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Abstract
Numerous clinical and animal studies show that hormone replacement therapy reduces the risk of colon tumor formation.
However, the majority of experiments have shown that estradiol (E2) does not inhibit the growth of malignantly transformed colon epithelia. As such, the presented studies
focused on evaluating the effects of E2 in noncancerous colonocytes. E2 treatments (0–10 nmol/L) reduced cell growth and
increased apoptotic activity in young adult mouse colonocytes
(YAMC), a nonmalignant cell line, in a dose-responsive manner. These effects were lost in the YAMC-Ras cells, an isogenic
cell line with a single malignant transformation. Cotreatment
with an estrogen receptor (ER) antagonist inhibited the physiologic effects of E2 in YAMC cells, suggesting that the response is ER mediated. To further study the effect of E2 on
colonic epithelia, we evaluated the development of preneoplastic lesions in ovariectomized wild-type (WT) and ERβ
knockout (ERβKO) mice treated with either vehicle or E2.
WT E2-treated animals exhibited significantly fewer aberrant
crypt foci and increased apoptotic activity in colonic epithelia
when compared with WT control mice or ERβKO animals receiving either treatment. For the first time, we showed that E2
alters the growth of nontransformed colonocytes in vitro and
that, through an ERβ-mediated mechanism, E2 influences the
physiology of noncancerous colonocytes, resulting in fewer
preneoplastic lesions. Collectively, these data show that the
protective actions of E 2 occur primarily during the initiation/promotion stages of disease development and identify
the hormone as an important chemoprotective agent. [Cancer
Res 2009;69(23):9118–24]

Introduction
Colon cancer incidence is higher in men (62.9 in 100,000) than in
women (45.8 in 100,000; ref. 1). This suggests a possible protection
in women due to hormonal differences. Data from the Women's
Health Initiative study showed a significant decrease in the incidence of colorectal cancer in postmenopausal women receiving
hormone replacement therapy (HRT) compared with placebo (2).
In fact, the majority of clinical studies have shown that either HRT
or estrogen replacement therapy (ERT) can significantly reduce the
risk of colon cancer in postmenopausal women (3–7). Hoffmeister
and colleagues (8) found that HRT and ERT both significantly reduce colorectal cancer incidence, but there was no significant dif-
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ference in effect between the two therapies. The level of protection
seen from ERT correlates with the degree of use, seen as a 29%
reduction in colon cancer risk, and if ERT had ever been used, this
increases to 45% for those currently undergoing ERT (3).
Animal study data support the theory of a significant protective effect against colon cancer in animals treated with estradiol
(E2). E2 treatment in ovariectomized rats reduced dimethylhydrazine-induced tumor numbers in the colon by 71% (9). Orally
administered estrone in ovariectomized wild-type (WT) and estrogen receptor (ER) α knockout mice inhibited formation of
azoxymethane (AOM)–induced tumors (10). Data from this study
are important because the fact that estrone suppressed tumor
formation in both WT and ERα knockout mice shows that
ERα is not the primary mediator for estrogenic protection in
the colon. However, several studies have shown that ERβ expression is inversely associated with colon tumor incidence
(11, 12). Most of these studies have correlated reduced ERβ expression with increased risk of colonic malignancy. However, no
studies have definitively shown the necessity of ERβ expression
in colonocytes to observe this protection.
In an effort to identify the mechanism by which E2 affects cell
growth, numerous different colon cancer cell lines have been
used as in vitro models; however, a majority of studies have
shown that E2 treatment does not influence cell growth in these
cell lines (13–17). Based on these data, we hypothesized that E2
would alter the physiology of nonmalignantly transformed colonocytes and that this response would result in reduced formation of
premalignant lesions in mice exposed to carcinogen. Furthermore,
we hypothesized that this effect would be modulated through ERβ.
To test our hypotheses, we characterized the effects of E2 in young
adult mouse colonocytes (YAMC) and in WT and ERβ knockout
mice (ERβKO). YAMCs are a well-characterized nonmalignant cell
line derived from the Immorto mouse (18). The data presented here
show that E 2 , through an ERβ-mediated response, affects cell
growth in nontransformed colonocytes, resulting in reduced incidence of premalignant lesions in the colon.

