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In situ estrogen synthesis is implicated in tumor
cell proliferation through autocrine or paracrine
mechanisms especially in postmenopausal women.
Several recent studies demonstrated activity of aro-
matase, an enzyme that plays a critical role in estro-
gen synthesis in breast tumors. Proline-, glutamic
acid-, and leucine-rich protein-1 (PELP1/MNAR) is an
estrogen receptor (ER) coregulator, and its expres-
sion is deregulated in breast tumors. In this study, we
examined whether PELP1 promotes tumor growth by
promoting local estrogen synthesis using breast
cancer cells (MCF7) that stably overexpress PELP1.
Immunohistochemistry revealed increased aro-
matase expression in MCF7-PELP1-induced xeno-
graft tumors. Real-time PCR analysis showed en-
hanced activation of the aromatase promoter in
MCF7-PELP1 clones compared with MCF7 cells. Us-
ing a tritiated-water release assay, we demonstrated
that MCF7-PELP1 clones exhibit increased aro-
matase activity compared with control MCF-7 cells.
PELP1 deregulation uniquely up-regulated aro-

matase expression via activation of aromatase pro-
moter I.3/II, and growth factor signaling enhanced
PELP1 activation of aromatase. PELP1-mediated in-
duction of aromatase requires functional Src and
phosphatidylinositol-3-kinase pathways. Mechanis-
tic studies revealed that PELP1 interactions with ER-
related receptor-� and proline-rich nuclear receptor
coregulatory protein 2 lead to activation of aro-
matase. Immunohistochemistry analysis of breast
tumor array showed increased expression of aro-
matase in ductal carcinoma in situ and node-positive
tumors compared with no or weak expression in nor-
mal breast tissue. Fifty-four percent (n � 79) of
PELP1-overexpressing tumors also overexpressed
aromatase compared with 36% (n � 47) in PELP1
low-expressing tumors. Our results suggest that
PELP1 regulation of aromatase represents a novel
mechanism for in situ estrogen synthesis leading to
tumor proliferation by autocrine loop and open a new
avenue for ablating local aromatase activity in breast
tumors. (Molecular Endocrinology 22: 649–664, 2008)

MAMMARY TUMORIGENESIS IS accelerated by
the action of ovarian hormones, and approxi-

mately 70% of breast tumors are estrogen (E2) recep-
tor (ER) positive at the time of presentation. Endocrine
therapy is the most important component of adjuvant

therapy for patients with early-stage ER-positive
breast cancer (1). The biological functions are medi-
ated by the ER, a ligand-dependent transcription fac-
tor that modulates gene transcription via direct recruit-
ment to the target gene chromatin (classical pathway)
(2, 3). The ER can also modulate gene expression via
its interactions with other transcription factors (non-
classical pathway). In addition, the ER also partici-
pates in cytoplasmic and membrane-mediated signal-
ing events (nongenomic signaling) and generally
involves the stimulation of the Src kinase, MAPK, and
phosphatidylinositol-3-kinase (PI3K) (4, 5). ER signal-
ing requires coregulatory proteins, and their composi-
tion in a given cell determines the magnitude and
specificity of the ER signaling (6, 7).

Aromatase (Cyp19), a key enzyme involved in E2
synthesis (8), appears to be expressed in breast tu-
mors, and locally produced E2 might act in a paracrine
or autocrine fashion (9). Furthermore, breast tumors
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from postmenopausal women are shown to contain
higher amounts of E2 than would be predicted from
levels circulating in plasma (10). Expression of the
aromatase gene is under the control of several distinct
and tissue-specific promoters; however, the coding
region of aromatase transcripts and the resulting pro-
tein is identical (11). In disease-free breast, aromatase
expression is directed via distal 1.4 promoter, whereas
aromatase expression is shown to be activated via PII
and 1.3 in adipose tissue in breast bearing a tumor (11,
12). The molecular mechanism by which breast tumors
enhance aromatase expression is not completely
understood.

Recently, aromatase inhibitors that inhibit peripheral
E2 synthesis are shown to be more effective in en-
hancing the survival of postmenopausal women with
ER-positive breast cancer (13). Emerging evidence
suggests that tumors use adaptive mechanisms for
growth after the initiation of first-line endocrine ther-
apy. Hypersensitivity to E2, local E2 synthesis, exces-
sive nongenomic signaling, and excessive ER-growth
factor signaling cross talk are suggested as some of
the possible means by which tumor cells acquire re-
sistance (14). Accumulating evidence also suggests
that a variety of different factors may regulate expres-
sion and activity of aromatase under pathological con-
ditions, and local production of E2 may enhance tumor
growth and may also interfere with hormone therapy
(15).

