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Abstract

Evidence suggests that environmental substances regulating estrogenic pathways during puberty may be detrimental to the
developing mammary gland (MG). Manganese (Mn) is a trace mineral required for normal physiological processes. Prepubertal
exposure to Mn induces precocious puberty in rats, an event associated with early elevations in puberty-related hormones,
including estradiol (Eo). However, until now the effect of Mn-induced precocious MG development has not been determined.
Therefore, we assessed the ability of prepubertal Mn exposure to advance normal MG development and alter E, driven pathways
involved in tumorigenesis. Sprague Dawley female rats were gavaged daily with either 10 mg/kg manganese chloride (MnCl,) or
saline (control) from postnatal day (PND) 12 through PND 30. Blood and MGs were collected on PNDs 30 and 120. Compared to
controls, serum E, levels on PND 30 were elevated (p <0.05) in the Mn-treated group. Mn exposure significantly increased
differentiated MG terminal ductal structures and the percentage of MG epithelial cells that stained positive for the proliferative
marker, Ki67, at PND 30 (p < 0.001) and PND 120 (p < 0.001). Levels of Mn (ppm) were not elevated in these MGs. Mn-treated
animals (40%) exhibited reactive stroma and intra-luminal focal hyperplasia in hemotoxylin and eosin stained MGs at PND 120.
Furthermore, Mn exposure resulted in elevated protein expression levels of estrogen receptor o, activator protein 2a, phosphory-
lated (p)-Akt, and p53 in MGs on PND 120, but not on PND 30. Collectively, these data show that exposure to a supplemental dose
of Mn causes accelerated pubertal MG growth which can progress to adult hyperplasia; thus, providing evidence that early life Mn
exposure may increase susceptibility to breast cancer.
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estradiol (E,) during adolescence;® thus, allowing more E, to
enter the breast tissue resulting in increased breast epithelial
growth.’ Therefore, prepubertal exposure to environmental
factors that regulate E, during puberty could have a sub-
stantial impact on mammary gland (MG) development and
subsequent breast cancer risk.

Introduction

There is strong evidence that breast cancer incidence is
influenced by interactions between the environment and
unknown predisposing genes. One of the keys to preventing
breast cancer is to identify environmental factors and devel-
opmental time points that increase the overall risk for - )
developing this disease in order to eliminate overexposure. Manganese (Mn) is a naturally abundant environmental
With regard to this, adolescence is a critical window of trace mineral that is found in all tissues and is required for
increased susceptibility to environmental influences.'” normal physiological processes in all animals. In general, it
Altering the timing of normal developmental and repro- s required for normal amino acid, lipid, protein, and carbo-

ductive events during this time has been shown to have a
significant impact on a women’s susceptibility to breast
cancer. In that, epidemiological studies have demonstrated
that early age at menarche is associated with a 10-20%
increase in breast cancer risk.*” One explanation for the
elevated risk due to precocious puberty is prolonged expos-
ure of the breast to estrogens as a result of higher levels of
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hydrate metabolism.'® Furthermore, there are several Mn-
dependent enzyme families including oxidoreductases,
transferases, hydrolases, lyases, isomerases, and ligases.11
Mn is known to be both beneficial and harmful, but both
excesses and deficiencies can cause serious health problems,
including reproductive dysfunction'>"® in men and
women. Numerous studies support the potential for
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excess prepubertal Mn exposure in humans making it
plausible that the element could influence developmental
processes that regulate MG development. Mn is found in a
variety of foods and many geographical regions have
higher levels of Mn in the drinking water.'® High levels of
this element have been found in soy baby formulas leading
to elevated serum levels;'”™"? thus identifying infants and
children as being more sensitive to excess Mn exposure.'**”