Materials and Methods
Cells. YAMC and YAMC-Ras cells were graciously provided by Dr. Robert
Chapkin (Department of Nutrition and Food Science, Texas A&M University, College Station, TX). For general maintenance, cells were cultured in
RPMI 1640 (Sigma) with 5% fetal bovine serum (FBS; HyClone); 0.1% insulin, transferrin, and selenious acid (ITS; BD Biosciences); 1% penicillin/
streptomycin; and 1% Glutamax-1 (Invitrogen). Cells were maintained under permissive conditions, 33°C with 10 units IFNγ/mL (Roche) medium.
Cell growth assays. Forty-eight hours before plating, YAMC or YAMCRas cells were transferred to medium containing 5% charcoal-dextran–
stripped FBS, 1% Glutamax, 1% penicillin/streptomycin, and 0.1% ITS. Cells
were seeded at 30,000 per well on six-well plates. Twenty-four hours after
plating, cells were exposed to individual treatments of 0, 100, 1,000, or
10,000 pmol/L E2 or in combination with 1 μmol/L ICI 182,780 (ICI; fulvestrant, Sigma-Aldrich), and 48 h after the first treatment, the medium was
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changed and a second dose of the given treatments was delivered. All treatments were diluted in DMSO as 1,000× stocks and delivered as 1 μL/mL
medium to achieve the final dose listed. At the end of the 96-h treatment
period, cells were trypsinized and prepared for counting. The experiments
at nonpermissive conditions were carried out as above but at 39°C and
without IFNγ. Cell concentration was determined using a Beckman Coulter
particle counter. Twenty microliters of sample were diluted in 10 mL Isotone II diluent (Beckman Coulter), and each sample was counted thrice. All
experiments were performed at the permissive temperature unless otherwise specified. Three wells per treatment per experiment were used and
either three or four replicate experiments were conducted.
SV40 protein levels. YAMC cells (250,000) were seeded in 25-mm flasks
and grown at 33°C in stripped serum medium. Cells were treated with
1 nmol/L E2 or vehicle for 96 h with medium and treatment was changed
after 48 h. Protein was extracted by adding 1.5 mL lysis buffer to the flask for
30 min at room temperature. After incubation, solution was mixed gently
with a pipette and the contents were transferred to microcentrifuge tubes.
Protein was quantified by UV spectrometry. Protein concentration was determined by Western blot using the Immobilon Western Chemilunescent
Horseradish Peroxidase (HRP) Substrate kit (Millipore); the methodology
was previously described (19). Antibodies used were SV40 Large T antigen
antibody (Calbiochem) and goat anti-mouse IgG-HRP (Assay Designs).
Reverse transcription-PCR. YAMC and YAMC-Ras cells were grown in
T-25 flasks under permissive conditions. Cells were trypsinized and centrifuged. The colon from a WT untreated mouse was removed and used for
RNA isolation using the PureLink Micro-to-Midi Total RNA Purification
System (Invitrogen). The Invitrogen protocol was followed for both cell
and tissue extractions. Reverse transcription-PCR (RT-PCR) samples
contained 10 μL TaqMan One Step RT-PCR Master Mix, 1 μL primers
(Mm00599821 ERβ, Mm00433149_m1 ERα, or Hs99999901_s1 18s; Applied
Biosystems), 8 μL RNase-free water, and 1 μL RNA (20 ng/μL). RT-PCR was
run on a Bio-Rad iQ5 thermocycler for 40 cycles.
Cellular apoptosis. Cells were grown in stripped serum medium for
48 h before plating. Cells (30,000) were seeded on six-well plates and grown
in stripped serum medium under permissive conditions. Cells were treated
for 96 h, with 0, 100, 1,000, or 10,000 pmol/L E2 treatments changed every
48 h. At the end of the treatment period, cells were trypsinized and collected. After collection, cells were centrifuged and the medium was replaced with lysis buffer from the EnzChek Caspase-3 Assay kit no. 2
(Invitrogen). The Invitrogen protocol was followed for this procedure. Apoptosis was measured as increased fluorescence measured on a TECAN
infinite M200 plate reader. Three wells per treatment per experiment were
used and four replicate experiments were conducted.
Mice. Heterozygous ERβKO (+/−) c57BL6/J mice were obtained from
