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Abstract
Purpose—Exposure to ionizing radiation is an established risk factor for breast cancer. Radiation
exposure during infancy, childhood, and adolescence confers the highest risk. Although radiation
is a proven mammary carcinogen, it remains unclear where it acts in the complex multistage
process of breast cancer development. In this study, we investigated the long-term
pathophysiologic effects of ionizing radiation at a dose (2 Gy) relevant to fractionated
radiotherapy.

Methods and Materials—Adolescent (6–8 weeks old; n = 10) female C57BL/6J mice were
exposed to 2 Gy total body γ-radiation, the mammary glands were surgically removed, and serum
and urine samples were collected 2 and 12 months after exposure. Molecular pathways involving
estrogen receptor-α (ERα) and phosphatidylinositol-3-OH kinase (PI3K)-Akt signaling were
investigated by immunohistochemistry and Western blot.

Results—Serum estrogen and urinary levels of the oncogenic estrogen metabolite (16αOHE1)
were significantly increased in irradiated animals. Immunostaining for the cellular proliferative
marker Ki-67 and cyclin-D1 showed increased nuclear accumulation in sections of mammary
glands from irradiated vs. control mice. Marked increase in p85α, a regulatory sub-unit of the
PI3K was associated with increase in Akt, phospho-Akt, phospho-BAD, phospho-mTOR, and c-
Myc in irradiated samples. Persistent increase in nuclear ERα in mammary tissues 2 and 12
months after radiation exposure was also observed.

Conclusions—Taken together, our data not only support epidemiologic observations associating
radiation and breast cancer but also, specify molecular events that could be involved in radiation-
induced breast cancer.
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Introduction
On the basis of epidemiologic studies conducted on atomic bomb survivors and on patients
receiving radiotherapy, ionizing radiation exposure has been established as a breast cancer
risk factor (1). Breast cancer risk after radiation exposure is considered to be age dependent,
with maximum risk for adolescent women. Studies have also shown that diagnostic and
therapeutic radiation exposure can lead to cumulative breast tissue doses ranging from 0.02
to 2.8 Gy with increase in breast cancer risk (2, 3). Furthermore, in a population-based case
study, Ma et al. have shown that diagnostic radiation exposure of mammary glands increases
the risk of developing breast cancer by twofold relative to control groups (4). Importantly,
fractionated radiotherapy for cancer, including breast cancer, commonly uses a daily dose of
2 Gy, and breast cancer radiotherapy to patients under 45 years of age has been suggested to
enhance the risk for the development of cancer in the contralateral breast, with a relative risk
of 1.59 (2).

Estrogen exposure is also important in the context of radiation-induced mammary cancer,
and studies in rats have shown that estrogen promotes radiation-induced carcinogenesis (5).
Furthermore, several downstream estrogen metabolites have been proposed as markers for
the risk of mammary carcinogenesis. The 16α-hydroxy metabolite 16α-hydroxyestrone
(16α-OHE1) is biologically active, whereas the 2-hydroxy metabolite 2-hydroxyestrone (2-
OHE1) is not (6). Interestingly, of these two metabolites, only 16α-OHE1 has a significant
affinity for the estrogen receptor (ER), and low urinary 2-OHE:16α-OHE ratios have been
reported to be associated with an increased risk of breast cancer (6, 7).

Estrogen signaling and ERα are strongly associated with breast cancer initiation and
progression, either by directly activating estrogen-responsive genes such as cyclin-D1 and c-
Myc or by activating other proproliferative and prosurvival pathways such as
phosphatidylinositol-3-OH kinase (PI3K)-Akt. Studies have demonstrated that membrane
ERα interacts with p85α, one of the regulatory subunits of PI3K (8), and activation of PI3K
results in the phosphorylation of its principal downstream effector Akt. Enhanced Akt
activity observed in several cancers is linked to decreased apoptosis and increased cell
growth (9). Akt suppresses cell death by direct phosphorylation and consequent inhibition of
pro-apoptotic proteins like Bcl2-associated death promoter (BAD) and promotes cell growth
by activating downstream effectors such as mammalian target of rapamycin (mTOR).
Moreover, Cyclin D1, a known proto-oncogene, is stabilized after Akt-mediated
phosphorylation of its negative regulator glycogen synthase kinase 3β (GSK3β), which may
further aid in cellular proliferation. Even though radiation is a breast cancer risk factor and
estrogen/ER enhances cell proliferation, the precise mechanisms by which radiation plays a
role in the complex multistage signaling processes responsible for breast cancer initiation
and progression are not yet fully explored.