The potential for an essential environmental dietary
element, such as Mn, to regulate pubertal MG development
subsequently leading to increased breast cancer risk is
intriguing. The MG is unique because it forms postembryo-
nically, mainly during adolescence, undergoing dynamic
pre- and postpubertal developmental changes. This pro-
vides a critical window of susceptibility to environmental
influences. Recently, we showed that prepubertal exposure
to Mn induces precocious puberty in rats via centrally
mediated events.”® Specifically, Mn has been shown to pre-
cociously activate the Rheb-mTOR pathway leading to
increased gonadotropin-releasing hormone (GnRH) gene
expression in the preoptic area and rostral hypothalamic
area.”! Furthermore, Mn activates the cGMP-PKG pathway
stimulating GnRH peptide release from the basal hypothal-
amus;?? hence, resulting in elevated puberty-related hor-
mones including E»?*** During normal pubertal MG
development, E, is the main steroidogenic signal that
drives growth and differentiation.”> > In the normal adult
gland, E; has a limited influence on proliferation, at least in
part, due to estrogen receptor o (ERa) degradation in cells
that have entered the cell Cycle.26 However, in breast cancer,
ERa is highly expressed and, as a consequence of E, stimu-
lation, has been shown to promote growth and invasion of
MG epithelial cells expressing ERo.*” " In this regard, two-
thirds of all human breast cancers are ERa positive.®" It has
been suggested that centrally mediated precocious puberty
resulting in earlier exposure to E; alters MG cell fate leading
to increased responsiveness to the proliferative actions of
the hormone in the adult gland. Currently, there is a lack of
studies that show atypical growth and altered cell fate in the
adult MG as a consequence of environmental influences on
centrally mediated endogenous estrogen signaling during
puberty. Furthermore, no study to date has investigated
whether prepubertal exposure to low levels of Mn can sig-
nificantly contribute to this process. In the current study, we
determined if Mn exposure only during juvenile/peripu-
bertal development could accelerate pubertal MG develop-
ment (in an estrogen-dependent manor) resulting in noted
morphologic and protein changes in the adult MG that are
commonly seen in breast cancer.

Material and methods
Animals

Female rats of the Sprague Dawley line raised in our colony
were used for these experiments. Females were housed
under controlled conditions of temperature (23°C), lighting
(lights on: 6:00 h; light off: 18:00 h) and ad libitum access to
food and deionized water. The diet (Harlan Teklad 2016
rodent chow; Harlan Laboratories, Indianapolis, IN) con-
tained 91mg/kg Mn and 197mg/kg of iron (Fe) as

determined by the Heavy Metal Analysis Laboratory,
Department of Veterinary Integrative Biosciences, College
of Veterinary Medicine, Texas A&M University. All proced-
ures were approved by University Animal Care and Use
Committee and in accordance with the National Institutes
of Health Guidelines for the Care and Use of Laboratory
Animals.

Experimental protocol

Following normal delivery, litters were culled to 10-12 pups
with at least 5-6 females per litter. Half of the female pups
from each dam were designated as saline-treated (controls)
and the other half Mn-treated. On postnatal day (PND) 12,
the female pups began to be dosed daily via gastric gavage
with 10mg/kg MnCl, or an equal volume of saline. The
dosing regimen continued through PND 29. We have
shown previously that this is the minimum effective dose
resulting in female precocious puberty.?’ On PND 30 half of
the females in each group were killed by decapitation and
the blood and MGs were collected and prepared for ana-
lysis as described below. Between PND 119 and 122
(referred to throughout as PND 120), the remaining animals
in both groups were killed and their tissues collected. Using
criteria we have described previously,g’z’33 the PND 30 ani-
mals were confirmed to be immature (anestrous) and in the
late juvenile stage of rodent development, and the cycling
PND 120 animals were confirmed to be in the diestrus stage
of the estrous cycle.

Mammary whole gland morphological analysis

MG whole mounts were processed similarly as previously
described®* with the following modifications. On PND 30,
the #4 right abdominal MGs from control and Mn-treated
animals were removed and placed in Carnoy’s fixative at
room temperature (RT) for 3 days. Next, slides were washed
with 70% ethanol (EtOH) for 1h, distilled water for 30 min,
and placed in Carmine Alum stain for 4 days at RT. MGs
were dehydrated with EtOH 70, 95, 100% for 1h each and
cleared in xylene for 2 days at RT. Each gland was then
placed on a slide mounted in permount under a coverslip
and analyzed under an Olympus CKX41 microscope.

The number of MG terminal end buds (TEB), alveolar
buds (ABs), lobular type 1 (Lobl), and terminal ducts
(TD) was counted in a localized exterior area (opposite of
the nipple), previously described as Zone C.*® The number
of each of the above ductal structures was counted in all of
the MGs analyzed (N =7, saline; N=8, Mn). The mean
number of each of these structures per group was calculated
and statistical analysis between groups was assessed.

