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PRECLINICAL STUDY

Expression of estrogenicity genes in a lineage cell culture model

of human breast cancer progression
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Abstract TagMan Gene Expression assays were used to
profile the mRNA expression of estrogen receptor (ERo and
ERJ) and estrogen metabolism enzymes including cytosolic
sulfotransferases (SULT1E1, SULT1A1, SULT2AI1, and
SULT2B1), steroid sulfatase (STS), aromatase (CYP19),
17-hydroxysteroid dehydrogenases (17fHSD1 and 2),
CYP1B1, and catechol-O-methyltransferase (COMT) in an
MCF10A-derived lineage cell culture model for basal-like
human breast cancer progression and in ERa-positive
luminal MCF7 breast cancer cells. Low levels of ERx and
ERf mRNA were present in MCF10A-derived cell lines.
SULT1E1l mRNA was more abundant in confluent relative
to subconfluent MCF10A cells, a non-tumorigenic prolif-
erative breast disease cell line. SULT1E1 was also expressed
in preneoplastic MCF10AT1 and MCF10AT1K.cl2 cells,
but was markedly repressed in neoplastic MCF10A-derived
cell lines as well as in MCF7 cells. Steroid-metabolizing
enzymes SULT1A1 and SULT2B1 were only expressed in
MCEF7 cells. STS and COMT were widely detected across
cell lines. Pro-estrogenic 17fHSD1 mRNA was most

J. Fu - B. J. Thibodeau - T. A. Kocarek - M. Runge-Morris (<))
Institute of Environmental Health Sciences, Wayne State
University, Detroit, MI 48201, USA

e-mail: m.runge-morris @wayne.edu

A. M. Weise - F. R. Miller
Barbara Ann Karmanos Cancer Institute, Wayne State
University, Detroit, MI 48202, USA

J. L. Falany - C. N. Falany
Department of Pharmacology and Toxicology, University of
Alabama at Birmingham, Birmingham, AL 35294, USA

F. R. Miller
Department of Pathology, Wayne State University, Detroit, MI
48201, USA

abundant in neoplastic MCF10CA1la and MCF10DCIS.com
cells, while 17fHSD2 mRNA was more prominent in
parental MCF10A cells. CYPIB1 mRNA was most abun-
dant in MCF7 cells. Treatment with the histone deacetylase
inhibitor trichostatin A (TSA) induced SULTIE1 and
CYP19 mRNA but suppressed CYP1BI1, STS, COMT,
17fHSD1, and 17fHSD2 mRNA in MCF10A lineage cell
lines. In MCF7 cells, TSA treatment suppressed ERu,
CYPI1BI1, STS, COMT, SULT1A1l, and SULT2BI1 but
induced ERf, CYP19 and SULT2A1 mRNA expression.
The results indicate that relative to the MCF7 breast cancer
cell line, key determinants of breast estrogen metabolism are
differentially regulated in the MCF10A-derived lineage
model for breast cancer progression.
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Introduction

The estrogen sensitive nature of breast cancer was
observed by Beatson over 100 years ago [1]. Prolonged
cumulative exposure to estrogen during a woman’s lifetime
is a significant risk factor for the development of breast
cancer [2]. Estrogen stimulates cell growth through estro-
gen receptor (ER)-mediated events, which can enhance
opportunities for DNA mutation. In addition, reactive
estrogen metabolites generated by cytochrome P450-med-
iated catalysis, such as estrogen catechols and quinones,
can directly induce mutations [3]. Particularly in post-
menopausal women who lack ovarian sources of estrogen,
the factors that govern intra-tissue metabolism of biologi-
cally active estrogens (i.e., estrogen “intracrinology”) are
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important therapeutic targets and biomarkers for breast
cancer progression [4]. Determinants affecting the amount
and activity of estrogen in breast tissue include expression
of the major forms of estrogen receptor (ERa and ERp),
cytosolic sulfotransferases (SULTSs), steroid sulfatase
(STS), aromatase (CYP19), 17f-hydroxysteroid dehydro-
genase types 1 and 2 (17fHSD1 and 17fHSD2), CYPIBI,
and catechol-O-methyltransferase (COMT; Fig. 1, adapted
from [5-7]).

