of in utero exposure to cadmium on expression of ERα gene transcription in 

the mammary glands of female offspring. Pregnant rats were treated with cadmium (5 µg/kg 

bw) on day 12 and 17 of gestation. Ethenyl estradiol (50 µg/kg bw) was administered by daily 

oral gavage starting on day 12 of gestation until birth. Female offspring were ovariectomized on 

postnatal day 45 and nuclei were isolated on postnatal day 60. A nuclear run on assay was 

performed and the nascent RNA was measured by qRT-PCR. The amount of ERα transcript was 

normalized to the amount of Arbp and the data presented as fold difference (n = 8 to 10). 
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Figure 21.  Effect of in utero exposure to cadmium on the regulation of ERα transcripts in the 

adult gland.   

Pregnant rats were treated with cadmium (5 µg/kg bw) on day 12 and 17 of gestation or with 

ethinyl estradiol (50 µg/kg bw) by daily oral gavage starting on day 12 of gestation until birth. 

Female offspring were ovariectomized on postnatal day 45 and treated for four days with 

estradiol beginning on postnatal day 56. On postnatal day 60, the amount of O and OT 

transcripts was measured by a qRT-PCR assay, normalized to Arbp mRNA, and the data 

presented as fold difference (mean±SEM; n=7-11/group; * p<0.05, compared to OVX+E2). 

* *	  

*	  
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 To determine whether the increase in ERα mRNA was a result of a downregulation of 

microRNAs interacting with the 3’-UTR region of the receptor, the expression level of specific 

microRNAs was determined in the mammary glands of ovariectomized adult animals by a qRT-

PCR assay (Figure 22). To detect the miRNA binding sites of the 3’-UTR region of the receptor, 

its sequence was scanned using Microinspector (http://bioinfo.uni-plovdiv.bg/microinspector), a 

scanning software for detection of miRNA binding sites. The two miRNAs that were found to 

target the rat ERα mRNA 3’-UTR were miR-123a-3p and miR-342-5p. There was no difference 

in the expression levels of miR-123a-3p and miR-342-5p between control animals and animals 

exposed in utero cadmium, or estradiol (Figure 22). 

 As overexpression of ERα is believed to be the first event in the development of ERα 

positive breast cancer, the results suggest that early life exposure to cadmium could predispose 

the gland to tumorigenesis in adult life.   
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Figure 22. Effect of in utero exposure to cadmium on expression of microRNAs targeting the 

ERα 3’-UTR in the mammary glands of female offspring. Pregnant rats were treated with 

cadmium (5 µg/kg bw) on day 12 and 17 of gestation. Ethenyl estradiol (50 µg/kg bw) was 

administered by daily oral gavage starting on day 12 of gestation until birth. Female offspring 

were ovariectomized on postnatal day 45 and the microRNA was measured by a qRT-PCR assay 

on postnatal day 60. The amount of microRNA was normalized to the amount of 4.5S microRNA. 

(n = 8 to 10; mean ± S.E).   
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Chapter 2: Arsenite 

Effects of in utero exposure to arsenite on puberty onset in female offspring 

 The WHO PTWI for inorganic arsenic is 15µg/kg bw. To determine the effects of in 

utero exposure to an environmentally relevant dose of the metalloestrogen aresenite on puberty 

onset, pregnant animals were treated with 5 µg/kg bw of arsenite by i.p. injection on days 12 and 

17 of gestation. As a positive control, pregnant animals were treated with ethinyl estradiol 

(estradiol; 50 µg/kg bw; positive control) by daily oral gavage starting on day 12 of gestation 

until birth (Figure 1). Vaginal opening was monitored in female offspring beginning on postnatal 

day 28. There was a significant difference in puberty onset between control animals (postnatal 

day 34.76 ± 0.32) and animals exposed in utero to arsenite and estradiol (postnatal day 33.45 ± 

0.41 and 33.81 ± 0.32, respectively). 

 The onset of puberty is initiated by the reactivation of the GnRH pulse generator. To ask 

whether in utero exposure to arsenite alters the expression of GnRH, the amount of GnRH 

mRNA in the hypothalamus was assessed by a qRT-PCR assay on postnatal days 0, 5, 10, 15, 20, 

and 25 (Figure 2). In the animals exposed in utero to arsenite, GnRH mRNA levels began to 

increase between postnatal days 20 and 25, but there is no increase in the levels of GnRH mRNA 

in the control animals. The earlier increase in GnRH mRNA suggests that in utero exposure to 

arsenite alters GnRH expression and consequently puberty onset. 
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	  	   Control	   Arsenite	   EE	  	  

Mean	   34.76	   33.45*	   33.81*	  

SE	   0.3	   0.41	   0.32	  

 