Proline-, glutamic acid-, and leucine-rich protein-1
(PELP1) is a novel ER coactivator (16). PELP1 is also
referred to as a modulator of nongenomic actions of
ER (MNAR) (17). PELP1 interacts with the ER and
modulates its genomic and nongenomic functions
(18). PELP1 promotes E2-mediated cell proliferation
by sensitizing cells to G13S progression via its inter-
actions with the pRb pathway (19). In the nuclear com-
partment, PELP1 interacts with histones and histone-
modifying enzymes and thus plays a role in chromatin
remodeling for ligand-bound ERs (20). Recent evi-
dence also suggests that PELP1 couples ER to several
signaling axes, such as Src-MAPK, PI3K-Akt, and epi-
dermal growth factor receptor-signal transducer and
activator of transcription 3 (EGFR-STAT3) (18). PELP1
expression is deregulated in breast cancer, and
emerging evidence suggests that PELP1 has onco-
genic potential and that its deregulation promotes hor-
mone independence (21). However, mechanisms by
which PELP1 promote tumorigenesis is elusive.

Here we provide new evidence that deregulation of
the ER coactivator PELP1 promotes in situ synthesis
of E2 in breast tumor epithelial cells. PELP1-overex-
pressing tumors showed increased expression of aro-
matase. Furthermore, we show that PELP1 also co-
operates with growth factor signaling components in
the activation of the aromatase promoter in breast
cancer cells. These results suggest that PELP1 signal-
ing and its interactions with growth factor signaling
components and orphan nuclear receptors may locally

influence the in situ production of E2 and thus promote
tumor growth by promoting ER autocrine signaling.

RESULTS

PELP1 Overexpression Correlates with Increased
Expression of Aromatase

Emerging evidence suggest that breast tumors in
postmenopausal women have potential to acquire
ability to produce local E2 by activating expression of
aromatase. Recent studies from our laboratory
showed that the ER coregulator PELP1 functions as a
potential protooncogene, and its deregulation in
MCF7 breast cancer epithelial cells promotes hor-
mone-independent growth of these cells in a xenograft
model (21). To examine whether PELP1 deregulation
promotes aromatase expression, we determined
whether the expression of aromatase in tumors is in-
duced by PELP1 overexpression. MCF7 tumors in-
duced by E2 supplementation were used as a control.
We have used two different monoclonal antibodies
(mAb) in immunohistochemistry (IHC) that recognize
distinct epitopes on aromatase (Fig. 1, A and B) (22–
24). Results of IHC showed that sections from PELP1-
induced xenograft tumors had increased aromatase
expression compared with the control E2-induced
MCF7 tumors (Fig. 1, A and B). To further confirm
these results, we have examined the expression of
aromatase in PELP1-overexpressing MCF7 model
cells. MCF7 cells stably expressing aromatase were
used as a positive control. Cytospin sections from two
different PELP1 stable clones (PELP clone 20 or PELP
clone 13) showed higher expression of aromatase as
compared with parental MCF7 cells, suggesting de-
regulation of PELP1 promotes increased expression of
aromatase (Fig. 1C).

PELP1 Regulates Aromatase Expression through
the Aromatase Promoter I.3/II

Expression of the aromatase gene is under the control
of several distinct and tissue-specific promoters. To
identify the promoter by which PELP1 deregulation
enhances aromatase gene expression, we performed
real-time RT-PCR analysis using exon-specific prim-
ers (25). Results from studies using exon I.1-, I.3-, or
I.4-specific primers showed that MCF7-PELP1 clones
have 2.5-fold increased levels of exon I.3 transcript
compared with MCF7-pcDNA clones. (Fig. 1D). No
significant changes in the activity of exon I.1 or I.4
promoters were observed (data not shown). In reporter
gene assays using Aro-1.3 luciferase, MCF7-PELP1
cells showed a 5-fold increase in the reporter gene
activity (Fig. 1E). In RT-PCR analysis, MCF7-PELP1
cells showed significant increase in total aromatase
transcript levels relative to MCF7-pcDNA cells, which
had negligible or low expression of the total aromatase
transcript (Fig. 1F). Western blot analysis showed that
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MCF7-PELP1 clones have increased levels of aromatase
compared with the aromatase levels in the control
MCF7-pcDNA (Fig. 1G). Collectively, these results sug-
gest that PELP1 deregulation has potential to regulate
the aromatase gene expression via the I.3 promoter.