In the present study, we investigated the long-term effects of acute whole-body exposure to
2 Gy γ-radiation on the mammary glands of 6- to 8-week-old female C57BL/6J mice. Our
observations showed that radiation exposure caused a sustained increase in the levels of
circulating serum estrogen and upregulation of ERα levels and the activation of the PI3K-
Akt proliferative pathway in mammary glands. Radiation exposure also induced long-term
shifts in the levels and ratio of estrogen metabolites, with implications for epithelial cell
proliferation in the mammary glands.
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Methods and Materials
Mice

Female C57BL/6J mice 6 to 8 weeks old were purchased from Jackson Laboratories (Bar
Harbor, ME). All animals were housed in an air- and temperature-controlled room with 12-
hour dark and light cycle maintained at 22°C in 50% humidity. The mice received certified
rodent diet along with filtered water ad libitum. All animal procedures were performed
according to protocols approved by the Institutional Animal Care and Use Committee.

Irradiation and experimental groups
The mice (n = 10 per group) were exposed to 2 Gy whole-body γ-radiation (137Cs; dose rate
1 Gy/min). After irradiation, the mice were returned to their home cages and monitored
regularly. The irradiation experiments were repeated three times, serum and urine samples
were obtained, and mammary glands were surgically removed 2 and 12 months after each
exposure for further analysis. In all experiments the control mice were sham irradiated.

Urine collection
For urine collection we followed the procedure described previously (10). Briefly, mice (n =
10) were placed individually in metabolic cages (Nalgene, Tecniplast, Exton, PA) at
specified time points (2 and 12 months after exposure) for 24 hours. Urine was collected
from all the three irradiation experiments, and all the samples were stored at −80°C before
further analysis.

Tissue and blood collection
The mice were killed with CO2, blood samples were collected by cardiac puncture with
sterile 1-mL syringes and 25-gauge needles, and the mammary glands were dissected en
bloc with the fat pad from all the mice (n = 10) in each experimental group. The separated
serum samples were flash frozen and stored at −80°C for further analysis. For
immunohistochemistry, number four mammary glands were surgically removed from the
right side, laid individually on glass slides, and fixed in 10% buffered formalin, and sections
4 µm thick were prepared from paraffin-embedded tissues. The mammary glands on the left
side of the animal were flash frozen in liquid N2 and stored at −80°C for molecular assay.

Serum estradiol estimation
Serum estradiol concentrations in control and treated mice (n = 10 for each group) were
measured by using an estradiol assay kit (Cayman Chemicals, Ann Arbor, MI) according to
the manufacturer’s protocol. This is a competitive assay, measurements were performed in
triplicates, and the assay has a detection limit of approximately 20 pg/mL.

Estrogen metabolite assay
Estrogen metabolites (2OHE1 and 16αOHE1) were measured in the urine of mice (n = 10)
with the Estramet kit (Immuna Care, Bethlehem, PA) according to manufacturer’s
instructions. This is a competitive, solid-phase enzyme immunoassay, each measurement
was done in triplicate, and measurements of estradiol and its metabolite were repeated in
two other irradiation experiments. The results are expressed as nanograms of metabolites per
milliliter of urine.

Immunohistochemistry
Immunostaining (sections from 5 mice) for Ki67 (Catalog No. Sc15402; dilution 1:50; Santa
Cruz Biotechnology, Santa Cruz, CA), ERα (Catalog No. 04-227; dilution 1:50; Millipore,
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Billerica, CA), and cyclin D1 (Catalog No. 04-1151; dilution 1:150; Millipore) was
performed after antigen retrieval in pH 6.0 citrate buffer (Dako, Carpinteria, CA).
SuperPicture Third-Generation IHC detection kit (Catalog No. 87-9673; Invitrogen,
Carlsbad, CA) was used for signal detection and color development. Anatomically
equivalent parts of the gland were compared, and a total of 500 nuclei in the mammary ducts
of 10 to 15 randomly selected fields were scored for Ki67, ERα, and cyclin D1–positive
stained cells by two observers who were blinded to the experimental groups. The results are
expressed as percent of the total cells in the fields. Images were captured by bright field
microscopy at a magnification of ×60, and at least 10 images were captured from each slide.
To determine the specificity of the staining, appropriate controls were run in parallel with
the experimental slides.