Figure 1. Effect of in utero exposure to arsenite on the time of the vaginal opening.  Pregnant 

female rats were treated with arsenite (5 µg/kg bw) by i.p. injection on days 12 and 17 of 

gestation or ethinyl estradiol (EE, positive control, 50 µg/kg bw) by gavage beginning on day 12 

until birth. Female offspring were monitored for vaginal opening.  
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Figure 2. Effect of in utero exposure to arsenite on GnRH mRNA in the hypothalamus of 

female offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) on day 12 and 17 of 

gestation. The amount of GnRH mRNA was measured on postnatal days 0, 5, 10, 15, 20 and 25 

by a qRT-PCR	  assay and normalized to the amount of GAPDH mRNA. (n=2 to 3; mean ± S.E)  
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Effects of in utero exposure to arsenite on the morphology and development of the mammary 

gland in female offspring 

 Early puberty onset may alter the development and/or morphology of the mammary gland 

due to an earlier increase in the synthesis of estrogens in the ovaries that. To ask whether in utero 

exposure to arsenite alters mammary gland morphology and/or development through an effect on 

puberty onset or a direct effect on the fetal gland, pregnant rats were treated with cadmium and 

the female offspring were examined. The fourth abdominal mammary glands were dissected and 

processed as whole mounts, and examined prior to the onset of puberty on postnatal days 0, 5, 

15, and 20. On postnatal day 0 an abnormal pattern of lateral budding 187 was observed along the 

ducts of the mammary gland of animals exposed while in utero to arsenite, suggesting that the in 

utero exposure to the metalloid alters branching in the mammary gland (Figures 3 A and B, red 

arrows). 

 To determine whether exposure to arsenite alters branching in the mammary gland, the 

number of branching points along the ducts of 5 day old animals was counted (Figure 4). There 

was a significant increase in the number of branch points in the mammary glands of animals 

exposed to arsenite (2.99 ± 0.65 branch points/unit length) compared to the number of branch 

points in the mammary gland of control animals (2.08 ± 0.26 branch points/unit length). 

Suggesting that exposure of the fetal mammary gland to arsenite increases the branching of the 

gland. 
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Figure 3. Effect of in utero exposure to arsenite on morphology and development of the 

mammary gland of female offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) on 

day 12 and 17 of gestation. The mammary glands were excised on postnatal day 0 and processed 

for morphological analysis as whole mounts. (A) Digital image of mammary gland from control 

animal (representative image, n=2). (B) Digital image of mammary gland from animal exposed 

in utero to arsenite (representative image, n=3). Arrows indicate abnormal pattern of lateral 

budding. 

 

 

A	   B	  
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Figure 4. Effect of in utero exposure to arsenite exposure on mammary gland branching in 

female offspring. Pregnant female rats were treated with arsenite (5µg/kg bw) by i.p. injection 

on days 12 and 17 of gestation. Mammary glands were excised on postnatal day 5 and processed 

for morphological analysis as whole mounts. The branch points were measured as the number of 

branches per unit length. (n= 3; mean ± S.E, * p<0.05, compared to control)  
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 To ask whether the increase in branching is associated with an increase in the number of 

epithelial cells, the mammary glands from 5 days old animals were excised and the epithelial 

cells were isolated and counted (Figure 5). There was a significant 1.7-fold increase (p < 0.05) in 

the number of cells in the mammary glands of animals exposed to arsenite compared to control 

animals.  

To determine whether the increase in epithelial cells continues throughout the prepubertal 

growth of the gland, mammary gland density was measured on postnatal days 15 and 20 (Figure 

6).  There was a significant increase (p < 0.05) in mammary gland density in animals exposed to 

arsenite (43% and 38%, respectively) compared to controls (35% and 27%, respectively), 

suggesting that an increase in branching results in an increase in the mammary gland density.   

 Taken together, these results demonstrate that there is a 30% to 70% increase in the 

number of branch points, amount of epithelial cells, and density in the mammary glands of 

animals exposed in utero to an environmentally relevant dose of arsenite. Since the 

morphological and developmental effects of arsenite were observed in animals exposed while in 

utero and occurred prior to the onset of puberty, the results suggest a direct effect of arsenite on 

the mammary gland that is independent of its effects on puberty onset. 
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Figure 5.  Effect of in utero exposure to arsenite on the number of epithelial in the mammary 

gland of female offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) on day 12 and 

17 of gestation or ethinyl estradiol (EE, positive control, 50 µg/kg bw) by gavage beginning on 

day 12 until birth. The fourth abdominal mammary glands were excised from animals on 

postnatal day 5, digested to obtain a single cell suspension, and the number of cells from both 

fourth abdominal mammary glands was determined. (n= 2 to 4; mean ± S.E, * p<0.05, 

compared to control)  
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Figure 6. Effects of in utero exposure to arsenite on mammary gland density in female 

offspring. Pregnant female rats were treated with arsenite (5 µg/kg bw) by i.p. injections on 

days 12 and 17 of gestation. Female offspring were crossfostered at birth. The mammary glands 

were excised and processed for morphological analysis as whole mounts. Mammary gland 

density was measured and calculated as the percentage of epithelium in the fat pad. Digital 

image of mammary gland from control and arsenite exposed animals on postnatal day 15 

(representative image, n=3). (mean ± S.E, * p<0.05)  

Control day15	   Arsenite day15	  

*	   *	  
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Effects of in utero exposure to arsenite on mammary gland stem and progenitor cell 

population of female offspring 

 The increase in mammary gland branching as a result of in utero exposure to arsenite 

suggests an increase in the mammary stem and/or progenitor cell population 188. To ask whether 

in utero exposure to the metal altered the mammary stem/progenitor cell population, pregnant 

animals were treated with arsenite or estradiol as described above and the number of 

stem/progenitor cells was assessed on the female offspring at postnatal day 5 (Figure 7). 