The Jackson Laboratory. Mice were bred and housed at the Laboratory Animal Resources and Research facility at Texas A&M University. ERβKO and
WT mice were produced from the original breeding pairs and genotyped
from genomic tail DNA. All procedures were performed under a protocol
approved by the Institutional Animal Care and Use Committee at Texas
A&M University.
Carcinogen treatment and aberrant crypt foci analysis. Female mice
between the ages of 2 and 8 mo were ovariectomized, and either 20 mg
cholesterol (Sigma-Aldrich) or 18 mg cholesterol/2 mg E2 pellet was implanted s.c. on the back at the base of the neck at the time of ovariectomy.
Pellets were prepared as described in ref. (20). Pellets were replaced 8 wk
later. Mice were transferred to a phytoestrogen-free diet at the time of surgery and allowed food and water ad libitum. Two weeks after surgery, mice
received the first of six weekly injections of AOM (Sigma-Aldrich) at 10 mg/
kg body weight. Eight weeks post-AOM, animals were killed. Blood was collected through cardiac puncture. The colon was resected and 1-cm sections
from the distal end were cassetted and fixed in 4% paraformaldehyde (Mallinckrodt Baker, Inc.). The remainder of the colon was flattened between
sheets of filter paper and fixed in 70% ethanol. Ethanol-fixed colons were
stained with 0.5% methylene blue (Sigma-Aldrich) and aberrant crypt foci
(ACF) were counted as previously described (21, 22).
Plasma E2. Plasma E2 concentrations were determined using an Estradiol EIA kit (Cayman). Fifty microliters of plasma/sample were added to
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Figure 1. E2 inhibits growth of YAMC cells but not YAMC-Ras cells. A, YAMC
cells were grown at 33°C in the presence of IFNγ. Cells were transferred to a
charcoal dextran–stripped medium 48 h before plating. Twenty-four hours after
plating, cells were treated with 0 to 10 nmol/L E2, and the medium and treatments
were replaced 48 h later. B, the above experiment was repeated, changing from
the permissive temperature of 33°C to the nonpermissive temperature of 39°C
and removing IFNγ. C, YAMC-Ras cells were grown under the same conditions as
in A. There was no significant difference between the control and any of the E2
treatments. Data are expressed as percentage of growth of the DMSO control
group. Columns, mean (n = 12) from four replicate experiments; bars, SEM.
Bars without a common letter differ; P < 0.01. Inset, bands from a Western blot
showing SV40 protein levels do not change in response to E2 treatment.
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sample wells, and samples from E2-treated animals were diluted 1:10. Fifty
microliters of Tracer and antiserum were added per sample well and the
plate was incubated for 1 h. The wells were washed five times with wash
buffer. Ellman's Reagent (200 μL) was added per well and incubated in the
dark for 60 to 90 min while shaking. Wells were read on a plate reader at
415 nm.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling assay. Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assays were performed using the ApopTag Plus
Peroxidase In situ Apoptosis Detection kit (Millipore) according to manufacturer's instructions with slight modifications. Briefly, distal colon sections were fixed in 4% paraformaldehyde overnight, paraffin embedded,
sectioned, and mounted. Tissues were deparaffinized in three washes of
xylene and rehydrated. Slides were quenched with hydrogen peroxide for
8 min and counterstained in 0.5% methyl green solution for ∼9 min.
Statistical analysis. Statistics were performed using a Student's t test,
one-way ANOVA with Tukey's correction, or two-way ANOVA, depending
on the outcome analyzed. t test analyses were performed in Excel, and
ANOVA data were run in Minitab 15. A 99% confidence interval for the
mean count difference (estrogen minus control) and a one-sided test of
whether mean estrogen counts were less than control counts were calculated for ACF data. Also, for total ACFs and high-multiplicity ACFs, we
specifically tested for a nonzero interaction in the effect of estrogen by
mouse type (knockout or WT). All values listed are group mean and error
bars are presented as SEM.