Mn measurements in MG tissue analysis

Mn was measured in MG tissue by the Texas A&M
University Heavy Metal Analysis Laboratory. Tissues
were digested following the standard protocol of da Silva
et al.’® with slight modifications that we have described
previously.” Tissues were analyzed using a PerkinElmer/
Sciex DCR II inductively coupled plasma-mass
spectrometer.
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Justification of Mn dose

We previously established that the 10mg/kg dose of Mn
used in this study was the lowest effective dose capable of
centrally mediating elevated levels of E,, resulting in preco-
cious puberty.?’ In addition, this dose has no known toxic
effects in rats when administered as described. Importantly,
the dose used and route of exposure are relevant to human
consumption habits. The U.S National Research Council
sets “Estimated Safe and Adequate Daily Dietary Intake”
(ESADDI) age-related levels of Mn for infants and children
as follows: 0.6-1.5mg of Mn (infants to children 3 years of
age), 1-2mg of Mn (children 4-10 years of age), and 2-5mg
of Mn (children 10 years and older).”” Based on our previ-
ous studies, Mn taken in by pups consuming commercial
rodent chow on an ad lib basis increases from about
0.28 mg/day to about 1.4mg/day. During this same time
(PND 12-30), treated female rats in our study were supple-
mented by gavage with 10 mg of Mn/kg animal/day. Thus,
at 15 days, they are exposed to a total of 0.53 mg of Mn/day
(food +Mn supplement) and this amount gradually rises to
a total of 2.4mg of Mn/day (food +Mn supplement) just
before puberty. Collectively, the total daily amount of Mn
consumed by rats in our study did not exceed the ESADDI
intake amounts of this element for infants and children,®”
which highlights the relevance of this study to human
health concerns.

Histological analysis and immunohistochemistry (IHC)

The #4 abdominal MG was harvested, placed in 4% paraf-
ormaldehyde in phosphate buffered saline (PBS) and were
sent to the Histology Core, Texas A&M University, for par-
affin embedding. Ten serial sections (5 pm thick) were cut,
placed on slides, deparaffinized using xylene, and grad-
ually hydrated using a series of ethanol washes. Five of
the sections per animal in each group were stained with
hemotoxylin and eosin (H&E) and the other five section
used for IHC.

IHC. Following rehydration, sections were place in 0.01 M
citrate buffer (pH 6.0) in stainless steel pressure cooker for
5min for antigen retrieval. Sections were washed in tap
water and tris buffer (pH 7.6) for 5min each and then
placed in 1% Hy0O, in tris-buffered saline (TBS) for 30 min
to block endogenous peroxidase activity. After a 1h incu-
bation in 2.5% normal goat serum, sections were incubated
with Ki67 antibody (1:1000; Novacastra Laboratories Ltd,
New Castle, United Kingdom) overnight at 4°C. Sections
were washed in TBS, incubated in biotinylated goat anti-
rabbit (Vector Laboratories, Burlingame, CA) for 1h at RT,
followed by avidin peroxidase using the Vector ABC Elite
Kit (Vector Laboratories) for 30 min and then washed in TBS
and water. Chromogenic reaction was carried out by 3'-3’
diaminobenzidine solution (Vector Laboratories), washed
with water and counterstained with methyl green (Vector
Laboratories) then dehydrated with graded ethanols,
xylene, and coverslipped. Microscope images were taken
using a Leica DM500.

To determine the percentage of MG epithelial cells that
stained positive for Ki67 at PND 30, three serial sections per
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animal (N =5) per treatment group were analyzed. At PND
120, five serial sections per animal (N =06) per treatment
group were analyzed. The number of Ki67 positively
stained ductal epithelial cells relative to the total number
of ductal epithelial cells per section was averaged per
animal and compared between groups.