This study was designed to elucidate the expression of
determinants of estrogen activity in a unique lineage model
that captures the heterogeneity of breast cancer progression
in humans. The parental MCF10A cell line was derived
from spontaneously immortalized breast epithelial cells
that were obtained from a donor with benign proliferative
breast disease [8]. In vitro transformation of MCF10A cells
with mutant c-Ha-ras conferred a measurable xenograft
growth potential to these cells (termed MCF10AneoT), and
serial passage of xenograft lesions led to the development
of the preneoplastic MCF10AT1 cell line [9, 10]. When
xenografted into immunodeficient mice, MCF10AT]1 cells
demonstrate an ~25% incidence of invasive cancers in
xenograft lesions that develop over an extended period of
time [10]. Serial passaging of MCF10AneoT xenograft
lesions also resulted in establishment of the premalignant
MCF10AT1K.cl2 cell line. The MCF10AT1K.cl2 variant
retained an MCF10AT 1-type pattern of xenograft growth but
also displayed chromosomal aberrations more characteristic
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of genetic instability [11]. Sequential passage of a carci-
noma arising from a MCF10ATIK.cI2 xenograft lesion
produced an expanded series of aggressively neoplastic
MCF10CAL1 variant cell lines that rapidly produce tumors
when xenografted, with an incidence of 100% [11]. The
MCF10DCIS.com cell line was developed by cloning
after serial passaging of an MCF10AT xenograft lesion
[12]. Injection of MCF10DCIS.com cells into immuno-
deficient mice produces rapidly growing lesions that are
consistent with the poor prognosis comedo-type ductal
carcinoma in situ [12]. Overall, the MCF10A model
captures the heterogeneity of human breast cancer and
provides an opportunity to study both indolent and more
aggressive breast cancer phenotypes.

The molecular phenotypic characteristics of the
MCF10A lineage indicate that this is a model of basal
breast cancer, in that the resulting MCF10CA1 cancer cell
lines are triple negative (i.e., do not express ER, proges-
terone receptor or HER2/neu) [8, 13]. Nevertheless,
xenograft studies have demonstrated that progression of
preneoplastic MCF10AT1 cells is sensitive to estrogen
manipulation [10, 14—-16]. Estrogen has been shown to alter
signal transduction in triple negative MDA-MB-231 (do
not express ERa; do express ERf) and SKBR3 cells
(express neither ERo nor ERf), causing activation of the
extracellular signal regulated kinases, ERK1 and ERK2
[17]. Both estrogen and epidermal growth factor (EGF)
induced phosphorylation of c-raf and ERK1/2 while
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Fig. 1 Pathways of estrogen metabolism, bioactivation, and action.
CYP19 (aromatase) catalyzes the aromatization of androstenedione
and testosterone to form estrone (EI) and 17f-estradiol (E2), which
can bind to and activate estrogen receptor (ER). Of the cytosolic
SULTSs, SULTIEI] preferentially catalyzes the sulfation of E1 and E2
with high efficiency. Sulfated estrogens are ER-inactive. Steroid
sulfatase (STS) catalyzes the deconjugation of sulfated steroids and
favors the formation of biologically active estrogen. STS and 3-f-
hydroxysteroid dehydrogenase (3fHSD isomerase) function in the
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formation of sex steroids from precursor hormones, such as
dehydroepiandrosterone sulfate (DHEA sulfate), dehydroepiandros-
terone (DHEA). 17fHSDI reduces El to the more potent E2, while
17HSD2 oxidizes E2 to E1. The 4-hydroxylation of E2 is catalyzed
by CYPIB1; E2 2-hydroxylation is catalyzed by CYP1A1. Catecho-
lestrogens auto-oxidize to form mutagenic orthoquinone electrophiles
that can be detoxified via catechol-O-methyltransferase (COMT)-
mediated conjugation
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stimulating the proliferation of SKBR3 cells [18], and the
two agents were more effective in combination. Impor-
tantly, growth of ERa-negative breast cells was induced by
the same 17f-estradiol (E2) concentration (107 M) that
stimulates ERa-positive MCF7 cells, whereas a higher
concentration (10~° M) inhibited the growth of MDA-MB-
231, and SKBR3 cells, and this inhibition was additive
with heregulin [19].