PELP1 Deregulation Promotes Aromatase Activity

To establish the physiological significance of PELP1
regulation of aromatase gene expression, we exam-
ined whether MCF7-PELP1 model cells had increased

basal aromatase activity. Aromatase activity was de-
termined using the tritiated-water release assay (26).
The basal level of aromatase activity was found to be
three times higher in PELP1 model cells (Fig. 2A). To
confirm that the increase in aromatase activity seen in
MCF7-PELP1 is indeed due to alteration in PELP1
levels, we used Teton-PELP1 model cells in which
PELP1 expression is under the control of a Tet-induc-
ible promoter (20). PELP1 expression in these cells
can be induced by addition of doxycycline in a dose-
dependent manner. Results from these studies
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Fig. 1. PELP1 Deregulation Promotes Aromatase Expression
A and B, Immunohistological examination of aromatase expression in mouse xenograft tumor sections from E2-induced or

PELP1-induced tumors: A, sections stained with Serotec mAb; B, sections stained with a Novartis mAb. C, Cytospin slides were
prepared from control MCF7 and MCF7-PELP1 clones (13 or 20), and expression of aromatase was analyzed by immunohisto-
chemistry. MCF7 Aro cells were used as a positive control. D, Total RNA was isolated from MCF7 and MCF7 PELP1 clone 13 cells
and real-time PCR analysis of aromatase gene expression was performed using exon 1.3- and 1.1-specific primers. E, MCF7 and
MCF7-PELP1 clone 13 cells were transiently transfected with Aro-1.3/II luciferase reporter, and 48 h later, reporter activity was
analyzed. F, Total RNA was extracted from MCF7 and MCF7-PELP1 clone 13 cells, and expression of aromatase RNA was
analyzed by RT-PCR. G, Total lysates from MCF7, MCF7-PELP clone 13, and MCF7-PELP1 clone 20 cells were analyzed for
aromatase expression using Western blot analysis.
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showed that induction of PELP1 expression in Teton-
PELP1 model cells increases aromatase activity in a
PELP1 dose-dependent manner (Fig. 2B).

PELP1 Deregulation Promotes in Situ Estrogen
Synthesis

To examine whether increased aromatase expression in
PELP1 clones translates to local E2 synthesis, we have
examined whether addition of the aromatase substrate an-
drostenedione activates the E2-ER signaling pathway in
these model cells. The addition of androstenedione sub-
stantially increased ER reporter gene activity in MCF7-
PELP1 cells compared with MCF7-pcDNA cells (Fig. 2C).
Similarly, addition of androstenedione significantly in-
creased the expression of the ER target gene PS2 (Fig. 2D).

Furthermore, androstenedione addition increased MAPK
activation in MCF7-PELP1 clones (Fig. 2E). Parental MCF7
cells expressing pcDNA demonstrated low or weak poten-
tial to form soft-agar colonies even in the presence of an-
drostenedione (Fig. 2F). However, addition of androstenedi-
one substantially increased the ability of PELP1 model cells
to grow in an anchorage-independent manner. Treatment
of PELP1 model cells with letrozole, an aromatase inhibitor,
abolished the PELP1-mediated increase in soft-agar col-
ony formation (Fig. 2F), implicating in situ E2 synthesis
through increased aromatase expression in MCF7-PELP1
clones. Collectively, these results suggest that aromatase
induced in PELP1 clones is functional and has potential to
induce local E2 synthesis, leading to activation of the E2-ER
signaling pathway in an autocrine manner.
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Fig. 2. PELP1 Deregulation Promotes Aromatase Activity and in Situ Estrogen Synthesis
A, Aromatase activity in control MCF7 cells and MCF7-PELP1 clones was measured by tritiated-water release assay. Each

experimental condition was measured in triplicate, and aromatase activity was expressed in picomoles per milligram of protein
per hour (mean � SEM). B, Tet-inducible PELP1 model cells were treated with increasing doses of doxycycline to induce variable
levels of PELP1, and 24 h later, aromatase activity was measured; inset shows induction of PELP1 expression as measured by
Western blot analysis. C, MCF7 and MCF7-PELP1 clone cells cultured in DCC medium were transiently transfected with ER
reporter gene. After 48 h, the cells were treated with or without the aromatase substrate androstenedione for 12 h, and then
reporter gene activity was measured. D, MCF7 and MCF7-PELP1 clones cells were cultured in DCC medium for 2 d and treated
with androstenedione for 24 h, and expression of the ER target gene pS2 was measured by Northern blot analysis. E, MCF7 and
MCF7-PELP1 clone cells were treated with androstenedione for 24 h and with or without letrozole, and activation of MAPK
pathway was measured using Western blot analysis with phosphorylated antibodies. F, MCF7 and MCF7-PELP1 clone cells were
plated in soft agar in the presence or absence of androstenedione and with or without letrozole. Colony formations were counted
after 21 d. *, P � 0.05; **, P � 0.001. These experiments were repeated three times; the average of the results is shown in the graph.
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Growth Factor Signaling Promotes PELP1
Regulation of Aromatase Expression