Western blot analysis

Mammary tissues were homogenized in 1% Igepal CA-630,
20mM Tris-Cl, pH (8.0), 137 mM NaCl, 2mM ethylenedia-
minetetraactic acid (EDTA), 10% glycerol, 10 mM sodium
pyruvate, 10mM sodium fluoride, 1 mM sodium orthova-
nadate, 1mM phenylmethylsulfonyl fluoride and 0.25%
protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO)
at 4°C. The homogenates were incubated on ice for 30 min
and centrifuged at 12,000¢ for 15 min. The concentration of
total protein in the resulting supernatant was determined
by the RC DC protein assay (Bio-Rad Laboratories) using
bovine serum albumin as standard. Immunoblot analysis
was performed by solubilizing the proteins (100 ug) in a
sample buffer containing 25mM Tris-Cl, pH 6.8, 1%
sodium dodecyl sulfate (SDS), 5% B-mercaptoethanol,
1mM EDTA, 4% glycerol, and 0.01% bromophenol blue
and electrophoresed through 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions for phospho-ERK1/2 (mouse monoclo-
nal 1:5000; Abcam Inc., Cambridge, MA), extracellular
signal-regulated kinase 1/2 (ERK1/2) (mouse monoclonal
1:5000; Abcam Inc. Cambridge, MA), phospho-Akt (rabbit
polyclonal 0.4 pg/mL; Abcam Inc., Cambridge, MA, Akt
(rabbit polyclonal 1:1000; Abcam Inc., Cambridge, MA),
ERo.  (mouse monoclonal 1pg/mL; Abcam Inc,
Cambridge, MA), p53 (goat polyclonal 1:700; R&D
Systems, Minneapolis, MN), and activator protein 2o
(AP20; rabbit monoclonal 1:250; Cell Signaling Tech, MA).
The separated proteins were electrophoretically trans-
blotted onto polyvinylidene difluoride membranes.
Following transfer, membranes were blocked with 5%
nonfat dried milk/0.1% Tween 20 in PBS (pH 7.4) for 3h
and subsequently incubated at 4°C overnight with primary
antibodies. After the incubation, membranes were washed
in PBS/0.1%Tween-20 and then incubated for 2 h at RT with
secondary antibodies: ERK1/2, goat anti-mouse 1:30,000;
Akt, goat anti-rabbit 1:40,000; ERo, goat anti-mouse
1:10,000; p53, donkey anti-goat 1:20,000; AP2a, goat anti-
rabbit 1:10,000 (all purchased from Santa Cruz Biotech,
CA). Following washing, the specific signals were detected
with the enhanced chemiluminescence (Western Lightning
Plus-ECL, PerkinElmer, Shelton, CT) and quantified with
NIH Image ] software version 1.43 (National Institutes of
Health, MD). Subsequently, membranes were stripped
using Re-Blot Plus kit (EMD Millipore, Temecula, CA)
and reprobed with a mouse monoclonal antibody to the
B-actin (1:50,000; Sigma-Aldrich, MO) and goat anti-
mouse secondary antibody (1:50,000; Santa Cruz Biotech,
CA) to normalize for the amount of sample loading.
Following washing, the detection and quantitation of
B-actin was done as described earlier.
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Effects of prepubertal exposure to Mn on serum levels of E, at PND 30 and 120. (a) Mean (=SEM) serum levels of E, were significantly increased in

prepubertal females treated with Mn (10 mg/kg) compared to saline controls at PND 30. (b) There was no difference in mean (+=SEM) serum E; levels between groups at
PND 120. Bars represent an N of 7 animals per group at PND 30 and an N of 17 animals per group at PND 120. *=p <0.05

Hormone and statistical analysis

Blood was collected from saline controls and Mn-treated
animals, centrifuged at 3,000 for 30 min, and serum was
removed for measurement of E, using a mouse/rat estra-
diol enzyme-linked immunosorbent assay (ELISA) assay
from Calbiotech (Spring Valley, CA). The assay sensitivity
was 3 pg/mL.

Differences between saline control and Mn-treated
groups were analyzed by the unpaired Student’s f-test
assuming random sampling. Probability values < 0.05 were
considered to be statistically significant. The IBM PC pro-
grams INSTAT and PRISM software (GraphPad, San Diego,
CA, USA) were used to calculate and graph the results.

Results
Effects of Mn on MG ductal differentiation at PND 30

Previously we showed that prepubertal Mn exposure acti-
vates GnRH and gonadotropin release, resulting in elevated
serum E, levels and subsequently, precocious puberty in
female rats.?’ Because of this action, we assessed whether
this early Mn exposure model would cause advanced mam-
mary development. As expected, 30-day-old Mn-treated
rats showed a twofold increase (p <0.05) in serum E,
levels compared to saline-treated controls (Figure 1(a)).
This coincided with morphological changes observed in
the MG at PND 30. In Figure 2, whole mount analysis
revealed that while Mn treatments did not alter MG
ductal elongation (not shown), it did increase differenti-
ation of the gland, as indicated by the number of terminal
ductal epithelial structures present on PND 30.
Representative whole mount images of the right #4 abdom-
inal MG illustrate the noted morphological changes in
Mn-exposed animals (Figure 2(b) and (d)) compared to
saline-treated controls (Figure 2(a) and (c)). Specifically,
Figure 2(e) shows that the mean number of TEB, undiffer-
entiated progenitor cells, was lower (p < 0.001) in prepuber-
tal animals receing Mn supplementation compared to the
saline controls on PND 30. As such, Figure 2(f) shows that
Mn exposure resulted in a marked increase (p <0.0001) in
the mean number of ABs compared to controls.
Furthermore, Figure 2(g) and (h), respectively, shows that
Mn caused an increase (p <0.01) in the mean number of
Lobl structures, as well as an increase (p <0.05) in the

mean number of TD compared to their respective saline
controls on PND 30. It is important to note that the concen-
tration of Mn (mean =+ standard error of the mean (SEM))
within the MGs was not different on PND 30 between saline
(0.12+£0.02ppm) and Mn-treated (0.16£0.06 ppm) rats,
indicating that Mn did not accumulate in the gland.