Mammary glands were excised and organoids were isolated and digested to form a single cell 

suspension. Mammospheres were obtained by culturing the cells in serum-free media under non-

adherent conditions. Mammospheres were counted after 7 to 10 days. Compared to the control, 

there was a 1.7-fold increase in the number of mammospheres from the mammary gland of 

animals exposed in utero to arsenite and a 1.76-fold increase in animals exposed to estradiol. To 

demonstrate that the mammospheres were derived from a stem or a progenitor cell and have the 

potential for self-renewal, secondary and tertiary generations of mammospheres were grown in 

serum-free under non-adherent conditions, supporting a stem-like phenotype (not shown).  
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Figure 7. Effect of in utero exposure to arsenite on number of mammospheres from female 

offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) on day 12 and 17 of gestation 

or ethynil estradiol (50 µg/kg bw) from day 12 until birth. Mammary glands were excised from 

female offspring on postnatal day 5. Organoids were isolated and digested to form a single cell 

suspension. To obtain mammospheres the cells were cultured and grown in serum-free media 

under non-adherent conditions. Mammospheres were counted after 7 to 10 days in culture. (n= 

4; mean ± S.E, * p<0.05, compared to control)  
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 To ask whether in utero exposure to arsenite alters ERα expression and the response to 

estradiol, the amount ERα mRNA was measured in mammospheres isolated from 5 day old 

animals exposed in utero to arsenite or estradiol. When compared to controls, no significant 

difference in ERα mRNA was found in the animals treated in utero (Figure 8). To ask whether in 

utero exposure to arsenite alters the response to estradiol, a second generation of mammospheres 

was grown in the presence and absence of estradiol. There was a significant 1.64- and 1.53-fold 

increase in the number of secondary generation mammospheres grown from arsenite exposed 

and control animals, respectively. However, there was no difference in the number or size of the 

secondary mammospheres derived from exposed or control animals (Figure 9 and data not 

shown).   

 The amount of aldehyde dehydrogenase 1 (Aldh1) mRNA was measured in the mammary 

gland of ovariectomized virgin animals (Figure 10). There was a 2.43- and 2.49-fold increase in 

Aldh1 mRNA in animals exposed in utero to arsenite or estradiol, respectively. The increase in 

Aldh1 expression suggests that in utero exposure to the metal may increase the number of 

mammary stem and/or progenitor cells. 

 It has been proposed that the targets of transformation in the mammary gland are the stem 

and/or progenitor cells. The ability of in utero exposure to arsenite to expand the stem and/or 

progenitor cell population in the gland suggests that exposure to the metalloestrogen during fetal 

development predisposes the mammary gland to tumorigenesis by increasing the number of 

putative target cells.  
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Figure 8. Expression of ERα in mammospheres. Mammary glands were excised from female 

offspring on postnatal day 5, organoids were isolated and digested to form a single cell 

suspension. Cells were cultured and grown in serum-free media under non-adherent conditions 

and mammospheres were collected after 7 to 10 days. The amount of ERα mRNA was determined 

by a qRT-PCR assay and normalized to the amount of Arbp mRNA. (n= 2; mean ± S.E). 
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Figure 9. Effect of estradiol on secondary generation mammospheres. Primary mammospheres 

were collected after 7 to 10 days and digested with trypsin. Single stem/progenitor cells were 

grown in serum-free media under non-adherent conditions in the presence and absence of 

estradiol. Secondary mammospheres were counted after 7 to 10 days in culture (n= 2; mean ± 

S.E, * p<0.05, compared to control) 
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Figure 10. Effect of in utero exposure to arsenite on Aldh1 mRNA in the mammary gland of 

female offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) on day 12 and 17 of 

gestation or with ethinyl estradiol (50 µg/kg bw) from day 12 until birth. Female osffspring were 

ovariectomized on postnatal day 45 and the mammary glands were excised on postnatal day 60. 