Because growth factor signaling has been shown to
modulate PELP1 functions via tyrosine phosphoryla-
tion (18, 27), we examined whether growth factor sig-
naling enhances PELP1 regulation of the aromatase
promoter. MCF7-pcDNA and MCF7-PELP1 cultured in
dextran-coated charcoal (DCC)-treated serum were
treated with or without epidermal growth factor

(EGF), and the expression of aromatase was analyzed
by real-time PCR (Fig. 3A) and Aro-1.3/II reporter gene
assays (Fig. 3B). In both of these assays, MCF7-
PELP1 clones exhibited higher basal Aro-1.3 expres-
sion compared with MCF7-pcDNA, and growth factor
stimulation resulted in a further 2.5-fold increase in
aromatase expression. Similarly, growth factor stimu-
lation of MCF7-PELP1 also resulted in a 2- to 3-fold
induction of aromatase activity as compared with
MCF7-pcDNA cells (Fig. 3C).
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Fig. 3. EGF Enhances PELP1-Mediated Activation of Aromatase

A, MCF7 and MCF7-PELP1 cells were cultured in serum-free medium for 24 h and then treated with or without 100 ng/ml
EGF. Total RNA was isolated, and real-time PCR analysis of aromatase gene expression was performed using aromatase
exon 1.3- and 1.1-specific primers. B, MCF7 and MCF7-PELP1 cells were transiently transfected with Aro-1.3/II luciferase
reporter. After 48 h, cells were cultured in serum-free medium for 24 h, after which they were treated with or without 100
ng EGF/ml for 12 h, and luciferase activity was measured. C, MCF7 and MCF7-PELP1 clone cells were treated with or
without EGF, and aromatase activity in control MCF7 and MCF7-PELP1 clones was measured by tritiated-water release
assay. D, MCF7 and MCF7-HER2 cells were transiently transfected with Aro-1.3/II reporter gene along with or without PELP1
and treated with or without EGF for 12 h. Luciferase activity was measured. E, MCF7-HER2 cells were cotransfected with
Aro-1.3/II reporter along with or without PELP1 shRNA vectors. After 72 h, luciferase reporter activity was measured. F,
MCF7 cells were cotransfected with Aro-1.3/II reporter along with PELP1, GRIP1, SRC1, SRC3, and CBP expression vectors.
After 72 h, cells were treated with 100 ng/ml EGF for 12 h, and then luciferase reporter activity was measured. *, P � 0.05;
**, P � 0.001. Data shown are the means � SE from three independent experiments performed in triplicate wells.
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HER2 Signaling Enhances PELP1 Regulation of
the Aromatase Promoter

Deregulation of HER2 signaling or expression occurs
in a subset of breast tumors and recent studies
showed that HER2 deregulation promotes aromatase
expression (28). We examined whether PELP1 partic-
ipates in HER2-mediated activation of aromatase ex-
pression using Aro-1.3 luciferase reporter gene assays
in MCF7-HER2 model cells that overexpress HER2. As
shown in previous studies, MCF7-HER2 exhibited
higher Aro-1.3 reporter gene activity compared with
MCF7 cells. Cotransfection of PELP1 into MCF7-
HER2 cells further increased the reporter activity to a
level similar to that observed when MCF7 cells were
treated with growth factor. However, no further in-
crease in Aro-1.3 reporter activity was observed when
MCF7-HER2 cells expressing PELP1 were treated
with EGF (Fig. 3D). However, EGF treatment of MCF7
cells overexpressing PELP1 showed increased aro-
matase reporter activity to a level similar to PELP1
overexpression in MCF7-HER2 cells. To further exam-
ine the significance of PELP1 in HER2-mediated acti-
vation of aromatase, we used two different PELP1
short hairpin RNAs (shRNAs) that target PELP1 at
different regions and down-regulate endogenous
PELP1 expression (Fig. 3F). Cotransfection of both
PELP1 shRNAs substantially reduced Aro-1.3/II pro-
moter activity in MCF7-HER2 cells compared with
shRNA vector transfected controls, indicating that
PELP1 plays a critical role in HER2-mediated activa-
tion of aromatase. We then examined whether other
ER coregulators also contribute to aromatase up-reg-
ulation in growth factor signaling-stimulated MCF-7
cells. We have performed aromatase 1.3/II reporter
gene assays by cotransfecting coactivators PELP1,
GRIP1, SRC1, SRC3, and CBP (Fig. 3F). The results
showed that coregulators have different abilities to
affect the aromatase reporter. Of all the coregulators
tested, PELP1 showed the highest fold of induction,
whereas SRC1 and SRC3 show low or no effect on the
reporter activity in these cells. On the contrary, CBP
and GRIP show moderate ability to modulate aro-
matase reporter activity. Together, these results sug-
gest that either growth factor signaling or HER2 over-
expression alone is sufficient to modulate PELP1
functions in the activation of aromatase in breast can-
cer cells.