Effects of Mn on MG ductal proliferation and protein
expression at PND 30

To determine if the increased MG growth corresponded to
changes in proliferation, we compared Ki67 staining from
saline controls and Mn-treated rats. Figure 3(a) and (b)
depicts representative IHC images and cell counts from
all sections, respectively, demonstrating the increased
(p < 0.001) expression of Ki67 positive staining in MG lumi-
nal epithelial cells from Mn-treated rats compared to the
saline controls at PND 30. Supporting this, Western blotting
showed that Mn exposure resulted in increased (p < 0.05)
phosphorylation of the mitogenic signaling protein ERK1/2
in epithelial enriched protein MG lysates at PND 30 (Figure
4(a) and (b)), but protein expression for phosphorylated Akt
(Figure 4(c) and (d)), ERa, AP2a, and the tumor suppressor
P53 was not altered (Figure 5(a) and (c) to (e)).

Effects of Mn on MG ductal proliferation and protein
expression at PND 120

The increase in luminal epithelial proliferation observed at
PND 30 was sustained at PND 120—90 days after the last
dose of Mn was administered. Specifically, Figure 3(c)
shows representative IHC images with a greater intensity
of nuclear Ki67 staining in abdominal MGs from Mn-
exposed animals compared to the saline controls at PND
120. This is further demonstrated by a more than twofold
increase (p < 0.001) in the mean percentage of MG luminal
epithelial cells staining positive for Ki67 in Mn-treated rats
(Figure 3(d)). It is also important to note the decrease in the
number of proliferating cells in adult glands collected from
saline control animals during diestrus at PND 120 (21%;
Figure 3(d)), compared to the percentage of Ki67 positive
cells in developing glands collected at PND 30 (38%;
Figure 3(b)). Similarly, there was a marked decrease in cell
signaling protein expression levels in MGs from diestrus
animals at PND 120; thus, signifying maturation of the
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Figure 2 Mn exposure increases MG differentiation at PND 30. Representative images of abdominal mammary gland #4 taken from rats dosed from PND 12 until
PND 29 with either 0.9% saline solution (a and c) or 10mg/kg MnCl, (b and d). Note the increased expression of TEBs in controls (c) compared to increases in the
differentiated gland structures: ABs and Lob1s in Mn-treated glands (d). (¢) Mn exposure resulted in a significant decrease in the mean (+SEM) number of TEBs
compared to saline controls at PND 30. (f) to (h) The mean (£SEM) number of differentiated terminal MG structures: ABs, Lob1, and TDs, respectively, was all increased
in the Mn-treated versus saline control animals at PND 30. Bars represent an N of 7 (saline) and N of 8 (Mn) animals per group. Representative image of MG structures
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Figure 3 Effects of Mn on MG proliferation at PND 30 and 120. (a) Representative images showing Ki67 staining in the #4 abdominal MG from saline control (top
panel) and Mn-treated (bottom panel) rats at PND 30. Note the increased dark nuclear staining in MG luminal epithelial cells from the Mn-treated females compared to
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rats at PND 120. (d) Cell counts depicting the increased mean (+SEM) percentage (%) of cells at PND 120 that stained positive for Ki67 in MGs from Mn-treated animals
compared to the saline controls. Bars represent 15 images per group (three serial sections from each of the five animals per group) in panel b and 30 images per group
(five serial sections from each of the six animals per group) in panel d. *=p <0.05; **=p < 0.01; **=p < 0.001

adult gland (Figures 4 and 5). However, there was a signifi-
cant alteration in the expression levels of MG cell signaling
proteins in the Mn-treated group compared to PND 30.
Western blotting showed that Mn exposure resulted in
increased (p <0.01) phosphorylation of the cell signaling
protein Akt (pAkt) in epithelial enriched MG lysates at
PND 120 (Figure 4(c) and (d)), whereas expression of
pERK1/2 was unaltered (Figure 4(a) and (b)).
Furthermore, the levels of expression for ERa, AP2a, and
p53 proteins in epithelial enriched MG lysates were signifi-
cantly elevated (p<0.05 to p<0.001) in the MGs of
Mn-treated compared to control animals at PND 120
(Figure 5(b) to (e)). These changes in MG signaling were
not observed at PND 30 (Figures 4 and 5).