The amount of Aldh1, mRNA was measured by a qRT-PCR	  assay and was normalized to the 

amount of Arbp mRNA.  (n= 3 to 10; mean ± S.E, * p<0.05, compared to control)  
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Effects of in utero exposure to arsenite on ERα expression in the mammary glands of female 

offspring 

To determine whether in utero exposure to the metal alters ERα expression during 

development of the mammary gland, ERα mRNA was measured on postnatal days 0, 5, 10, 15, 

20 and 25 (Figure 11) and on postnatal day 60 in the ovariectomized animals (Figure 12).  In 

control animals, the expression of ERα mRNA increased from postnatal day 0 to day 20 and 

decreased following the onset of puberty (postnatal day 25). In animals exposed in utero to 

arsenite, the expression of ERα mRNA increased from postnatal day 0 to day 20 but remained at 

the same level following the onset of puberty (postnatal day 25). Basal expression of ERα 

mRNA remained elevated in the ovariectomized animals (postnatal day 60); there was a 2.5- and 

3.5-fold increase (p<0.05) in ERα mRNA in animals exposed in utero to arsenite or estradiol, 

respectively (Figure 12).  
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Figure 11.  Effect of in utero exposure to arsenite on ERα mRNA in the mammary glands of 

female offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) on day 12 and 17 of 

gestation.  The amount of ERα mRNA was measured on postnatal days 0, 5, 10, 15, 20, and 25 by 

a qRT-PCR assay and normalized to the amount of Arbp mRNA.  (n = 3 to 10). 
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Figure 12.  Effect of in utero exposure to arsenite on gene expression in the mammary glands 

of female offspring.  Pregnant rats were treated with arsenite (5 µg/kg bw) on day 12 and 17 of 

gestation or with ethinyl estradiol (50 µg/kg bw) by daily oral gavage starting on day 12 of 

gestation until birth. Female offspring were ovariectomized on postnatal day 45 and the mRNA 

was measured by a qRT-PCR assay on postnatal day 60. The amount of ERα mRNA was 

normalized to the amount of Arbp mRNA and the data are expressed as fold induction. (n = 3 to 

10; mean ± S.E, * p<0.05, compared to control).   
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 The rat ERα gene has five promoters (OS, ON, O, OT, and E1) (Monje et al., 2007; 

Hirata et al., 1996a; Hirata et al., 1996b; Osada et al., 2001) that confer tissue specific expression 

127, 128. The promoters result in ERα transcripts with different 5’-UTRs. To determine whether in 

utero exposure to arsenite alters expression of the ERα transcripts, the 5’UTRs of ERα mRNA 

were measured on postnatal days 10 to day 25 (prepubertal animals; Figure 13), and in the 

ovariectomized adult animals (Figure 14). In the control animals the principle transcript is 

derived from exon O. In the exposed animals, there was a significant increase in the transcript 

derived from exon O on postnatal day 25 (2.28-fold; p < 0.05). In the exposed adult gland, there 

was an increase in the transcripts derived from exons O and OT (2.08- and 2.37-fold; p<0.05, 

respectively). The increase in ERa mRNA may be due to an increase in basal transcription of the 

ERα gene, however, a nuclear run on assay showed that there was no difference in transcription 

of the ERα gene between control animals and animals exposed in utero arsenite or estradiol 

(Figure 15). Taken together, the data show that in utero exposure to arsenite increases the 

expression of the O and OT ERα transcripts. The data also suggest that overexpression of ERα 

mRNA may be due, in part, to alternate promoter usage and/or posttranscriptional regulation.   

 As overexpression of ERα is believed to be the first event in the development of ERα 

positive breast cancer, the results suggest that early life exposure to arsenite could predispose the 

gland to tumorigenesis in adult life.   
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Figure 13.  Effect of in utero exposure to arsenite on expression of ERα 5’UTR mRNA in the 

mammary glands of prepubertal female offspring. Pregnant rats were treated with arsenite (5 

µg/kg bw) on day 12 and 17 of gestation.  The amount of ERα 5’UTR mRNA was measured on 

postnatal days 15, 20, and 25 by a qRT-PCR assay and normalized to the amount of Arbp mRNA.  

(n = 3 - 10; mean ± S.E, * p<0.05, compared to control). 
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Figure 14.  Effect of in utero exposure to arsenite on expression of ERα 5’UTR mRNA in the 

mammary glands of adult female offspring. Pregnant rats were treated with arsenite (5 µg/kg 

bw) on day 12 and 17 of gestation. Female offspring were ovariectomized on postnatal day 45 

and the mRNA was measured on postnatal day 60. The amount of ERα 5’UTR mRNA was 

measured by a qRT-PCR assay and normalized to the amount of Arbp mRNA (n = 3 - 10; mean ± 

S.E, * p<0.05, compared to control). 