Although MCF7 requires supplementation with E2 to
mimic pre-menopausal human serum levels (typically 400—
1,500 pg/ml) to achieve xenograft growth in nude mice,
MCFI10AT1 forms lesions that progress to atypical hyper-
plasia, ductal carcinoma in situ and invasive ductal
carcinoma without E2 supplementation. Serum E2 levels in
nude mice are typically less than 50 pg/ml [20], which
mimics post-menopausal human serum levels [21]. How-
ever, MCFI0AT1 cells form lesions consisting only of
simple ducts in ovariectomized nude mice [22], which have
serum E2 levels of ~5 pg/ml [23]. Therefore, MCF10AT1
xenografts respond to very low doses of E2 in vivo, sug-
gesting that the levels of estrogen-processing enzymes in
breast cells may play a critical role in determining growth
response. Therefore, an analysis of the determinants of
estrogenicity in MCF10A lineage cell lines was undertaken
to provides insight into the dynamic changes in estrogen
responsiveness that occur during basal breast cancer
development.

Histone deacetylases (HDACs) are being increasingly
recognized for their important roles as transcriptional
modulators of pro-survival pathways during breast cancer
progression [24]. Though HDAC inhibitors are currently
being tested as clinical adjuncts in breast cancer therapy
[25], their effects on the expression of estrogen metabolism
machinery during breast cancer progression are unknown.
Therefore, the effects of treatment with trichostatin A
(TSA), a potent HDAC inhibitor, on ER and estrogen
metabolism gene expression in the MCF10A lineage cell
lines were also investigated.

Materials and methods
Materials

TagMan Gene Expression reagents were purchased from
Applied Biosystems (Foster City, CA). qPCR Human
Reference Total RNA was purchased from Clontech Labo-
ratories (Mountain View, CA). Culture media, sera,
L-glutamine, sodium pyruvate, penicillin-streptomycin, anti-
SULTIEl antibody, recombinant human SULTIEI,
Superscript I, and Lipofectamine 2000 were purchased from
Invitrogen Corporation (Carlsbad, CA). EGF was purchased
from BD Biosciences (San Jose, CA). Recombinant human

insulin (Novolin R) was purchased from Novo Nordisk
Pharmaceuticals, Inc. (Princeton, NJ). Cholera toxin,
hydrocortisone and TSA were purchased from Sigma-
Aldrich (St. Louis, MO). Horseradish peroxidase-conju-
gated goat anti-rabbit IgG was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). ECL Plus Western
Blotting Detection Reagents and Hybond-P membranes
were purchased from GE Healthcare (Piscataway, NJ). Other
materials were obtained from the sources indicated below.

Cell culture

MCF7 and MCF10A lineage (MCF10A, MCFI10ATI,
MCF10AT1K.cl2, MCF10CAla, MCFI0CAld and
MCF10DCIS.com) cell lines were obtained from the Cell
Resources Facility of the Barbara Ann Karmanos Cancer
Institute, Wayne State University. MCF10A lineage cell
lines were cultured in phenol red-free Dulbecco’s Modified
Eagle Medium/Ham’s F12 nutrient mixture (1:1) supple-
mented with 10 pg/ml insulin, 20 ng/ml EGF, 100 ng/ml
cholera toxin, 0.5 pg/ml hydrocortisone, 5% horse serum,
100 U/ml penicillin, and 100 pg/ml streptomycin. MCF7
cells were cultured in phenol red-free Minimum Essential
Medium supplemented with 10 pg/ml insulin, 1 mM
sodium pyruvate, 10% calf serum, 100 U/ml penicillin, and
100 pg/ml streptomycin. Cell lines were routinely main-
tained in T75 flasks in a 37°C humidified environment of
5% CO,/95% air. For experiments, 250,000 cells were
plated into 60 mm dishes. For subconfluent cultures
(~70% confluency), cells were harvested 2 days after
plating. Confluency was reached approximately 5 days
after plating. On day 7, confluent cultures were harvested
for preparation of total RNA. Experiments were conducted
at a cell density of 70% confluency unless otherwise
indicated. For TSA studies, 24 h after plating, cells were
treated with 0.1% dimethyl sulfoxide (DMSO control) or
TSA.