Effects of Mn on MG hyperplasia at PND 120

Given the persistent epithelial cell proliferation noted
between PND 30 and 120 due to prepubertal Mn treatments,
H&E stained sections of the #4 abdominal MGs from PND

120 saline control (Figure 6(a)) and Mn-treated rats
(Figure 6(b) to (f)) were assessed for aberrant growth.
Strikingly, 40% of the MGs from the Mn-treated rats (two
out five animals) exhibited dense irregular interlobular con-
nective tissue and reactive stroma (Figure 6(b) and (d)), and
20% of the glands (one of five animals) had observable areas
of intra-luminal focal hyperplasia (Figure 6(c) to (f)) com-
prised of disorganized epithelial growth (Figure 5(c) and
(d)) and epithelial filling of ducts (Figure 6(e) and (f)).
These observations were confirmed on multiple histological
serial sections (four to five per animal) of ducts and never
seen in the saline control animals at PND 120 or in either
group at PND 30. Furthermore, the serum E, levels from
both control and Mn-treated rats were not different during
diestrus at PND 120 (Figure 1(b)).

Discussion

While it has been established that Mn is required for normal
physiological processes, no study to date has suggested that
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a timely, modest elevation may alter MG developmental
process that increase the glands susceptibility to tumorigen-
esis. This is important given the element is prevalent in the
environment, as is found in food, water, soil, and air. Some
places have higher levels of Mn than others and certain
cultures consume greater amounts of the element in their
diet. Elevated levels of Mn have been reported in infants
and children'®'*?*3? and both have been identified as being
more sensitive to excess Mn exposure.'®®' Thus, this com-
bination of environmental influences, especially in infants
and children which are particularly vulnerable, may result
in elevated Mn exposure that could potentially be harmful.
Importantly, the 10 mg/kg daily supplemental dose of Mn
used in this study did not exceed daily intake amounts pre-
viously set by the U.S. National Research Council.
Therefore, we have shown that exposure to elevated yet
realistic daily amounts of Mn, during a critical developmen-
tal window, predisposes the MG to premalignant
transformation.

Our data suggest that Mn, through elevated precocious
levels of E,, accelerates prepubertal MG development.

In this regard, morphological assessments confirmed that
Mn-treated females showed significant decreases in the
number of undifferentiated epithelial structures (TEBs)
with significant increases in differentiated structures (ABs,
Lobls, and TDs). These observations were apparent in the
most actively growing region of the developing MG.*
Importantly, the observed morphological changes at PND
30 were associated with a twofold increase in serum E,
levels in Mn-treated animals. It has been well established
that receptor-dependent E, signaling is necessary for epi-
thelial differentiation during pubertal MG develop-
ment. 043 Conversely, studies have shown elevated levels
of estrogen or estrogenic compounds will advance growth
of the gland.**** Prior to first ovulation, prepubertal
development is marked by TEB-mediated ductal elongation
regulated by reproductive hormones and locally acting
growth factors.*®*° After pubertal onset, the MG is highly
hormone dependent primarily due to the establishment of
cycling levels of E; and progesterone necessary to complete
alveolar differentiation (AB and Lobl structures) of the
virgin gland.”® The fact that we observed a higher presence
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Figure 5 Effects of Mn on MG protein expression of ERa, AP2a, and p53 at PND30 and 120. (a) Representative immunoblots showing expression of ERa, AP2q, and
p53 proteins in MGs from saline (lanes 1-3) and Mn-treated (lanes 4-6) rats at PNDs 30. (b) Representative immunoblots showing expression of ERa, AP2q, and p53
proteins in MGs from saline (lanes 1-3) and Mn-treated (lanes 4-6) rats at PNDs 120. (c) Depicts the quantitation of mean (+SEM) ERa protein levels in MGs from all
animals at PNDs 30 and 120. (d) Depicts the quantitation of mean (£SEM) AP2a protein levels in MGs from all animals at PNDs 30 and 120. (e) Depicts the quantitation of
mean (=SEM) p53 protein levels in MGs from all animals at PNDs 30 and 120. Bars represent an N of 4-5 (PND 30) and 6-7 (PND 120) animals per group. *=p < 0.05;