 

91 
 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Control
Arsenite
Estradiol

60 days (ovariectomized)

ER
a 

m
R

N
A

/A
rb

p 
m

R
N

A
 (F

ol
d 

di
ff

er
en

ce
)

 

Figure 15. Effect of in utero exposure to arsenite on expression of ERα gene transcription in 

the mammary glands of female offspring. Pregnant rats were treated with arsenite (5 µg/kg bw) 

on day 12 and 17 of gestation. Ethenyl estradiol (50 µg/kg bw) was administered by daily oral 

gavage starting on day 12 of gestation until birth. Female offspring were ovariectomized on 

postnatal day 45 and nuclei were isolated on postnatal day 60. A nuclear run on assay was 

performed and the nascent RNA was measured by a qRT-PCR asssay. The amount of ERα 

transcript was normalized to the amount of Arbp (n = 3 to 10). 
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DISCUSSION 

 

There is epidemiological and experimental evidence that in utero exposure to estrogens 

and environmental estrogens is a risk factor for developing breast cancer 192.  The link between in 

utero exposure and the disease is thought to be due to the accelerated onset of puberty in the 

exposed offspring.  However, the results of this study show that in utero exposure to cadmium or 

estradiol altered mammary gland development independent of its effect on puberty onset due, in 

part, to an expansion of the mammary stem and/or progenitor cell population and the 

overexpression of ERα. 

 This study supports the growing evidence shown by epidemiological and animal studies 

that the developing organism is particularly susceptible to small changes in its environment, 

which can induce phenotypic changes that can affect the function of the affected tissue later in 

life, as well as affecting the individual's responses to their later environment 193, a concept 

referred to as the fetal/developmental basis of adult disease 194. Estrogens are a family of 

steroidal hormones that promote the growth and differentiation of secondary sex tissues and 

organs in the female reproductive system 195. The central role of the hormone has led to the 

suggestion that the reproductive disorders of animals in the wild and the high incidence of 

hormone related diseases in children and adults may be due to exposures that mimic the 

biological effects of estrogens especially if the exposure occurs in early life when the fetus and 

infant are susceptible to small hormonal changes 196.  
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 Studies from various laboratories have assessed the impact of environmental estrogens on 

puberty onset, mammary gland development and breast cancer by using phytoestrogens, 

pesticides, fungicides, plasticizers and industrial chemicals 80, 154, however there is not much 

research on the impact of metalloestrogens. Furthermore, environmental disruptors can play a 

role in inducing greater risk of chronic disease even at low exposure levels. Thus, it is important 

to understand the impact of the in utero exposure to environmentally relevant low doses of 

metalloestrogens on puberty onset and mammary gland development, and how this could alter 

the risk of the onset of related adult diseases. The reason for focusing on cadmium and arsenite 

was that previous studies from our laboratory have shown that environmentally relevant amounts 

of cadmium and arsenite have potent estrogen like activity in vitro and in vivo, and that early life 

exposure to the metals advances the onset of puberty and may thereby alter the development of 

the mammary gland 69, 70, 173 

 In Western populations, the onset of puberty has occurred at significantly younger ages.  

Although the trend towards earlier puberty onset has ceased in many European countries 197, it 

continues in the United States especially in African American girls 134, which has not been 

associated with any major change in socio-economic conditions. Recent studies suggest that 

exposures to EDCs ubiquitously present in food and our environment may interfere with the 

timing of puberty 153-155. Epidemiological studies have linked exposure to the phythoestrogens in 

soy based formulas 198and the xenoestrogens polybrominated biphenol 199 and phthalates 200 to 

the early onset of puberty.  Animal studies show that early life exposure to genistein 201  or 

estradiol 202  advances the onset of puberty providing additional evidence that environmental 
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estrogens contribute to early puberty onset. The timing of puberty has been found to be 

especially sensitive to in utero and/or peripubertal exposures to certain EDCs 155-158. Consistent 

with previous reports, the findings from this study show that early life exposure to a low dose of 

cadmium, arsenite or estradiol accelerates puberty onset in the female offspring. Interestingly, 

reports show that cadmium 69, 203 and arsenicals 204-206 can cross the placenta and produce adverse 

effects in mice after maternal exposure. Furthermore, studies show that both cadmium and 

arsenic can transfer from the blood to the brain 207, 208, which is particularly vulnerable during 

gestation. Together, the data suggests that the onset of puberty, which is triggered by the 

reactivation of the hypothalamic-pituitary-gonadal axis, is being altered by the early life 

exposure to these metalloestrogens. 

 Hormones or substances with hormone-disrupting potential may interfere with pubertal 

development by actions at different levels, including the neuroendocrine hypothalamic–pituitary 

axis. In the brain, EDCs might act by stimulation of estrogen-sensitive nuclei including 

hypothalamic neurons thereby releasing kisspeptin and promoting a maturation of the 

hypothalamus, where they elicit GnRH release, causing earlier onset of puberty 209. Furthermore, 

there is evidence for direct estrogen regulation of the human GnRH gene through an ERE 

sufficient to mediate a stimulatory response to estrogen 210. In vitro studies show that E2 

stimulated GnRH pulse frequency in the immature female rat hypothalamus 211, while in vivo 

studies show that exposure to DDT or E2 in early postnatal life of rats stimulated the GnRH 

pulsatile secretion and subsequent sexual precocity; suggesting a potential mechanism of EDC 

action at the HPG axis 212. Our data show an earlier reactivation of the GnRH in the 
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hypothalamus of the treated animals when compared to control, which could be a consequence of 

a direct regulation of the metalloestrogens on GnRH or indirectly through the release of 

kisspeptin. These earlier reactivation of GnRH may explain the early puberty onset observed in 

the animals exposed in utero to the metalloestrogens.  