PELP1-Mediated Induction of Aromatase
Expression Is Independent of the Estrogen
Receptor

Because PELP1 functions as a coregulator of the ER,
we next examined whether PELP1 regulation of aro-
matase involves the ER. To examine this possibility,
we transfected MCF7 cells with ER-specific small in-
terfering RNA (siRNA) or GAPDH-specific siRNA. After
3 d, cells were transfected with Aro-1.3/II luciferase
reporter along with or without PELP1 expression vec-

tor. Western analysis showed that ER siRNA down-
regulated 70–80% of the ER. Down-regulation of ER
did not affect PELP1-mediated activation of aro-
matase reporter (Fig. 4A), suggesting that the PELP1-
mediated increase in aromatase promoter activity is
independent of the ER. To further confirm these find-
ings, we repeated these assays in ER�-negative MDA-
MB-231 cells. Results showed that PELP1 was able to
activate Aro-1.3/II promoter in these cells, confirming
that PELP1 activation of aromatase does not require
ER� (Fig. 4B, left panel). Because EGF also activated
aromatase reporter gene in MDA-MB-231 cells and
because these cells express endogenous PELP1, we
examined whether endogenous PELP1 plays a role in
EGF-mediated activation of aromatase promoter. To
test this possibility, we have cotransfected MDA-MB-
231 cells with Aro-1.3/II promoter luciferase reporter
along with control or PELP1-specific shRNA. EGF did
not significantly enhance aromatase reporter gene ac-
tivity in PELP1 shRNA-transfected cells, whereas EGF
promoted reporter gene activation in control shRNA-
transfected cells (Fig. 4B, right panel). Collectively,
these results suggest that PELP1 can activate aro-
matase promoter independent of ER and also partici-
pates in EGF-mediated activation of aromatase gene.

PELP1-Mediated Induction of Aromatase
Expression Requires Functional Src Signaling

To identify signaling pathways that are involved in
PELP1-mediated induction of aromatase expression,
we pretreated MCF7 cells with various signaling inhib-
itors that block specific pathways: PD98059, MAPK/
ERK inhibitor; PP2, the Src family tyrosine kinase in-
hibitor; LY-294002, the PI3K inhibitor; SB203580; and
the p38MAPK inhibitor. MCF-7 cells were transiently
transfected with PELP1 along with Aro-1.3 luciferase
reporter gene, and EGF was added after pretreatment
with various inhibitors. Luciferase assay results
showed that PELP1-induced aromatase promoter ac-
tivity was abolished by pretreatment with c-Src or
PI3K pathway inhibitors, whereas pretreatment of
MAPK pathway inhibitors had no effect on PELP1-
induced aromatase expression (Fig. 4C). These results
suggest that functional c-Src and PI3K pathways are
required for PELP1-mediated induction of aromatase.
To further establish a causal relationship of the c-Src
pathway in PELP1 regulation of aromatase, we used
c-Src, fyn, yes null fibroblast cells (SYF cells). These
model cells are widely used by many investigators to
establish the role of Src kinases (29). Cotransfection of
PELP1 along with Aro-1.3 luciferase reporter failed to
activate Aro-1.3 promoter in SYF cells; however, c-Src
cotransfection along with PELP1 into SYF cells re-
stored PELP1 ability to activate Aro-1.3/II promoter
(Fig. 4D). Similarly, HER2 regulation of PELP1-medi-
ated activation of aromatase was also abolished by
pretreatment of MCF7-HER2 cells with the Src inhib-
itor PP2 (Fig. 4E). Collectively, these findings suggest
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that c-Src signaling plays a vital role in PELP1-medi-
ated induction of aromatase.