*—p <0.01; ** =p <0.001

of postovulatory structures at PND 30 suggests that the
precociously elevated levels of E, induced by Mn are cap-
able of promoting growth of the prepubertal MG.
Supporting this, similar MG morphological structures
have been observed in prepubertal rats exposed to the
environmental endocrine disruptor diethylstilbestrol, a

synthetic estrogen.”” While our data does not eliminate
the possibility that Mn may directly influence MG prolifer-
ation, this scenario is unlikely. First, we observed no differ-
ences in Mn accumulation in the MGs of controls compared
to Mn-treated animals at PND 30. Furthermore, our previ-
ous studies have established that Mn accumulates in the
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Figure 6 Mn causes aberrant MG growth at 120 days of age. This figure shows representative H&E images of MG ducts at 120 days of age in saline (a) and
Mn-treated (b-f) rats. Prepubertal exposure to Mn resulted in reactive stroma (b and d), intra-luminal focal hyperplasia (arrows; ¢ and d), and MG ductal filling (arrows; e
and f). None of these observations were noted in saline control animals at PND 120 or in either group at PND 30 (not shown). Images taken from an N of 5 animals per

group. Scale bar for panels c—f is located in panel ¢

hypothalamus and is capable of inducing prepubertal
GnRH regulated increases in levels of serum LH and Ey;
hence, resulting in precocious pubertal onset.?’ In addition,
MnCl, at 1.0 uM has been shown to be only 9% as efficient
as 17-B estradiol in activating E, receptor-dependent tran-
scriptional activity in the Michigan Cancer Foundation
(MCEF-7) human breast cancer cell line.”* Therefore, these
data collectively suggest that Mn advances virgin MG
development indirectly by centrally activating the hypo-
thalamic-pituitary-ovarian axis.

The noted increase in differentiated structures present in
the prepubertal MG (PND 30) of Mn-treated animals dir-
ectly correlated with a significant increase in luminal epi-
thelial cell proliferation. This corresponded with increased
pERK1/2 signaling in MGs from Mn-treated animals. This
could account, in part, for their robust proliferative MG
growth. Interestingly, we observed that luminal epithelial
cell proliferation was also significantly increased in adult
MGs from Mn-treated animals at PND 120. As expected,

proliferation in control animals at this time point had
decreased. This suggests that Mn-induced estrogen regu-
lated prepubertal MG growth modified cellular turnover,
resulting in sustained proliferative growth between PND
30 and 120. Importantly, this event is indicative of early
stages of MG tumorigenesis.”” Studies hypothesize that a
precocious elevation in estrogens, associated with centrally
mediated early pubertal onset, plays a pivotal role in
reorganization of tissue interactions within the MG result-
ing in altered cell fate.”>>° While the mechanisms involved
are unclear, we observed a change from increased pERK1/2
protein expression in MGS from Mn-treated animals at
PND 30 to increased pAkt protein expression in prolifera-
tive adult glands on PND 120. Akt, an effector of the phos-
phatidylinositol 3-kinase pathway, is known for regulating
pro-survival and growth-promoting signaling.
Furthermore, Akt is associated with invasive breast cancer
and pAkt status has been proposed as a biomarker for pre-
dicting therapeutic response to treating breast cancer.
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Interestingly, ligand-dependent ERa extranuclear signaling
has been shown to cause proliferation of MCF-7 cells via Src
kinase activation of PI3-K triggering Akt upregulation of
cyclin D1.5° Therefore, Mn stimulated precocious MG
development may result in altered cell signaling pathways
regulating apoptosis, a common regulatory event found in
breast cancer.”’