 Studies regarding the effects of estrogen exposure during perinatal development on the 

rodent mammary gland have focused primarily on estradiol, DES and BPA. Mammary glands 

are more sensitive to neonatal DES exposure than the reproductive tract 213. In utero, lactational 

and neonatal exposures to DES or estradiol have a stimulatory effect on the growth of the 

mammary gland and the number of TEBs 202, 214-216. Low-dose studies of in utero and perinatal 

exposure to BPA alters the development and morphogenesis of mammary gland of female mouse 

offspring, causing a stimulation of mammary gland growth, with increased TEBs at puberty and 

more lateral branches per gland in the adult 217-219. In the present study we tested the hypothesis 

that in utero exposure to low doses of metalloestrogens alters the morphology and development 

of the mammary gland. We found differences in the morphology of the mammary gland as early 

as postnatal day 0, where abnormal lateral budding was observed only in the animals exposed to 

metalloestrogens in utero. These differences were sustained throughout prepubertal development 

were the results show an increase in the number of branch points, number of epithelial cells, and 

density in the mammary glands of animals exposed to metalloestrogens only while in utero but 

no differences in the glands of the animals exposed during postnatal development. As the 

morphological effects of the metalloestrogens were observed in animals exposed while in utero 

and occurred prior to the onset of puberty, the data supports the hypothesis that the fetal gland is 
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particularly susceptible to exogenous hormones possibly due to irreversible effects that occur 

during organogenesis (Bern HA, 1992 The fragile fetus), and suggests a direct effect of the 

metals on the fetal mammary gland that is independent of its effect on puberty onset.  

Since cadmium and arsenite mimic the effects of estradiol in MCF-7 cells 68, 173 and they 

activate ERα through a high affinity interaction with the ligand binding domain 70, it is possible 

that the direct effect of these metals on the mammary gland is mediated by ERα. This 

interpretation is supported by studies in mouse that show that ERα is expressed in the mammary 

mesenchyme from E12.5 to E14 220 and in the mammary gland at E18 221. Furthermore, nuclear 

concentration of radioactivity was found in the mesenchymal cells surrounding the epithelial 

primordia of the mammary glands after exposure to 3H diethylstilbestrol at E16, suggesting the 

presence of functional ERα receptors 222.  

 The concern about the effects of prenatal exposure to environmental estrogens is not only 

focused on the observed structural and developmental changes, but more important on how these 

changes can have an effect on enhancing the risk of breast cancer later in life. Although breast 

cancer is considered a disease of middle or old age, evidence indicates that exposure to such 

compounds during critical periods of early development may play an important role in affecting 

the susceptibility in adulthood. Endogenous estrogens enhance breast cancer development at 

multiple points during the lifetime of a woman, and there is evidence that other factors which 

modulate breast cancer risk have temporal specificity 81. It has been hypothesized that intra-

uterine estrogen exposure influences breast cancer risk in female offspring 223. High estrogens 

levels during pregnancy are associated with an increased risk of breast cancer in female offspring 
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suggesting that exposure to estrogens while in utero is a critical time. Women with high birth 

weights, which correlate with elevated serum estrogen levels 224, have an increased risk of breast 

cancer 225, 226.  Conversely, women, whose mothers suffered from preeclampsia during pregnancy, a 

condition associated with low circulating levels of estrogens, have a lower risk of breast cancer 227. 

Animal studies, supporting these epidemiological findings, demonstrate that female animals 

exposed in utero to elevated estrogens through the maternal administration of estradiol 228, DES 229, 

the phytoestrogen genistein 201, or a diet high in n-6 polyunsaturated fatty acids (PUFAs) 228, 230 

have a significantly increased risk of mammary tumors. Mammographic density is a powerful 

predictor of breast cancer risk, since density reflects the number of mammary epithelial cells that 

could be at risk for possible transformation 231. Our findings strengthen the hypothesis that 

exposure to environmental estrogens during early development may increase the probability of 

future occurrence of breast cancer. 

The mammary gland is unique in that it grows and develops throughout the lifetime of a 

female, beginning in fetal life and ending following the first full term pregnancy and lactation 1. 

There are three stages of mammary gland growth that are suggested to be critical because they 

are the times during which important developmental events occur; the prenatal development of 

the mammary epithelial sprout, the ductal elongation during pubertal expansion, and the 

lobuloalveolar expansion during pregnancy 232. Breast stem cells have a critical role in the 

normal gland at all the different stages throughout development. Early experiments show that 

cells from nearly any location within the gland, or during any developmental stage, could 

repopulate a mammary gland 177.  Subsequent studies show that in the developing gland, stem 
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cells are located along the ducts 188, located within stem cell niches and in the terminal end buds 

233. These stem cells have the capacity to self renew and to generate multipotent and bipotent 

progenitor cells that proliferate and differentiate into luminal and basal cells resulting in the 

development of branches and the elongation of the ducts. 