Western blot
Mammary tissues (pooled samples from 5 mice) were homogenized in ice-cold protein
extraction buffer (0.5% sodium deoxycholate, 0.5% NP-40, 10 mM EDTA in phosphate-
buffered saline containing protease inhibitor cocktail [Sigma, St. Louis, MO]). The
homogenates were centrifuged at 12000 × g at 4°C for 10 minutes, and supernatants were
collected. Equal amounts of protein were resolved by SDS-PAGE, transferred onto
polyvinylidene fluoride membrane, and incubated with appropriate antibody Akt (Catalog
No. Sc-52981; dilution 1:400, Santa Cruz Biotechnology); p-Akt Ser-473 (Catalog No.
4058S; dilution 1:1000; Cell Signaling Technology, Danvers, MA); p-GSK3β Ser-9
(Catalog No. 9336S; dilution 1:1000; Cell Signaling Technology); p85α (Catalog No.
556399, dilution 1:1000; BD Biosciences, San Jose, CA); p-mTOR-ser2448 (Catalog No.
2971S; dilution 1:500; Cell Signaling Technology); p-BAD-ser136 (Catalog No. 9295S;
dilution 1:1000; Cell Signaling Technology); c-Myc (Catalog No. Sc-40; dilution 1:400;
Santa Cruz Biotechnology); β-actin (Catalog No. Sc-47778; dilution 1:2000; Santa Cruz
Biotechnology); and developed with HRP conjugated secondary antibody and ECL
detection system. Images were captured on photographic films and scanned, and
representative results were displayed. Densitometric quantification of Western blot results
was performed by using ImageJ v1.44 software.

Statistical analysis
To determine differences between the two groups, statistical analysis was performed with a
two-tailed paired Student’s t test and p < 0.05 was taken as statistically significant. Error
bars represent ± standard errors of the mean (SEM).

Results
Radiation exposure causes sustained increase in serum estradiol and urinary oncogenic
16αOHE1 metabolite

Serum estradiol concentrations in the irradiated groups measured 2 month after radiation
were approximately fivefold higher (p < 0.002) (Fig. 1A) than in the unirradiated control
groups (estradiol concentrations in the control groups: 282.25 pg/mL ± 16.28 SEM), and
even 12 months after radiation, a twofold increase (p < 0.004) in estradiol concentration was
observed in irradiated mice (Fig. 1B). Evaluation of estradiol metabolites in urine samples
12 months after radiation exposure revealed significantly higher concentrations of both
2OHE1 and 16αOHE1 in the irradiated groups than in the unirradiated mice (p < 0.04
compared with control mice for both metabolites) (Fig. 1C, D). However, there was a
decrease in the 2OHE1:16αOHE1 ratio (Fig. 1E), indicating a greater increase of the
16αOHE1 than the 2OHE1 metabolite.
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Long-term increase of ERα expression in irradiated mammary tissues
Immunohistochemical analysis of ERα in the mammary tissues of irradiated mice showed
greater nuclear staining than in the control samples at both the 2-month and 12-month time
points (Fig. 2A). Quantification of the immunohistochemical results showed, in comparison
with controls, a statistically significant increase in ERα-positive nuclei in the irradiated
samples (p < 0.003 for 2-month and p < 0.004 for 12-month samples) (Fig. 2B). Western
blot analysis showed increased levels of ERα 2 months and 12 months after irradiation (Fig.
2C), and densitometry showed significant differences in ERα levels between irradiated and
unirradiated samples (Fig. 2D) (p < 0.003 for 2-month and p < 0.0005 for 12-month
samples).