The Mn-induced advancement of E,-mediated MG
development resulted in MG deregulation as a consequence
of amplified proliferative growth in adult glands at PND
120. This resulted in reactive stroma, disorganized MG
luminal epithelial growth, and epithelial filling of ducts in
postpubertal MGs from Mn-exposed animals. These histo-
logical observations are known indicators of hyperplasic
MG growth. These observations were surprising given
these animals had not been exposed to Mn for 90 days
and serum E, levels in these animals were similar to con-
trols. However, this can be clarified by the noted change in
expression levels of ERa in the adult gland. While it is
widely known that ligand-dependent ERa activation and
expression plays a major role in promoting both normal
and malignant breast epithelial cell proliferation, the mech-
anisms are different. In both the developing and normal
adult virgin MG, estrogen-mediated epithelial cell prolifer-
ation occurs in ERa negative (ERo-) cells, through a com-
plex paracrine mechanism regulated by ERa positive
(ERa+) cells.”®® In the normal adult virgin MG, estro-
gen-mediated epithelial cell proliferation, while not as
robust, also occurs in ERo— cells, but primarily due to
ligand-dependent downregulation of ERo expression in
cells that have entered the cell cycle®® Conversely, in
ERa+breast cancer, proliferative tumor cells are ERa+.%
Similarly, we observed that ERo protein expression,
although not different, was considerably higher in pre-
pubertal MGs (PND 30) in both groups (indicative of a
developing gland) compared to their respective adult
virgin MGs (PND 120). However, there was a significant
upregulation in ERo protein expression in adult MGs
from Mn-treated rats compared to controls on PND120.
This noted difference was associated with increased cellular
proliferation and hyperplasic MG growth in these animals.
We suggest that earlier prepubertal exposure to E,, as a
result of Mn, alters postpubertal E, signaling due to a
higher presence of ER+ cells that directly promote ligand
dependent proliferation. This creates a postpubertal gland
that is more responsive to normal cyclic levels of E, that
subsequently lead to aberrant growth as a consequence of
cumulative endogenous stimulation.

Supporting our hyperplasic phenotype generated by
prepubertal Mn supplementation, we noted increased
expression levels of cell cycle regulatory proteins known
to be expressed in ERo+ clinical breast cancer.®’*® We
observed a significant increase in protein expression of
the transcription factor AP20 and the tumor suppressor
p53 in adult glands of Mn-treated animals at PND
120 —actions that were observed with increased protein
expression of ERa.. The simultaneous expression of these
known cell cycle regulators in proliferating glands is not
surprising. Nuclear expression of AP2u has been shown
to positively associate with ERa expression in clinical

breast cancer® and ERo positive human breast cancers
express wild-type p53.°"°*%* P53 plays a major role in sen-
sing cell stress and responding to DNA damage, suggesting
the p53 induction that we observed at PND 120 could be an
attempt to regulate the aberrant cellular proliferation of the
MG between PND 30 and 120. AP2o has been shown to
directly interact with p53 to regulate gene expression con-
trolling cell growth.®>®® Stabach et al.”” showed that
increasing levels of AP2« can alter the stability of p53 limit-
ing the proteins ability to mediate cell cycle regulation.
Therefore, the noted increase in AP2a at PND120 may
alter the ability of these proteins to regulate cell prolifer-
ation. Furthermore, the increased expression of ERa at
PND120 could be a consequence of p53 induction. Shirley
et al.®® showed that p53 increases transcription of the ER
gene promoter in MCF-7 cells, establishing a functional link
between p53 expression and the growth-promoting action
of ERa in breast cancer progression. Collectively, the com-
bined elevated expression levels of ERa, AP20, and p53 at
PND 120 suggests that these cells are in early stages of
malignant transformation.

Epidemiological data show that early pubertal onset
results in a 10-20% increase in developing breast
cancer,*>” which is a significant concern, as recent studies
have shown that puberty in girls is occurring at an earlier
age®®”? with no identifiable cause in over 95% of the cases.
Elucidating how early pubertal events contribute to breast
cancer risk has been complicated. This is, in part, due to the
difficulty in identifying factors that augment normal neu-
roendocrine pathways that regulate pubertal onset. In add-
ition, there is a lack of in vivo models that closely mimics the
complex hormone milieu that accompanies this stage of
development. We previously established that Mn acts cen-
trally to replicate the hormonal milieu that regulates pub-
erty except that these events are advanced®”" resulting in
Mn-induced precocious puberty. Using this model, we have
revealed an altered outcome within the adult virgin gland,
in that 20% of the Mn-treated animals showed MG hyper-
plasia. These findings are significant because we have
identified Mn as potential causal link between environmen-
tal/life style induced early pubertal onset and breast
cancer risk.

In conclusion, we clearly show that prepubertal expos-
ure to elevated but environmentally relevant levels of Mn
results in a peripubertal increase in serum E, which is
associated with precocious MG development. These puber-
tal changes lead to increased expression of ERa and asso-
ciated proteins resulting in sustained MG proliferation and
hyperplasia in some of the adults. This study shows that
Mn exposure during juvenile developmental can stimulate
pubertal MG growth rendering it more conducive to
tumorigenesis. We suggest that the normally beneficial
effect of Mn at puberty can be harmful if an individual is
exposed to elevated but low amounts of the metal at earlier
ages of life.
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