Stem cells in the adult tissue are defined by both their ability to differentiate into multiple 

cell lineages and their ability to make more stem cells, a property known as “self-renewal” 234. 

One approach by which stem cells accomplish these two tasks is by asymmetric division, during 

which each stem cell generates a copy of the original cell and a progenitor one that undergoes 

differentiation 235. In this way stem cells maintain their pool and simultaneously create 

committed cells that can generate all the cellular elements that make up the mammary gland tree. 

During embryonic or early fetal development, when the stem cell pools are first being 

established and later expanded 236, asymmetric divisions of the stem cells will not be able to 

achieve that requirement, therefore stem cells have an additional self-renewal strategy that 

allows dynamic control of their numbers, which is the symmetric division. This division is 

defined as the generation of daughter cells that are destined to acquire the same fate. In the 

mammary gland, during fetal development, puberty and pregnancy, mammary stem cell 

expansion is important for the development of branches and the growth of the ducts 234. In this 

study, we find that there is an increase in the number of mammospheres in the 5-day-old glands 

exposed in utero to metalloestrogens or estradiol, which together with the increase in stem cell 

markers in the neonatal and adult gland of the exposed animals suggests that in utero exposure to 

cadmium, arsenite or estradiol results in an increased expansion of the stem/progenitor cell 
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population in the fetal gland. We believe that in utero exposure to metalloestrogens and estradiol 

induced an aberrant self-renewal of the stem cells by possible altering the process of symmetric 

divisions of these cells. This interpretation is supported by available data suggesting that most 

stem cells are capable to switch between asymmetric and symmetric modes of division, and that 

the balance between these two modes is controlled by developmental and environmental signals 

to produce an suitable number of stem cells and differentiated daughters 237, and by a study that 

proposed that elevated in utero hormone and/or growth factor levels increased the number of 

replicating immature stem cells in the human cord blood 238. In the mammary gland, ductal 

elongation and side branching are driven by estrogens and progestins, respectively. Both 

processes involve extensive stem cell proliferation. In our study, a consequence of the expansion 

of the stem/progenitor cells during fetal development was an increase in the number of branches, 

epithelial cells, and epithelial density in the prepubertal gland. Therefore, in utero exposure to 

the metalloestrogens and estradiol increases the stem/progenitor cell population that is located 

along the ducts of the mammary gland and progesterone-induced to increase lateral branching.   

Neonatal exposure to environmental estrogens during critical developmental windows 

can alter hormonal programming so that tissues respond abnormally to hormones later in life 79. 

Perhaps more important than the observed changes in the stem cell number is an alteration in the 

susceptibility of these stem cells to hormonal changes. We observed an inappropriate expansion 

of stem cell in the nonpregnant adult gland. The further increase in the mammary 

stem/progenitor cells following the onset of puberty suggests that in utero exposure also altered 

the response to ovarian hormones and the inappropriate expansion of the stem/progenitor cell 
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population in the nonpregnant gland. This supports the proposal that there is a mechanism 

whereby estrogen plays a role in programming or imprinting genes involved in cell proliferation, 

differentiation or survival, in a way that the expression of these genes is persistently altered or 

will respond to a later cue, such as another hormone leading to altered cell function 239. 

Therefore, the in utero exposure altered the stem/progenitor cell population in the mammary 

gland development in a way that not only increases its size during fetal development but could 

also be altering the balance between the symmetric and asymmetric division of the mammary 

stem cells as a response to the ovarian hormones during puberty. This can lead to several adverse 

effects, including increased incidence of tumors in several endocrine-sensitive tissues as well as 

adverse reproductive effects in both males and females 80-‐83. 

These changes observed in the mammary gland stem cell population are of critical 

importance because it has been suggested that in utero breast cancer risk is determined by the 

number of target cells in the breast, their proliferative ability, and their susceptibility to become 

cancerous 240. The more target cells and the more proliferation, the greater the chance for 

spontaneous, oncogenic mutations. Cancer risk can be viewed as proportional to the number of 

proliferative cells, which in turn is dependent upon both the number of stem cells and the rate of 

cell division 241. Multiple features of stem/progenitor cells make them likely candidates as the 

origin of cancer stem cells (CSCs). Such stem/progenitor cells are present early in development, 

have proliferative potential and are generally longed lived compared to committed cell 

populations, which would give them a greater window to acquire mutations and/or epigenetic 

changes necessary for transformation later in the life of the individual 234. By definition, CSCs 



 

101 
 

refer to the cells that have stem cell properties, ie, self-renewal and differentiation, and besides, 

potent tumor-driving capability. The similarities between CSCs and normal stem cells, together 

with the long-held belief that differentiation is a nonreversible process, strongly support that 

normal stem cells are the source for CSCs.  There is now evidence of the existence of tumor stem 

cells in breast carcinomas 242. 