TagMan Gene Expression assays

Total RNA was prepared from individual dishes of cells
using the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA
samples were reverse transcribed using Superscript II.
Transcript levels were measured using the following Tag-
Man Gene Expression Assays: Hs01046818_ml (ERa),
Hs00230957_m1 (ERf), Hs00193690_m1 (SULTIEI),
Hs00419411_m1 (SULT1A1), Hs01105284_m1 (SULT2B1),
Hs00234219_m1 (SULT2A1), Hs00165853_ml (STS),
Hs00240671_m1 (CYP19), Hs00166219_gl (175HSD1),
Hs00157993_m1 (17HSD2), Hs00164383_m1 (CYP1B1),
and Hs00241349_m1 (COMT). Each PCR reaction included
2 ul of cDNA template, a primer/probe (5-carboxyfluorescein
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fluor, minor groove binder quencher) set, a primer-limited
primer/probe (VIC-minor groove binder) set for 18S rRNA
and Universal PCR master mix, and amplifications were
performed using an ABI Prism 7500 Sequence Detection
System. Thermocycling parameters were 94°C for 10 min,
and 40 cycles of 95°C for 15 s and 60°C for 1 min. Cycle
threshold (Ct) values were obtained using the SDS software
package. For each sample, ACt was obtained by subtracting
the Ctof 18S rRNA from the Ct of target mRNA. Then, AACt
values were calculated by subtracting the ACt of the cali-
brator to which the other samples were compared from the
ACt of each sample. Mean relative quantitative expression
values were then calculated as 2742,

Western blot and enzyme activity analyses

Cells in T75 flasks were washed with and scraped into ice-
cold phosphate-buffered saline. Cells were pelleted and
homogenized by sonication in buffer (200 pl per flask)
consisting of 50 mM Tris—HCl, 25 mM sucrose, | mM
EDTA and 1x Halt protease inhibitor (Thermo Fisher
Scientific, Rockford, IL), pH 7.4. Homogenates were cen-
trifuged at 20,000x g at 4°C for 20 min, and supernatants
were used for western blot analysis. Protein concentrations
were measured using the BCA Protein Assay (Thermo
Fisher). Western blot analysis of SULTIEI content was
accomplished as described previously [26], using 30 pg of
sample protein and polyclonal anti-SULTI1E1 antibody.
Uniform protein loading and transfer were verified using
Ponceau S staining. SULT1E] catalytic activity was mea-
sured in whole cell lysates prepared from MCF10CAla
cells as described [27].

Transient transfection analysis

The p2ERE-luc reporter was constructed by ligating a
double-stranded oligonucleotide containing two vitello-
genin estrogen response elements upstream of a minimal
herpes simplex virus thymidine kinase promoter, which
had been preligated into pGL3-Basic (Promega Corpora-
tion, Madison, WI). The sequences of the oligonucleotides
are: 5'-CGCGTGTCCAAAGTCAGGTCACAGTGACCTG
ATTCAGGTCACAGTGACCTGATCAAAGTTA-3' and
5-GATCTAACTTTGATCAGGTCACTGTGACCTGAAT
CAGGTCACTGTGACCTGACTTTGGACA-3'.

MCEF7 cells (400,000) were seeded into 12-well plates
and cultured in 2 ml phenol red-free Minimum Essential
Medium supplemented with 10 pg/ml insulin, 1 mM
sodium pyruvate and 10% charcoal-stripped fetal bovine
serum. The following day, Opti-MEM containing a pre-
mixed complex of 4 pl of Lipofectamine 2000, 1.6 ng
p2ERE-Luc and 1.25 ng pRL-SV40 (Promega) was added
to each well. The following day, cultures (5 wells per
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group) were incubated with phenol red-free Minimum
Essential Medium, supplemented as described above,
containing 0.1% DMSO, 10 nM E2, 300 ng/ml TSA, or E2
and TSA in combination. After 48 h, the cells were har-
vested for measurement of firefly and Renilla luciferase
activities using the Dual Luciferase Reporter Assay System
(Promega) and a Dynex model MLX Luminometer.

Statistical analysis

Data were analyzed using the paired t-test or one-way
analysis of variance followed by the Newman—Keuls test
using Prism (GraphPad Software, San Diego, CA).