YAMC and YAMC-Ras cell lines and was similar to that seen in
colonic tissues collected from a female WT mouse (Fig. 2A), and
no detectable ERα expression was observed at the mRNA level
(data not shown). When YAMC cells were treated with E2, relative
expression of ERβ was enhanced compared with vehicle controls
(Supplementary Fig. S1). Collectively, these studies show that ERβ
is expressed in YAMC cells and its expression changes in the
presence of E2. In addition, these data suggest that the loss of
E2 responsiveness in the YAMC-Ras cells is not the result of suppressed ERβ expression.
Cotreatment of ICI with E2 prevents cell growth inhibition.
Having shown ERβ to be present in both cell lines, we next wanted
to determine if the growth-inhibitory effect of E2 treatment was
mediated through the ER. YAMC cells were treated with 0 to
10,000 pmol/L E2 concentrations either in the presence or absence
of 1 μmol/L ICI, a well-described ER antagonist that inhibits both
receptor subtypes (Fig. 2B; refs. 23, 24). With each E2 dose, cotreatment with ICI fully inhibited the growth suppression induced by

Results
E2 inhibits nonmalignant cell growth. First, we measured the
effect of E2 treatment on cell growth in nonmalignant colonocytes.
YAMC cells treated with 0 to 10,000 pmol/L E2 exhibited reduced
cell growth when treated for 96 h under permissive conditions
(Fig. 1A). As the E2 dose increased, there was a corresponding
decrease in cell growth (P < 0.0001). These data show a growthinhibitory effect in nonmalignant colonocytes exposed to physiologic levels of E2.
We then treated these cells with the same doses of E2 under
nonpermissive conditions (39°C) to see if similar responses will
be observed when cells were in a more primordial state. Again,
E2 suppressed cell growth under these conditions in a dose-dependent manner (P < 0.0001; Fig. 1B).
Because the conditional immortalization of these cells operates
through the expression of the temperature-sensitive SV40 large
T antigen, we wanted to rule out a possible interaction between
SV40 and E2 as the mechanism of effect. We chose to measure
the levels of this protein under permissive conditions with and
without a 1 nmol/L E 2 treatment. E2 treatment did not alter
SV40 protein levels when compared with control at the permissive
condition (Fig. 1A, inset).
Effect of E2 on YAMC-Ras cell growth. Next, we determined if
E2 treatment would result in a similar effect on cell growth in an
isogenic cell line with a single malignant transformation. YAMCRas cells contain an activated v-Ha-Ras oncogene. These cells,
when treated with E2, show no reduction in cell number (Fig. 1C).
This finding was in stark contrast to what was seen in nonmalignant cells and suggests that a single malignant transformation
could alter the ability of colonocytes to respond to the presence
of E2.
ERβ expression in YAMC, YAMC-Ras, and WT mouse colonic
tissues. To see if the change in E2 responsiveness was a result of
altered ERβ expression, RT-PCR was performed to evaluate differences in ERβ expression between YAMC and YAMC-Ras cells. Relative expression of ERβ was not significantly different between the
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Figure 2. ERβ expression in YAMC and YAMC-Ras cells and ER function in cell
growth inhibition. A, RNA levels were measured in colonic tissue from a WT
mouse, YAMC, and YAMC-Ras cells. Columns, mean (n = 12); bars, SEM.
Bars without a common letter differ; P < 0.05. B, cotreatment with ICI inhibits
the effects of E2 in YAMCs. YAMC cells were transferred to a charcoal
dextran–stripped medium 48 h before plating. Cells were seeded at 30,000 per
well on six-well plates and treated every 48 h for a total of 96 h. ICI treatment
inhibited the effects of E2 on cell growth. Data are expressed as percentage of
growth of the DMSO control group. Columns, mean (n = 9) from three replicate
experiments; bars, SEM. Bars without a common letter differ; P < 0.01.
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We began by exploring the ability of E2 to suppress the formation
of ACFs, premalignant lesions that are predictive of tumor formation. ACFs were only observed in the distal two thirds of the colon,
with the majority found in the most distal region. WT animals treated with the vehicle control had the highest number of ACFs averaging 29 ACFs per animal, whereas WT animals treated with E2
showed a significant reduction (14.9 ACFs per animal; P < 0.0001;
Fig. 4A). More importantly, when analysis is narrowed to high-multiplicity ACFs (foci involving at least four crypts), the difference
between groups becomes more pronounced (Fig. 4B). WT animals
receiving E2 averaged 3.2 high-multiplicity ACFs per animal, whereas WT control mice averaged over 10.6 high-multiplicity ACFs per
animal (P < 0.0001). These data show a pronounced reduction in
preneoplastic lesions associated with E2 treatment.
ERβKO animals had similar numbers of ACFs in both control
(21.1 ACFs per animal) and E2-treated (20.2 ACFs per animal,
P = 0.2) mice (Fig. 4A). There was a slight but significant difference
(P = 0.01) in high-multiplicity ACFs in the ERβKO mice between
treatments, with E2-treated animals averaging 8.4 and control

Figure 3. Apoptosis in YAMC and YAMC-Ras cells treated with E2. A, YAMC
cells were grown under permissive conditions and transferred to a charcoal
dextran–stripped medium 48 h before plating. After 96 h of E2 treatment, cells
were collected and the EnzChek caspase-3 assay was performed. B, the
above experiment was repeated with YAMC-Ras cells. Data are expressed as
increased fluorescence measured when compared with the blank. Columns,
mean (n = 9) from three replicate experiments; bars, SEM. Bars without a
common letter differ; P < 0.001.

E2. In fact, cotreating with ICI resulted in cell numbers that were
not significantly different than the untreated control group. ICI antagonism of E2 growth inhibition strongly supports the theory that
this is an ER-mediated response.
Apoptosis in YAMC and YAMC-Ras cells treated with E2.
Next, we wanted to identify the physiologic response involved with
estrogenic growth inhibition. Caspase-3 activation was used to determine the relative numbers of apoptotic cells when YAMC and
YAMC-Ras cells were treated with 0 to 10,000 pmol/L E 2 for
96 hours. YAMC cells exhibited an increase in caspase-3 activity
in a dose-responsive manner (P < 0.001; Fig. 3A). In contrast,
YAMC-Ras cells showed no significant increase in caspase-3 activity at any concentration of E2 (Fig. 3B). These data point to apoptosis being a mechanism involved in the E2 -induced growth
inhibition of nonmalignant colonocytes.
Formation of ACF. We next wanted to investigate the role of
E2 treatment in the colon at a premalignant stage of disease.
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Figure 4. ACF in the distal colon. A, total ACFs identified per animal. B,
high-multiplicity ACFs identified per animal. Columns, mean (n = 5–13 animals
analyzed per treatment group; bars, SEM. Bars without a common letter differ;
P < 0.001.
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E2. This response was also observed in YAMC cells maintained
at nonpermissive conditions, suggesting that E2 has similar actions
in colon cells that are more primordial in nature. YAMC-Ras are
isogenic cells that were developed from YAMCs and contain an activated v-Ha-Ras oncogene. These cells are fully transformed and
will continue to grow under nonpermissive conditions and form
colonies in soft agar (29). The Ki-Ras oncogene is present in
∼50% of colonic adenomas and carcinomas and was found to be
common in tumors from all stages, including villous adenomas and
villoglandular polyps that are nonmalignant but often progress to
malignancy (30, 31). Data from YAMC-Ras cells show that overexpression of an activated v-Ha-Ras oncogene negates the growth
inhibition due to E2 exposure.
Having identified an effect of E2 on cell growth, we wanted to
determine if this response was ER mediated. ERβ is the predominant form of ER found in the colon and is expressed in some colon
cancer cell lines (13, 25). Cotreatment of E2 with ICI, an ER antagonist, resulted in a loss of the growth inhibition induced by E2.
Because ERβ expression levels were not significantly different