Proliferative marker proteins in mammary gland after radiation exposure
Positive staining of cells for the proliferation marker Ki-67 was increased in samples from
mice 2 months and 12 months after irradiation (Fig. 3A). Counting of Ki-67-positive nuclei
revealed that in comparison with control mice, the number of positive staining nuclei was
approximately 11-fold higher in the 2-month postirradiation samples (p < 0.0002) and was
approximately threefold higher in the 12-month postirradiation samples (p < 0.005) (Fig.
3B). In comparison with control mice, a significant increase in the number of positively
stained cells in the irradiated mammary tissues was also observed for cyclin D1 at both the
2-month (~threefold increase; p < 0.004) and the 12-month (~fivefold increase; p < 0.007)
postexposure time points (Fig. 4A, B). Western blot analysis showed that in both the 2-
month and 12-month samples, in comparison with control samples, there was a significant
increase in p85α, the regulatory subunit of PI3K (p < 0.004 for 2-month and p < 0.009 for
12-month samples). In irradiated samples, compared with unirradiated controls, we also
observed a significant increase in Akt (p < 0.004 for 2-month and p < 0.0009 for 12–month
samples) and phospho-Akt (p-Akt; p < 0.0008 for 2-month and p < 0.0003 for 12-month
samples), and an increase in downstream Akt targets phospho-GSK3β (p-GSK3β; p <
0.0003 for 2-month and p < 0.004 for 12-month samples), phospho-mTOR (p-TOR; p <
0.0008 for 2-month and p < 0.0002 for 12-month samples), phospho-BAD (p-BAD; p <
0.001 for 2-month and p < 0.007 for 12-month samples), and c-Myc (p < 0.0003 for both the
2-month and 12-month samples) (Fig. 5A, B, C).

Discussion
Our results demonstrate that exposure to 2 Gy whole-body radiation not only caused a long-
term increase in serum estrogen levels but also increased the levels of urinary estrogen
metabolites, and it shifted the ratio of those metabolites in a manner that has been associated
with increased risk of breast cancer. Not only is the radiation dose of 2 Gy relevant to
radiotherapy, but also it is important to understand the effects of cumulative radiation dose
from diagnostic procedures like roentgenography and computerized tomography, which over
the years have alarmingly increased by ~600% (11). Although much less than 2 Gy, the
radiation dose from diagnostic procedures is expected, according to the prevailing linear no-
threshold model, to show trends similar to our observations. However, further investigation
using human samples will be required to confirm our assumptions.

Epidemiologic data have revealed a strong correlation between radiation exposure and breast
cancer risk, and, interestingly, our data demonstrating persistent, radiation-induced increase
in serum estrogen levels mirror observations made in studies of hormone levels in atomic
bomb survivors (12, 13). Studies in atomic bomb survivor cohorts found higher estradiol
levels in the survivor cohort than in the nonexposed women, and report that radiation
exposure was correlated with increased levels of bioavailable estradiol and breast cancer
incidence (12, 13). Although the basal estrogen levels in our study (282.25 ± 16.28 SEM)
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are similar to what has been reported for C57BL/6J mice (14), our observations demonstrate
that mice irradiated (2 Gy) in the beginning of their reproductive life (6–8 weeks) had an
increase of approximately twofold in their serum estradiol level even 1 year after radiation
exposure. An association of increased circulating estrogen level with breast cancer risk has
been established in population-based studies and in laboratory studies (15, 16). Importantly,
increased estradiol levels in the sera of atomic bomb survivors collected from
premenopausal and postmenopausal women after radiation exposure were significantly
associated with breast cancer risk, with an odds ratio of 2.3 for premenopausal and 2.1 for
postmenopausal women (13). We believe that the increased serum estrogen levels that have
been observed after radiation exposure must be due to long-term alterations in the estrogen
biosynthetic pathways, either in the ovaries or in the peripheral tissues, and will require
additional studies to establish the underlying mechanisms. Importantly, our results do not
rule out the possibility that radiation exposure might also positively alter the hypothalamic–
pituitary axis to enhance estrogen biosynthesis and release. Although exogenous estrogen
has been shown to act synergistically in radiation-related mammary carcinogenesis, and
radiation has been shown to induce ERα in rats (5, 17), here we show, for the first time to
our knowledge, that radiation exposure led to sustained elevated level of endogenous
estradiol at 2 months and 12 months in mice, with implications for carcinogenesis.

It is noteworthy that not only estrogen but also its metabolites have been implicated in breast
cancer initiation and progression (6, 7). Here we show that radiation exposure to mice led to
increase in urinary estrogen metabolites, which could be due to postradiation induction of
cytochrome P450, which is involved in metabolizing exogenous and endogenous chemicals
and is expressed not only in liver but also locally in the mammary glands and needs further
investigation. Our assumption, based on the available literature, is that increased urinary
estrogen metabolite, especially 16α-OHE, may expose these mice to an enhanced risk of
developing mammary cancer later (6, 7).