Results

The high catalytic efficiency of SULTIEI toward E2 sul-
fation supports a major role for SULTIELI in the in situ
inactivation of E2 within the breast. SULT1E1 mRNA was
detected in parental MCF10A cells, although the level of
expression was highly dependent upon the confluency of the
cultures. Relative to subconfluent MCF10A cells, the
amount of SULTIE1 mRNA in confluent cells was signif-
icantly increased by ~ 16-fold (Fig. 2a). SULTIEl mRNA
expression was robust in MCF10AT1 cells, and, unlike
MCF10A cells, was not significantly affected by confluency
(Fig. 2a). SULT1E1 mRNA expression was also substantial
in MCF10AT1K.clI2 cells, but was markedly diminished in
MCF10CAla, MCFI10CAld, MCF10DCIS.com, and
MCF7 cells (Fig. 2a). SULT1E1 immunoreactive protein
levels in the MCF10A lineage cell lines were in accord with
the corresponding mRNA levels (Fig. 2b).

Since STS and other cytosolic SULTs have been
implicated in the modulation of breast intracrinology [27—
32], the expression patterns of STS and SULTs 1A1, 2A1,
and 2B1 were characterized. STS mRNA was detected
across the MCF10A series cell lines, as well as in MCF7
cells (Fig. 3a). SULT1A1 and SULT2B1 transcripts were
detected only in MCF7 cells, while the mRNA for
SULT2A1, an enzyme that is highly expressed in human
liver and adrenal gland [28], was not detected in any of the
breast cell lines (Fig. 3a).

17FHSD1 catalyzes the reduction of estrone (E1) to the
more potent E2, while 17 HSD2 catalyzes the oxidation of
E2to E1[33]. 17fHSD1 mRNA was detected in all cell lines
but was highest in the MCF10CA1la and MCF10DCIS.com
cells (Fig. 3b). By contrast, 17fHSD2 mRNA was expres-
sed most abundantly in the parental MCF10A cell line
(Fig. 3b).

The transcript for CYP19, which catalyzes the aroma-
tization of androstenedione and testosterone to E1 and E2,
respectively [34], was not detected in any cell line
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Fig. 2 Expression of SULT1E1 mRNA and protein in the MCF10A-
derived lineage cell culture model for breast cancer progression and in
MCF7 cells. a A TagMan Gene Expression assay was used to
determine the relative levels of SULTIE]1 mRNA in subconfluent
(70%, white bars) and confluent (100%, black bars) MCF10A series
cells (from left to right, MCF10A, MCF10AT1, MCF10ATIK.cl2,
MCF10CAla, MCFI0CA1ld and MCFI10DCIS.com) and in MCF7
cells. SULTIE1 mRNA content is expressed relative to the level
measured in subconfluent MCF10A cells, and all values represent the
mean = SEM of three independent cell culture experiments. Groups
labeled with different letters are significantly different from each
other (P < 0.05). b Representative Western blots showing the relative
amounts of SULTIEl immunoreactive protein in subconfluent
MCF10A-derived cell lines

(Fig. 3c). CYP1BI1 is the most active E2 hydroxylase [35],
and high levels of E2 hydroxylation in estrogen-responsive
tissues may play an important role in estrogen-related
tumorigenesis [36]. By contrast, O-methylation catalyzed
by COMT is an inactivation pathway for E2 catechols and
quinones [36]. CYPIB1 mRNA levels were highest in
MCF7 cells (Fig. 3c). Though CYPIB1I mRNA also
appeared to be higher in MCF10AT1 and MCF10AT1K.cI2
cells than in the other MCF10A series cells (Fig. 3c), this
difference was not maintained when the cultures were
treated with DMSO (experiment shown in Fig. 6). COMT
demonstrated relatively consistent mRNA expression
across cell lines (Fig. 3c).

ER expression is a major determinant of estrogenic
activity. As expected, the ER-positive MCF7 cell line
expressed ERx mRNA at a level that was >100-fold greater
than that detected in any of the MCF10A series cell lines
(Fig. 4). ERa immunoreactive protein is reportedly unde-
tectable in MCF10A cells [13], and in the present study
ERo mRNA was detected at a low level in the MCF10A
lineage cells (Fig. 4). By comparison, ERff mRNA levels
were not abundant either in MCF7 cells or in the MCF10A-
derived series of cell lines (Fig. 4).