We proposed that in utero exposure to metalloestrogens and estradiol induced an aberrant 

self-renewal of the stem cells by possible altering the process of symmetric divisions of these 

cells. This is of relevance because studies show that some gene products can both induce 

symmetric cell divisions and function as oncogenes in mammalian cell. aPKC causes a large 

increase in symmetrical divisions of neuroblasts 243, and it has also been identified as an 

oncogene in human lung cancers 244, which suggests a possible link between symmetric cell 

divisions and cancer. Therefore, symmetric division may not only promote the expansion of stem 

cell numbers, but may also confer an inherent risk of cancer. 

 Estrogen-mediated proliferation is fundamental to normal mammary gland development, 

but the expression and role of ERα in the mammary gland stem cells is still an unresolved 

subject. Most studies support the concept that the mammary gland stem cells do not express 

ERα, and that the proliferative effect of estrogen is processed through ERα positive neighbor 

cells, which generally do not readily proliferate 234. Therefore, the estrogenic effect has to be 

mediated indirectly through paracrine factors. Several candidate paracrine factors have been 

suggested to regulate hormone-induced proliferation and morphogenesis, in fact, recent studies 

have demonstrated that amphiregulin appears to be the major paracrine mediator of estrogen 
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action during ductal morphogenesis by demonstrating that in the pubertal mammary gland the 

levels of amphiregulin mRNA increase as a response to estrogen, and that this increase is 

mediated by ERα 36. These data have led to the proposal that that ERα-negative stem cells divide 

asymmetrically to produce undifferentiated ERα-positive progenitor cells, which proliferate in 

response to estrogen and secrete amphiregulin that regulate the proliferation and differentiation 

of neighboring ERα-negative cells 245. In this study we have found that in utero exposure to 

metalloestrogens and estradiol resulted in the overexpression of amphiregulin and ERα in the 

postpubertal gland. This data suggests that the increase in ERα in the progenitor cells may 

increase its sensitivity to estrogens, therefore increasing the secretion of amphiregulin and 

further division and proliferation of the stem cells, which could explain the increase in the 

mammary stem/progenitor cell population observed following onset of puberty.  

 In support of the proposed altered response to ovarian hormones, in utero exposure to 

cadmium, arsenite and estradiol resulted in the overexpression of ERα in the postpubertal gland. 

Similar results have been found in studies where newborn mice are exposed to the synthetic 

estrogen, DES, and a persistent ovary-independent induction of lactoferrin and epidermal growth 

factor was found in the mouse uterus and vagina 246. The constitutive expression of lactoferrin 

may have contributed to the establishment of a permanently "estrogenized" phenotype, which 

increased the development of neoplasia in the rodent reproductive tract 247. In this study, puberty 

onset specifically increased the expression of ERα transcripts derived from exons O and OT in 

the mammary gland and altered their regulation by estradiol. Interestingly, the overexpression 

and altered regulation of exon O and OT transcripts are similar to the changes in the expression 
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in ERα in human breast cancer. The human ERα gene has at least seven upstream promoters 

resulting in transcripts with 5’ UTRs derived from exons A, B, C(2), D, T1/T2, E1/E2, and F 124.  

In normal human breast tissue, the ERα transcripts are derived predominantly from exons A and 

C with the expression of the transcript derived from exon A greater than the transcript derived 

from exon C. In human breast tumors and breast cancer cells, ERα is overexpressed due to an 

increase in the transcripts derived from exons A, B, and C with the expression of the transcript 

derived from exon C greater than the transcript derived from exon A 129, 248, 249. Exons O and OT 

in the rat are homologous to exons C and B in the human, respectively, suggesting that in utero 

exposure to cadmium alters ERα expression in a manner similar to breast cancer. The 

overexpression of exon C in breast cancer is due, in part, to alterations in the methylation of the 

ERα promoter 250. In mouse, neonatal exposure to DES altered lactoferrin expression due to 

promoter demethylation, which in adult animals depended on both, the neonatal exposure to DES 

and the exposure to postpubertal ovarian hormones 251. These data, together with the presence of 

several CpG islands in the promoter region of exon O in the rat ERα gene, suggest that the 

overexpression of the transcript O could be due to an altered methylation pattern. Furthermore, in 

humans, the ERα transcript derived from promoter C has been found to have a longer half life 

than the total ERα mRNA 252, therefore the observed increase in the transcript derived from O 

after in utero exposure to the metalloestrogens could also be due to a possible longer half life. In 

addition to similarities in the overexpression of specific transcripts, estradiol decreased the 

expression of ERα in the exposed gland similar to breast cancer cells 253.  
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It is thought that stem and/or progenitor cells are the targets of malignant transformation 

in the breast 254, that overexpression of ERα is the first event in the development of ER positive 

breast cancers, and that increase in mammary gland density is a powerful predictor of breast 

cancer. The increasing prevalence of metalloestrogens in our environment over the last century 

and the ability of theses metals to alter mammary gland development suggest that environmental 

exposure may increase the risk of developing breast cancer by expanding the mammary 

stem/progenitor cell population and altering ERα expression.   
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