Apart from the increase in estrogen and its metabolites, we also observed that radiation
exposure led to greater ERα expression in mammary glands both 2 months and 12 months
after exposure. It is now well known that estrogen influences the development of breast
cancer. Indeed, the proliferative effects of estrogen on tissues are mediated via ER, and
long-term exposure to increased levels of estrogen has been shown to enhance nuclear ER
staining (18). Relevant to our observations on estrogen level and ERα, Miyoshi et al. in an
epidemiologic study have shown that women with higher estrogen levels have a higher
chance of developing ER-positive breast cancer with increased levels of ER (19). An
increase in ERα levels in mammary glands, shown by our results, could not only lead to an
increase in its direct effects on genome but could also open the possibility of its coordinated
crosstalk with other cellular growth and proliferative pathways.

Estrogen through the classic genomic pathway binds to nuclear ER, which in turn binds to
estrogen response element in the genome to regulate cellular proliferation and differentiation
(20). By contrast, membrane-associated ER, through interaction with other signaling
molecules, is known to impart cell growth and differentiation functions of estrogen via
alternate pathways (20). The activation of PI3K by membrane-associated ERα (20),
combined with our observation that p85α is increased after radiation exposure, led us to
believe that increased estrogen level and enhanced ERα could be working in tandem to
activate the PI3K-Akt pathway in mammary glands after exposure to radiation. Our results
show a marked increase of Akt and p-Akt, which in turn phosphorylate downstream targets
to block cell death and enhance cell growth and proliferation. This is evident in the
inactivation of proapoptotic BAD along with the activation of cellular growth and
proliferative markers Ki67, cyclin D1, mTOR, and cMyc in irradiated mammary glands.
Although we did not see any mammary tumorigenesis in these mice within the study
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timeframe, the changes in cellular function toward proliferation is indicative of carcinogenic
precursor events. Our data reveal that radiation exposure at 2 Gy led to long-term
upregulation of cell growth and proliferation signaling locally at the cellular level, and
elevation of estrogen levels and its estrogenic metabolite levels at the systemic level. Taking
these results together, we propose (Fig. 6) that radiation-induced elevated estrogen and its
estrogenic metabolite resulted on one hand to increased ERα activity, which could directly
induce proliferative signals via c-Myc and cyclin D1, and on the other to activation of the
proliferative PI3K/Akt pathway with implications for mammary carcinogenesis.
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Summary

Radiation is a known risk factor for breast cancer. However, long-term alterations at the
molecular level require exploration. Effects of ionizing radiation on modifications at the
hormonal and tissue levels were assessed 2 months and 12 months after radiation
exposure. Exposure to 2 Gy radiation led to increases in serum estradiol and urinary
estrogen metabolite levels. Radiation exposure also caused increased estrogen receptor
expression and activation of PI3K-Akt pathway in mouse mammary glands.
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Fig. 1.
(A) Serum estradiol level in 2-month postirradiation samples. (B) Serum estradiol level in
12-month postirradiation samples. (C, D) Urinary estrogen metabolites 2OHE1 and
16αOHE1 in 12-month postirradiation samples. (E) Ratio of 2OHE1/16αOHE1 in 12-month
postirradiation samples. *p < 0.05.
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Fig. 2.
(A) Mammary gland sections showing immunohistochemical staining for ERα in 2-month
and 12-month postirradiation samples. (B) Quantitation of ERα-positive nuclei in 2-month
and 12-month postirradiation samples. (C, D) Western blot analysis for ERα in 2-month and
12-month postirradiation samples. *p < 0.05.
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Fig. 3.
(A) Ki-67 immunostaining in 2-month and 12-month postexposure samples. (B)
Quantitation of Ki-67–positive nuclei in 2-month and 12-month postirradiation samples. *p
< 0.05.
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Fig. 4.
(A) Cyclin-D1 immunostaining in 2-month and 12-month postexposure samples. (B)
Quantitation of Cyclin-D1–positive nuclei in 2-month and 12-month postirradiation
samples. *p < 0.05.
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Fig. 5.
(A) Western blot analysis of PI3K–Akt pathway in 2-month and 12-month postexposure
samples. (B, C) Quantification of Western blots in 2-month and 12-month postexposure
samples. *p < 0.05.

Suman et al. Page 14

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Summary of radiation-induced long-term alterations, local and systemic, in relation to
mammary glands.
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