Since HDACs are important modulators of transcription
and therapeutic targets in breast cancer [24, 25], the effects

of TSA treatment were characterized on ER and estrogen
metabolism enzyme expression. As previously reported
[37], TSA treatment of MCF7 cells produced a dramatic
decrease (>99%) in ERaz mRNA expression (Fig. 5a). The
loss of E2 agonistic activity following TSA treatment was
confirmed using an ER-responsive reporter (Fig. 5b). By
contrast, TSA treatment increased ERf mRNA levels in
MCF7 cells by ~11-fold (Fig. 5a). TSA produced less
pronounced effects on ERo and ERff mRNA expression in
the MCFI10A lineage cell lines (Fig. 5a).

TSA also produced marked alterations in the mRNA
expression of estrogen metabolism enzymes in the cell lines.
In the neoplastic MCF10CAla cell line, where SULTI1E1
mRNA expression is substantially suppressed, TSA treat-
ment produced a concentration-dependent increase in
SULTIEl mRNA expression that correlated with the
induction of E2 sulfation activity (Fig. 6a). TSA treatment
increased SULTIEl mRNA content by at least two-fold
(2.3- to 26.1-fold) in all MCF10A series cell lines except
MCF10AT]1, although the increase was statistically signifi-
cant only for MCF10DCIS.com (Fig. 6b). TSA treatment
also activated CYP19 expression in all of the cell lines
(Fig. 6¢). By contrast, TSA treatment uniformly suppressed
STS and COMT expression (Fig. 6¢). TSA treatment pro-
duced marked suppression of SULT1A1, SULT2B1 and
CYP1B1 mRNA levels in MCF7 cells, while SULT2A1
expression was induced in TSA-treated MCF7 cells
(Fig. 6¢). TSA treatment also suppressed 17fHSDI1 and
17SHSD2 expression in the MCF10A series cell lines that
demonstrated constitutive expression (Fig. 6¢).

Discussion

Selective ER modulators, selective ER down-regulators
and inhibitors of estrogen-producing enzymes, such as
CYP19, STS, and 17HSDI, represent important classes of
drugs for achieving estrogen blockade in the treatment of
hormone-responsive breast cancer [38—42]. In addition,
HDAC inhibitors, which have been shown to down-regu-
late ERe mRNA expression in MCF7 cells [37], are being
tested in phase II clinical trials that include patients with
relapsed/refractory breast cancer [25]. Despite an expanded
range of targeted therapies, the critical alterations in breast
intracrinology that predispose patients to breast cancer
development remain to be elucidated.

In mammary tissue, stringent control of the powerful
mitogen E2 is achieved through the tight balance of ER«
and ERf expression coupled with titration of E2 levels.
Compared to ERf, ERa is a high affinity receptor for
estrogens [43]. Both ERa and ERf bind to the same
response elements but produce differential effects on target
gene expression [44]. Though ER« is a recognized marker
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Fig. 3 Expression of estrogen metabolism enzymes in MCF10A
series and MCF7 cell lines. TagMan Gene Expression assays were
used to determine the relative levels of STS, SULT1A1, SULT2BI,
SULT2A1 (a), 17pHSD1, 17pHSD2 (b), CYP19, CYPI1BI, and
COMT (c¢) mRNA in MCF10A series cell lines and in MCF7 cells.
The mRNA levels are expressed relative to their respective levels in
MCF10A cells, MCF7 cells or a human RNA reference pool (HRP).
All values represent the mean £ SEM of three independent cell
culture experiments. For all transcripts except 17fHSD2 and

for E2-stimulated proliferation in breast cancer, the pre-
dictive role of ERf is less clear, possibly due to the
multiplicity of ERf isoforms [45]. In the present study,
ERoa expression in the MCF10A lineage cell lines was low
in comparison to its level in MCF7 cells, while ERf
mRNA expression was comparably low among the cell
lines. As previously reported [37], TSA suppressed ERux
and induced ERf expression in MCF7 cells. However,
TSA produced only modest effects on ERa and ERf
expression in the MCF10A series of cell lines.
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levels were undetected in all cell lines

The pro-estrogenic machinery of the breast includes
STS, CYP19, and 178HSDI1 [34, 46]. Increased expression
of STS occurs in 74% of breast cancer biopsies and its
presence correlates with an adverse prognosis [32]. In the
present analysis, STS mRNA levels were comparably
detected across the MCF10A series of cell lines and in
MCF7 cells, and TSA treatment consistently tended to
repress STS expression.