Proximal Region of Aromatase 1.3 Promoter
Confers PELP1 Inducibility

To identify the PELP1-responsive region in the aro-
matase promoter, we used several deletions of the
aromatase promoter reporter gene (Fig. 5C). These
constructs were transfected into MCF7, MCF-PELP

clone 20, or MCF-PELP clone 13 cells that were
treated with EGF. Luciferase assay results showed
significant up-regulation of �417/�38, �480/�220,
and �310/�220 construct activity in both MCF-
PELP1 model cells, whereas the construct �570/
�231 showed no induction compared with the paren-
tal MCF7 cell line (Fig. 5A). These results suggest that
269 bases located in the �231/�38 Aro-P1.3/II pro-
moter are required for PELP1 regulation of aromatase.
Because our earlier studies showed that HER2 signal-
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A, MCF7 cells were transiently transfected either with ER� siRNA or control siRNA. After 72 h, cells were transfected with

Aro-1.3/II-Luc, �-Gal reporter gene along with or without PELP1, and 48 h later, reporter gene activation was measured. Inset
shows Western analysis of ER� in control and siRNA-transfected cells. B, MDA-MB-231 cells were cotransfected with the
Aro-1.3/II-Luc reporter with or without PELP1 (left panel) and with or without PELP1 shRNA (right panel). After 48 h, cells were
stimulated with or without EGF (100 ng/ml) for 12 h, and luciferase activity was measured. C, MCF7 cells were cotransfected with
Aro-1.3/II luciferase reporter with or without PELP1. After 48 h, cells were pretreated for 1 h with p42/44MAPK inhibitor (PD98059,
20 �M), p38MAPK inhibitor (SB203580, 40 �M), Src inhibitor PP2 (10 �M), or PI3K inhibitor (LY294002, 20 �M) and then stimulated
with EGF for 12 h. Luciferase activity was measured. D, Src-negative SYF cells were transiently cotransfected with Aro-1.3/II along
with or without PELP1 and c-Src expression vectors. After 48 h, luciferase activity was measured. E, MCF7-HER2 cells were
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cells were treated with or without 10 �M Src inhibitor PP2 for 12 h. Luciferase activity was measured. In all reporter gene assays,
parental vectors were used as controls, and the total amount of the DNA in the transfection was kept constant by adding
appropriate empty vectors. �-Gal values were used to normalize luciferase activity for transfection efficiency. *, P � 0.05; **, P �
0.001. Data shown are the means � SE from three independent experiments performed in triplicate wells.
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Fig. 5. PELP1/MNAR Is Recruited to the Aromatase Chromatin and Interacts with ERR�
A, MCF7 and MCF7-PELP1 clone cells were transiently transfected with various deletions of Aro-1.3/II luciferase and �-Gal reporter gene

and 48 h later treated with 100 ng/ml EGF for 12 h. The reporter gene activation was measured. B, MCF7 and MCF7-HER2 clones were
transiently transfected with various deletions of Aro-1.3/II luciferase and �-Gal reporter gene along with PELP1, and 48 h later, reporter gene
activation was measured. Data shown are the means � SE from three independent experiments performed in triplicate wells. *, P � 0.05; **,
P � 0.001. C, Schematic representation of aromatase deletion constructs used. D, MCF7 cells expressing GFP-PELP1 (upper panel) or
T7-PELP1 (bottom panel) were treated with 100 ng/ml EGF for 1 h, and ChIP was performed with IgG, GFP, or T7-tagged antibody. PELP1
recruitment to the aromatase chromatin was analyzed by primers spanning the aromatase 1.3/II region. E, MCF7 and MCF7-PELP1 cells were
treated with 100 ng/ml EGF, and nuclear extracts were subjected to immunoprecipitation using an ERR� antibody, followed by Western blot
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ing regulated PELP1-mediated activation of aro-
matase, we repeated these deletion studies using
MCF7-HER2 cells. The results showed that HER2 sig-
naling also required Aro-1.3/II �231/�38 region for
PELP1-mediated activation of aromatase (Fig. 5B).
These results further demonstrate that PELP1 regu-
lates transcriptional activity of aromatase through the
promoter I.3/II, and the sequences between �231/
�38 play an important role in PELP1-mediated induc-
tion of aromatase.