Figure 5. Plasma E2 levels in carcinogen-treated animals. Columns, mean
(n = 5–13 animals analyzed per treatment group); bars, SEM. Bars without a
common letter differ; P < 0.0001.

animals averaging 9.4 ACFs per animal (Fig. 4B). Together, these
data distinctly show a relationship between ERβ and E2 in the colon.
Plasma E2 concentrations. We measured plasma E2 levels in
vehicle control and E2-treated animals. Mice receiving cholesterol-only pellets showed plasma E2 levels averaging 22.4 pmol/L in
WT and 33.9 pmol/L in ERβKO animals (Fig. 5). Those receiving
E2-containing pellets showed average E2 levels of 2.9 nmol/L in
WT and 3.0 nmol/L in ERβKO animals (P < 0.0001).
Apoptosis within the colonic crypt. Having found a distinct
phenotype associated with E2 treatment in WT animals, we analyzed apoptosis to see if there was an association with E2 treatment. The induction of colonocyte apoptosis was determined in
tissues collected from each experimental group. Within the distal
colon, crypts analyzed from WT mice receiving E2 exhibited a significantly higher degree of apoptotic cells compared with those
from the control. ERβKO mice showed a slight but significant difference in apoptosis with E2 treatment with more apoptotic cells
per crypt than the ERβKO control mice (Fig. 6A). As can be seen in
both images, it is common for cells on the luminal surface outside
of the crypt structure to become apoptotic in association with
these cells being sloughed off. Therefore, only cells within the crypt
were analyzed. Interestingly, the increase in apoptosis in E2-treated
WT mice was associated with an increase in apoptotic cells observed in the lower regions of the crypt in WT animals treated with
E2 (Fig. 6B and C).

Discussion
Limited data have shown that E2 treatment reduces cell growth
in three colon cancer cell lines, DLD-1, HCT116, and LoVo (25–27).
However, the majority of cell culture studies have shown no reduction or an increase in growth in response to E2 in colon cancer
cells that are fully transformed (13–17, 28). Collectively, these data
highlight the need to study the effects of E2 in other cell models
and specifically in nonmalignantly transformed colonocytes. YAMC
cells are morphologically primitive epithelial cells, with no evidence of differentiation (18). For the first time, we show that E2
can alter the growth of nonmalignant colonocytes by showing a
significant reduction in cell number in YAMC cells treated with
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Figure 6. Apoptosis within the colonic crypts of the distal colon. A, a TUNEL
assay was performed on sectioned tissue from the distal colon. Data are
expressed as percentage of apoptotic cells found compared with total number of
cells found in the crypt. These data are representative of at least 20 well-oriented
crypts per animal and 5 to 13 animals per treatment group. B, representative
picture of TUNEL-stained crypts from a WT cholesterol-treated animal. Some
nonspecific staining can be seen in cells at the luminal surface, but very few
within the crypt. C, representative picture of TUNEL-stained crypts from a WT
E2-treated animal at ×400. Arrows, apoptotic cells in different regions of the crypt
and other positively stained cells can be seen throughout the crypt.

9122

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on April 16, 2017. © 2009 American Association for Cancer
Research.

Published OnlineFirst November 10, 2009; DOI: 10.1158/0008-5472.CAN-09-2348
E2 Reduces Cell Growth in Noncancerous Colonocytes