CYP19 expression in breast tumor tissue facilitates a
highly concentrated estrogen micro-environment. Like STS,
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elevated CYP19 expression in breast tumor tissue impairs
prognosis [7]. Though CYP19 is more robustly expressed in
breast stroma, the application of fine resolution techniques
has revealed the presence of CYP19 in normal breast ductal
epithelial cells and breast cancer cells, as well as in intra-
tumor stromal cells and peri-tumoral adipose tissue [47]. In
the absence of TSA treatment, CYP19 mRNA was not
detected in MCF10A series cell lines or MCF7 cells. In
contrast to a previous report demonstrating a repressive role
for TSA on CYP19 expression in MCF7 cells [48], this
investigation revealed a TSA-inducible effect on CYP19
expression in all of the cell lines examined.

There are at least fifteen 17HSD enzymes that vary in
catalytic range and efficiency [49]. 17fHSD1 and
17pHSD2 are involved in the interconversion of E2 with
the less potent E1 [33]. Increased 17fHSDI expression in
breast cancer, either alone or in combination with CYP19,
enhances estrogen concentrations and negatively impacts
prognosis [50, 51], as does loss of 17fHSD2 expression
[52]. In the present study, the mRNA expression of pro-
estrogenic 17fHSD1 was detected in MCF10A cells but
was more abundant in the neoplastic MCF10CAla and
MCF10DCIS.com variants. By contrast, 17fHSD2 mRNA

Fig. 5 Effects of TSA treatment on ERa and ERff mRNA expression
in MCF10A series and MCF7 cell lines and on E2-mediated
activation of an estrogen-responsive reporter gene. a Cell lines were
treated for 24 h with 0.1% DMSO (white bars) or 300 ng/ml TSA
(black bars), and ERo. and ERff mRNA levels were measured with
TagMan Gene Expression assays. ERo and ERf mRNA levels are
expressed relative to the amounts measured in DMSO-treated
MCF10A cells. All values represent the mean £ SEM of three
independent cell culture experiments. *, ** Significantly different
from the corresponding DMSO-treated group, P < 0.05 and
P < 0.01, respectively. b MCF7 cells were transiently transfected
with an estrogen-responsive luciferase reporter plasmid. After trans-
fection, cells were treated with 0.1% DMSO, 10 nM E2, 300 ng/ml
TSA, or E2 and TSA in combination for 48 h. After treatment, cells
were harvested for the measurement of luciferase activities. Each bar
represents the mean £ SEM of normalized (firefly/Renilla) luciferase
measurements (5 wells per treatment group) relative to the activity
measured in DMSO-treated cells. ** Significantly different from the
E2-treated group P < 0.01

was most prominent in parental MCF10A cells. TSA
treatment produced only suppressive effects on 17fHSDI1
and 17HSD2 expression.

SULTIEI is considered to be the predominant E2-inac-
tivating enzyme in breast. A previous survey of cytosolic
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Fig. 6 TSA treatment effects on estrogen metabolism enzyme
expression in MCF10A series and MCF7cell lines. a Concentration-
dependent effects of TSA treatment on SULTIEl mRNA expression
in MCF10CA1la cells. MCF10CA1la cells were treated for 24 h with
0.1% DMSO or with 75, 150 or 300 ng/ml TSA and harvested for
measurement of SULT1IEI mRNA levels with a TagMan Gene
Expression assay. All values represent the mean + SEM of three
independent cell culture experiments relative to the amount measured
in the DMSO-treated cells. *** Significantly different from the
DMSO-treated group, P < 0.001. Inset Correlation of TSA-mediated
changes in SULTIEI enzymatic activity with changes in SULTIEI1
mRNA levels. b MCF10A series and MCF7 cell lines were treated for
24 h with 0.1% DMSO or 300 ng/ml TSA and SULTIE1 mRNA
levels were measured. SULTIE] mRNA contents are expressed
relative to the level measured in DMSO-treated MCF10A cells. All