PELP1 Is Recruited to Aromatase Promoter and
Interacts with E2-Related Receptor-� (ERR�)

To establish whether PELP1 gets specifically recruited
to the aromatase promoter I.3/II region, chromatin im-
munoprecipitation (ChIP) analysis was performed us-
ing primers that span �231/�38. MCF7-PELP1 clones
were treated with EGF, ChIP was performed using the
green fluorescent protein (GFP) antibody. The results
showed that PELP1 is specifically recruited to the
�231/�38 region (Fig. 5D, upper panel). We have also
confirmed PELP1 recruitment using different epitope-
tagged PELP1 (T7 tag) (Fig. 5D, bottom panel). The
region spanning �231/�38 has been reported to pos-
sess binding regions for ERR�, BRCA1, and a tran-
scriptional silencer element (S1) (30). Because PELP1
lacks a DNA-binding domain, we examined whether
PELP1 interacts with BRCA1 or ERR� using immuno-
precipitation. We failed to see any PELP1 in BRCA1
immunoprecipitates (data not shown); however, ERR�
immunoprecipitation showed detectable levels PELP1
(Fig. 5E, upper panel). Similarly, immunoprecipitation
of ERR� in HER2 cells, but not in MCF7 cells, showed
detectable levels of PELP1 (Fig. 5E, bottom panel). We
examined whether endogenous PELP1 is recruited to
the aromatase promoter in MCF7-HER2 cells by per-
forming ChIP using the PELP1 antibody. The results
showed that PELP1 is specifically recruited to the
�231/�38 region (Fig. 5F). We then examined whether
PELP1 cooperates with ERR� in the activation of aro-
matase gene using reporter gene assays. Cotransfec-
tion of ERR� and PELP1 significantly enhanced the
Aro-1.3/II luciferase activity compared with ERR� or
PELP1 alone (Fig. 5G). To further confirm the role of
ERR� in PELP1-mediated activation of aromatase pro-
moter, we have used ERR�-specific siRNA to down-
regulate ERR� expression. The ERR�-specific siRNA

but not control siRNA reduced 60–70% of the endog-
enous ERR�. Under these conditions, PELP1 medi-
ated up-regulation of aromatase promoter was also
reduced to 50% in ERR siRNA-transfected cells com-
pared with the levels seen in control siRNA-trans-
fected cells (Fig. 5H). These results suggest that
PELP1 is recruited to the aromatase promoter and
promotes activation of Aro-1.3/II promoter via interac-
tions with the ERR�.

PELP1 Enhances Aromatase Expression via
ERR�-Proline-Rich Nuclear Receptor
Coregulatory Protein 2 (PNRC2) Interactions

During the course of this investigation, our ongoing
screen to identify PELP1-interacting proteins using a
yeast two-hybrid screen identified PNRC2 (31) as a
PELP1-interacting protein. The specificity of the
PELP1 and PNRC2 interactions was verified by co-
transfection of PELP1 and PNRC2 plasmids in yeast
cells. Cotransfection of PELP1 and PNRC2 constructs
conferred the ability to grow in medium lacking aden-
osine, histidine, tryptophan, and leucine on trans-
formed colonies, confirming the interaction of these
proteins as observed in the library screen (Fig. 6A).
Immunoprecipitation revealed that these proteins
formed a complex in vivo (Fig. 6B). Further analysis of
interaction in this yeast-based screen using various
deletions of PELP1 and PNRC2 revealed that PELP1
interacts with PNRC2 via its C-terminal 966-1130
amino acids, whereas PNRC2 interacts with PELP1 via
its N-terminal 84 amino acids (Fig. 6C). PNRC2 func-
tions as a coactivator of several nuclear receptors,
including ERR�, and participates in the activation of
aromatase in conjunction with ERR� (32). Because
PELP1 interacted with ERR�, we further examined
whether PELP1 and PNRC2 act synergistically with
ERR� to modulate aromatase promoter activation. In
reporter gene assays using MCF-7 cells, cotransfec-
tion of PELP1, ERR�, and PNRC2 significantly in-
creased the activation of Aro-1.3 luciferase reporter
compared with PNRC2:PELP1 or ERR�:PNRC2 co-
transfections (Fig. 6D). To confirm that PELP1 indeed
interacted and formed functional complexes in vivo
with ERR� and PNRC2, we performed immunoprecipi-
tation. The results showed that PELP1 did form func-
tional complexes with ERR� and PNRC2 in vivo (Fig.
6E). To further establish that PELP1 modulates aro-