between YAMC and YAMC-Ras cell lines, the question of mechanism of activity arises. It is possible that a nonfunctional protein is
being produced in the YAMC-Ras cells or that malignant transformation affects the pathway at a point after receptor activation. Future studies will address these important questions.
We next measured apoptosis to begin identifying the cellular responses to E2 that result in growth inhibition. As with cell growth,
some studies have shown apoptosis to be increased with E2 treatment in colon cancer cell lines (28, 32), but others show no response. We observed a significant induction of caspase-3 activity
in YAMC cells and no significant response in YAMC-Ras cells when
the cell lines were treated with E2. We also conducted experiments
to determine if E 2 treatment altered the progression of cells
through the cell cycle, but no significant differences were seen
between treatments (data not shown). These data suggest that
E2 reduces cell growth in noncancerous colonocytes by induction
of apoptosis; however, this response is lost following malignant
transformation.
To investigate how E2 affects the development of preneoplastic
lesions, we first analyzed colonic tissue from WT animals receiving
chemical carcinogen to better define the effects of E2 at a premalignant stage of colon carcinogenesis. Ovariectomized WT mice exhibited a significant reduction, both in total number of ACFs and
high-multiplicity ACFs, when treated with E2 compared with those
treated with vehicle control. The profound reduction of highmultiplicity ACFs in E 2-treated mice is of significant interest
because these lesions are most predictive of eventual tumor formation (33). These data support other findings showing E2 to be protective against tumor formation (34–36). However, our studies
were focused on examining premalignant tissue and show a
chemoprotective role for E2 therapy before tumor formation.
We then compared the ACF data from WT animals with that
from ERβKO mice. Clinical studies have shown reduced ERβ expression in colonocytes within tumors when compared with adjacent uninvolved tissue (37–39). A functional ERβ was previously
determined to be involved with E2 protection in APC Min mice
(11). We have studied premalignant carcinogenesis and have
shown that E2 has a profound effect at this stage. In the presented
studies, the reduction in the number of ACFs in WT animals treated with E2 was pronounced and almost completely lost in ERβKO
mice. These data clearly define the necessity for functional ERβ
expression for E2 treatment to exhibit a protective effect against
cancer development in the colon.
Plasma E2 concentrations in E2-treated mice were marginally
higher than those seen in a nonpregnant cycling woman, but well
below those seen during pregnancy (40, 41). Mice receiving control
pellets were below the threshold associated with menopause in
women (42). Collectively, our in vitro and in vivo data show the
influence of E2 on cell growth in noncancerous colonocytes, but
additional studies are needed to determine the minimal dose required to observe those effects.

References
1. Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2008.
CA Cancer J Clin 2008;58:71–96.
2. Rossouw JE, Anderson GL, Prentice RL, et al. Risks and
benefits of estrogen plus progestin in healthy postmenopausal women: principal results From the Women's
Health Initiative randomized controlled trial. JAMA
2002;288:321–33.

www.aacrjournals.org

We then sought to determine if apoptosis is induced in the colonocytes of animals treated with E2. There was a significant induction of apoptosis in colonocytes in sections taken from WT
animals treated with E2 when compared with tissues from control
mice. These cells are likely to have chemically induced DNA damage, but are not yet to the point of malignant transformation. Collectively, the YAMC and tissue data show that E 2 treatment
induces apoptotic activity in nonmalignant colonocytes. Furthermore, these findings suggest that the YAMC cell line is a suitable
model for studying the role of E2 on nonmalignant colonocytes.
One interesting observation from analysis of tissues collected from
the mice was that apoptotic cells in the WT E2-treated animals
were found throughout the depth of the crypt, whereas the vast
majority of apoptotic cells in the WT control–treated group and
both treatment groups in the ERβKO mice were confined to the
luminal third of the crypt. Generally, the majority of apoptosis seen
within a colonic crypt occurs near the luminal surface, before cells
are sloughed off. This increased range of apoptotic activity suggests a specific response to carcinogen-induced damage in WT animals treated with E2. Preliminary data do not show this increased
apoptotic activity in the lower portion of the crypt in non–AOMexposed WT animals treated with E2 (data not shown). This phenomenon has been referred to as directed apoptosis and may be
similar to the short-term apoptotic induction seen in rats after
AOM exposure (43).
In conclusion, E2 treatment showed a distinct phenotype in
YAMC cells and colonocytes within WT mice. Treatment with E2
reduced cell growth and induced apoptosis in nonmalignantly
transformed cells in culture; however, expression of activated Ras
in an isogenic cell line nullified this effect. In addition, E2 treatment in ovariectomized WT mice exhibited a significant protection against preneoplastic lesions. This protection was lost in the
absence of ERβ and definitively shows that ERβ is the primary mediator of this protective effect. For the first time, these data present
evidence that E2 treatment protects colonocytes from malignant
transformation by increased apoptotic activity and begin to define
the role of E2 in nontransformed colonocytes. These findings are
first steps toward identifying ERβ as an important target for potential chemopreventative agents in reducing the risk of tumor formation in the colon.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
Received 6/30/09; revised 9/22/09; accepted 9/27/09; published OnlineFirst 11/10/09.
Grant support: American Institute for Cancer Research grant 07B080 (C.D. Allred).
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

3. Calle EE, Miracle-McMahill HL, Thun MJ, Heath CW,
Jr. Estrogen replacement therapy and risk of fatal colon
cancer in a prospective cohort of postmenopausal
women. J Natl Cancer Inst 1995;87:517–23.
4. Slattery ML, Murtaugh MA, Quesenberry C, Caan
BJ, Edwards S, Sweeney C. Changing population characteristics, effect-measure modification, and cancer
risk factor identification. Epidemiol Perspect Innov
2007;4:10.

9123

5. Longnecker MP, Newcomb PA, Mittendorf R, et al.
Risk of breast cancer in relation to lifetime alcohol consumption. J Natl Cancer Inst 1995;87:923–9.
6. Newcomb PA, Zheng Y, Chia VM, et al. Estrogen
plus progestin use, microsatellite instability, and the
risk of colorectal cancer in women. Cancer Res 2007;
67:7534–9.
7. Slattery ML, Anderson K, Samowitz W, et al. Hormone
replacement therapy and improved survival among

Cancer Res 2009; 69: (23). December 1, 2009

Downloaded from cancerres.aacrjournals.org on April 16, 2017. © 2009 American Association for Cancer
Research.