SULT expression concluded that human mammary epithe-
lial cells expressed mainly SULTIEI, while breast cancer
cell lines preferentially expressed SULT1A1 and only trace
amounts of SULTIE1 and SULT2A1 [53]. In an indepen-
dent study, SULTIEl expression was reported in
approximately 44% of human breast cancer biopsy
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values represent the mean = SEM of three independent experiments.
* Significantly different from the corresponding DMSO-treated group
(P < 0.05). ¢ Cells were treated with as indicated in b and estrogen
metabolism enzyme mRNA levels were measured. STS, COMT,
CYPIBI, 175HSDI, and 17fHSD2 mRNA contents are expressed
relative to the respective levels measured in DMSO-treated MCF10A
cells. SULTIA1 and SULT2B1 mRNA levels are expressed relative
to the levels measured in DMSO-treated MCF7 cells. SULT2AI1
mRNA levels are expressed relative to the level measured in TSA-
treated MCF7 cells. CYP19 mRNA levels are expressed relative to
the level measured in TSA-treated MCF10A cells. All values
represent the mean £ SEM of three independent experiments. *,
** Significantly different from the corresponding DMSO-treated
group, P < 0.05 and P < 0.01, respectively

specimens [32]. The present investigation revealed
SULTIEI mRNA expression in confluent MCF10A cells
and in the preneoplastic MCF10AT1 and MCF10ATIK.cl2
cell lines. By contrast, SULT1E1 expression in the more
neoplastically transformed MCF10A-derived cell lines and
in MCF7 cells was markedly repressed. As previously
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described for CYP1A2 expression in MCF10A cells [54],
SULTIEl mRNA levels were more abundant in confluent
than in proliferating MCF10A cultures. The constitutive
expression of other steroid-metabolizing SULTs (.e.,
SULTI1A1, SULT2A1, and SULT2B1) was not a prominent
feature across the MCF10A-derived cell lines.
4-Hydroxylated estrogen metabolites produced by
CYP1B1 metabolism are particularly reactive and consid-
ered to be promutagenic [55]. CYP1B1 mRNA and protein
expression has been reported in up to 73% of human breast
cancer biopsies [56]. Increased CYP1B1 expression, cou-
pled with the reduced expression of the detoxicating
enzyme COMT, is associated with amplified breast cancer
risk [55]. In the current analysis, CYPIB1 mRNA was
present at relatively low levels in the MCF10A-derived cell
lines, but was more abundant in MCF7 cells, where its
constitutive expression has been previously described [57].
In contrast to a previous report suggesting a stimulatory
effect of TSA treatment on CYP1B1 expression in MCF7
cells [58], the present study revealed TSA-mediated sup-
pression for both CYP1B1 and COMT in MCF7 cells. In
contrast to the relatively restricted expression of CYP1BI,
COMT mRNA was widely detected across cell lines.

In aggregate, it appears that normal or early preneoplastic
breast epithelial cells act to minimize the mitogenic effects
of E2 by retaining the expression of SULTIEI, a major
E2- inactivating enzyme, and by preserving the expression
of the anti-estrogenic dehydrogenase, 17fHSD2. Particu-
larly in the MCF10A lineage model for breast cancer
progression where ERo levels are held to a minimum, the
expression of key E2-metabolizing enzymes is crucial for
the establishment of the breast intracrine environment.
Within the progression model, the expression of pro-estro-
genic STS and 17HSD1 is maintained, while the capacity
for in situ estrogen production through aromatization is
restrained. Based on the current study, several positive
aspects of HDAC inhibitor treatment in humans might be
anticipated. These include the up-regulation of SULT1E1 in
neoplastic breast epithelial cells and also down-regulation of
pro-estrogenic metabolic enzymes such as STS and
17HSD1. With HDAC inhibition, the prominent expression
of CYP1BI that is observed in MCF7 cells becomes down-
regulated. However, as a counter-weight, the expression of
the protective enzyme COMT also becomes down-regulated.

The results of this study demonstrate that established
breast cancer cell lines, such as MCF7, do not necessarily
reflect the changes in estrogen metabolism that occur in
breast epithelial cells as they progress from benign prolif-
erative breast disease toward neoplasia. In order to harness
the promise and potential power of combined or sequential
metabolically-targeted therapies in breast cancer interven-
tion, it will be become essential to understand and control

the real-time dynamics that determine the delicate balance
of intracrine metabolism within the breast.
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