Published OnlineFirst November 10, 2009; DOI: 10.1158/0008-5472.CAN-09-2348
Cancer Research
postmenopausal women diagnosed with colon cancer
(USA). Cancer Causes Control 1999;10:467–73.
8. Hoffmeister M, Raum E, Krtschil A, Chang-Claude J,
Brenner H. No evidence for variation in colorectal cancer risk associated with different types of postmenopausal hormone therapy. Clin Pharmacol Ther 2009;
86:416–24.
9. Smirnoff P, Liel Y, Gnainsky J, Shany S, Schwartz B.
The protective effect of estrogen against chemically induced murine colon carcinogenesis is associated with
decreased CpG island methylation and increased mRNA
and protein expression of the colonic vitamin D receptor. Oncol Res 1999;11:255–64.
10. Guo JY, Li X, Browning JD, Jr., et al. Dietary soy isoflavones and estrone protect ovariectomized ERαKO
and wild-type mice from carcinogen-induced colon cancer. J Nutr 2004;134:179–82.
11. Cho NL, Javid SH, Carothers AM, Redston M,
Bertagnolli MM. Estrogen receptors α and β are inhibitory
modifiers of Apc-dependent tumorigenesis in the proximal colon of Min/+ mice. Cancer Res 2007;67:2366–72.
12. Foley EF, Jazaeri AA, Shupnik MA, Jazaeri O, Rice
LW. Selective loss of estrogen receptor β in malignant
human colon. Cancer Res 2000;60:245–8.
13. Arai N, Strom A, Rafter JJ, Gustafsson JA. Estrogen
receptor β mRNA in colon cancer cells: growth effects
of estrogen and genistein. Biochem Biophys Res Commun 2000;270:425–31.
14. Singh S, Paraskeva C, Gallimore PH, Sheppard MC,
Langman MJ. Differential growth response to oestrogen
of premalignant and malignant colonic cell lines. Anticancer Res 1994;14:1037–41.
15. Di Domenico M, Castoria G, Bilancio A, Migliaccio A,
Auricchio F. Estradiol activation of human colon carcinoma-derived Caco-2 cell growth. Cancer Res 1996;56:
4516–21.
16. Gilad LA, Bresler T, Gnainsky J, Smirnoff P, Schwartz
B. Regulation of vitamin D receptor expression via estrogen-induced activation of the ERK 1/2 signaling
pathway in colon and breast cancer cells. J Endocrinol
2005;185:577–92.
17. Nakayama Y, Sakamoto H, Satoh K, Yamamoto T. Tamoxifen and gonadal steroids inhibit colon cancer growth
in association with inhibition of thymidylate synthase,
survivin and telomerase expression through estrogen receptor β mediated system. Cancer Lett 2000;161:63–71.
18. Whitehead RH, VanEeden PE, Noble MD, Ataliotis P,
Jat PS. Establishment of conditionally immortalized epithelial cell lines from both colon and small intestine of
adult H-2Kb-tsA58 transgenic mice [erratum appears in

Cancer Res 2009; 69: (23). December 1, 2009

Proc Natl Acad Sci U S A 1993 Jul 15;90:6894]. Proc Natl
Acad Sci U S A 1993;90:587–91.
19. Villalobos AR, Renfro JL. Trimethylamine oxide
suppresses stress-induced alteration of organic anion transport in choroid plexus. J Exp Biol 2007;
210:541–52.
20. Allred CD, Ju YH, Allred KF, Chang J, Helferich WG.
Dietary genistin stimulates growth of estrogen-dependent breast cancer tumors similar to that observed with
genistein. Carcinogenesis 2001;22:1667–73.
21. Davidson LA, Nguyen DV, Hokanson RM, et al.
Chemopreventive n-3 polyunsaturated fatty acids reprogram genetic signatures during colon cancer initiation and progression in the rat. Cancer Res 2004;64:
6797–804.
22. McLellan EA, Bird RP. Aberrant crypts: potential preneoplastic lesions in the murine colon. Cancer Res 1988;
48:6187–92.
23. Pace P, Taylor J, Suntharalingam S, Coombes RC, Ali
S. Human estrogen receptor β binds DNA in a manner
similar to and dimerizes with estrogen receptor α. J Biol
Chem 1997;272:25832–8.
24. Wakeling AE, Dukes M, Bowler J. A potent specific
pure antiestrogen with clinical potential. Cancer Res
1991;51:3867–73.
25. Fiorelli G, Picariello L, Martineti V, Tonelli F, Brandi
ML. Functional estrogen receptor β in colon cancer
cells. Biochem Biophys Res Commun 1999;261:521–7.
26. Martineti V, Picariello L, Tognarini I, et al. ERβ is a
potent inhibitor of cell proliferation in the HCT8 human
colon cancer cell line through regulation of cell cycle
components. Endocr Relat Cancer 2005;12:455–69.
27. Galluzzo P, Caiazza F, Moreno S, Marino M. Role of
ERβ palmitoylation in the inhibition of human colon
cancer cell proliferation. Endocr Relat Cancer 2007;14:
153–67.
28. Qiu Y, Waters CE, Lewis AE, Langman MJ, Eggo MC.
Oestrogen-induced apoptosis in colonocytes expressing
oestrogen receptor β. J Endocrinol 2002;174:369–77.
29. D'Abaco GM, Whitehead RH, Burgess AW. Synergy
between Apc min and an activated ras mutation is sufficient to induce colon carcinomas. Mol Cell Biol 1996;
16:884–91.
30. Bos JL, Fearon ER, Hamilton SR, et al. Prevalence of
ras gene mutations in human colorectal cancers. Nature
1987;327:293–7.
31. Forrester K, Almoguera C, Han K, Grizzle WE, Perucho M. Detection of high incidence of K-ras oncogenes
during human colon tumorigenesis. Nature 1987;327:
298–303.

9124

32. Acconcia F, Totta P, Ogawa S, et al. Survival versus
apoptotic 17β-estradiol effect: role of ER α and ER β
activated non-genomic signaling. J Cell Physiol 2005;
203:193–201.
33. Bird RP. Role of aberrant crypt foci in understanding
the pathogenesis of colon cancer. Cancer Lett 1995;93:
55–71.
34. Giroux V, Lemay F, Bernatchez G, Robitaille Y,
Carrier JC. Estrogen receptor β deficiency enhances
small intestinal tumorigenesis in ApcMin/+ mice. Int J
Cancer 2008;123:303–11.
35. Weyant MJ, Carothers AM, Mahmoud NN, et al. Reciprocal expression of ERα and ERβ is associated with
estrogen-mediated modulation of intestinal tumorigenesis. Cancer Res 2001;61:2547–51.
36. Verdu EF, Deng Y, Bercik P, Collins SM. Modulatory
effects of estrogen in two murine models of experimental colitis. Am J Physiol Gastrointest Liver Physiol 2002;
283:G27–36.
37. Campbell-Thompson M, Lynch IJ, Bhardwaj B.
Expression of estrogen receptor (ER) subtypes and
ERβ isoforms in colon cancer. Cancer Res 2001;61:
632–40.
38. Konstantinopoulos PA, Kominea A, Vandoros G,
et al. Oestrogen receptor β (ERβ) is abundantly expressed in normal colonic mucosa, but declines in colon
adenocarcinoma paralleling the tumour's dedifferentiation. Eur J Cancer 2003;39:1251–8.
39. Di Leo A, Barone M, Maiorano E, et al. ER-β expression in large bowel adenomas: implications in colon
carcinogenesis. Dig Liver Dis 2008;40:260–6.
40. Lenton EA, Sulaiman R, Sobowale O, Cooke ID. The
human menstrual cycle: plasma concentrations of prolactin, LH, FSH, oestradiol and progesterone in conceiving and non-conceiving women. J Reprod Fertil 1982;65:
131–9.
41. Lof M, Hilakivi-Clarke L, Sandin SS, de Assis S, Yu W,
Weiderpass E. Dietary fat intake and gestational weight
gain in relation to estradiol and progesterone plasma
levels during pregnancy: a longitudinal study in Swedish
women. BMC Womens Health 2009;9:10.
42. Probst-Hensch NM, Pike MC, McKean-Cowdin R,
Stanczyk FZ, Kolonel LN, Henderson BE. Ethnic differences in post-menopausal plasma oestrogen levels: high
oestrone levels in Japanese-American women despite
low weight. Br J Cancer 2000;82:1867–70.
43. Hong MY, Chapkin RS, Wild CP, et al. Relationship
between DNA adduct levels, repair enzyme, and apoptosis as a function of DNA methylation by azoxymethane.
Cell Growth Differ 1999;10:749–58.

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on April 16, 2017. © 2009 American Association for Cancer
Research.

Published OnlineFirst November 10, 2009; DOI: 10.1158/0008-5472.CAN-09-2348

Estradiol Alters Cell Growth in Nonmalignant Colonocytes
and Reduces the Formation of Preneoplastic Lesions in the
Colon
Charles C. Weige, Kimberly F. Allred and Clinton D. Allred
Cancer Res 2009;69:9118-9124. Published OnlineFirst November 10, 2009.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-09-2348
Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2009/11/09/0008-5472.CAN-09-2348.DC1

This article cites 43 articles, 24 of which you can access for free at:
http://cancerres.aacrjournals.org/content/69/23/9118.full.html#ref-list-1
This article has been cited by 13 HighWire-hosted articles. Access the articles at:
/content/69/23/9118.full.html#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from cancerres.aacrjournals.org on April 16, 2017. © 2009 American Association for Cancer
Research.