analysis using a PELP1 antibody (upper panel). Nuclear extracts from MCF7 and MCF7-HER2 cells were subjected to immu-
noprecipitation using an ERR� antibody, and PELP1 presence in the immunoprecipitates was analyzed by Western blot analysis
(bottom panel). F, MCF7-HER2 cells were cross-linked with formaldehyde, and ChIP was performed with either IgG or PELP1
antibody. PELP1 recruitment to the aromatase chromatin was analyzed by primers spanning the aromatase 1.3/II region. G,
MDA-MB-231 cells were transiently transfected with Aro-1.3/II luciferase and �-Gal reporter gene along with ERR� and PELP1,
and 48 h later, reporter gene activation was measured. H, MDA-MB-231 cells were transiently transfected either with ERR� siRNA
or control siRNA. After 72 h, cells were transfected with Aro-1.3/II luciferase and �-Gal reporter gene along with PELP1, and 48 h
later, reporter gene activation was measured. Inset shows Western blot analysis of ERR� in control and siRNA-transfected cells
*, P � 0.05; **, P � 0.001; NS, nonsignificant. Data shown are the means � SE from three independent experiments performed
in triplicate wells.
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matase promoter activity via the ERR� pathway, we
have used XCT790, a potent and specific inverse ag-
onist of ERR� that inhibits the activity of ERR� (33).
Pretreatment of both MCF-7 and MCF7-HER2 model
cells with XCT790 significantly reduced PELP1 ability
to modulate aromatase promoter in luciferase assays
(Fig. 6F). Collectively, these results suggest that
PELP1 modulates aromatase expression by function-
ing as a coactivator of ERR�/PNRC2 complex.

PELP1 and Aromatase Are Co-Overexpressed in
a Subset of Breast Tumors

We recently found that PELP1 expression is deregu-
lated in node-positive and advanced-grade breast tu-

mors (21). Because results from this study indicated
that PELP1 deregulation promoted aromatase expres-
sion in breast epithelial cells, we investigated whether
aromatase expression is deregulated in breast tumors
and whether its expression correlates with PELP1 ex-
pression using a breast cancer tissue microarrays
(TMAs) as a proof of principle study. IHC analysis of
the breast tumor array showed increased expression
of aromatase in ductal carcinoma in situ and node-
positive tumors compared with no or weak expression
in normal breast tissue (Fig. 7). Statistical analysis
revealed that aromatase expression was positively
correlated with cancer stage and node status (Table
1). No significant correlation of aromatase expression
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Fig. 6. PELP1 Interacts with PNRC2
A, Yeast cells were transfected with a control Gal4-activation domain vector (Vec) or GAD-PNRC2, along with a Gal4-DNA-

binding domain vector or GBD-PELP1. Growth was recorded after 72 h on selection plates lacking leucine and tryptophan (�LT)
or adenosine, histidine, leucine, and tryptophan (�AHLT). B, MCF7 cells were treated with 100 ng/ml EGF, and nuclear extracts
were subjected to immunoprecipitation using a control IgG or a PELP1/MNAR antibody, followed by Western blot analysis using
a PNRC2 antibody. C, Gal4 activation domain fusions of PELP1 deletion mutants were used to determine the PNRC2-binding
region in PELP1. Positive interactions were selected on agar plates lacking adenine, histidine, leucine, and tryptophan (�AHLT).
D, MCF-7 cells were cotransfected with an Aro-1.3/II luciferase reporter, with or without various combinations of PELP1/MNAR,
PNRC2, and ERR�. After 48 h, luciferase activity was measured. E, MCF7 cells expressing GFP-PELP1 were treated with 100
ng/ml EGF, and nuclear extracts were immunoprecipitated with the GFP antibody. The presence of ERR� and PNRC2 in the
immunoprecipitates was analyzed by Western blot analysis. F, MCF-7 and MCF-7-HER2 cells were cotransfected with Aro-1.3/II
luciferase reporter, with or without PELP1/MNAR. After 48 h, cells were treated with XCT790 (5 �M) for 24 h, and luciferase activity
was measured. *, P � 0.05; **, P � 0.001. Data shown are the means � SE from three independent experiments performed in
triplicate wells.
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with the ER, progesterone receptor, or patient age was
observed. Interestingly, 54% (n � 79) of PELP1-over-
expressing tumors also overexpressed aromatase
compared with 36% (n � 47) in PELP1 low-expressing
tumors (Table 1). Collectively, these results suggested
that deregulation of aromatase expression occurs in
advanced-stage and node-positive tumors and that
co-overexpression of PELP1 and aromatase may oc-
cur in a subset of tumors.

DISCUSSION

Mammary tumorigenesis is accelerated by the action
of ovarian hormones. Emerging findings suggest that
abnormal expression of the aromatase enzyme in
breast cancer cells and surrounding stroma may influ-
ence the breast tumor growth and maintenance (9, 34).
Inhibition of the aromatase enzyme is considered to be
an effective approach in reducing the growth-stimula-

TABLE 1. Distribution of Aromatase Staining and Clinicopathological Factors in Invasive Breast Cancer

Patient No.
Aromatase Staining

P Value
0 1 2

Age
�50 yr 53 12 (22) 18 (34) 23 (44) 0.309
�50 yr 105 25 (24) 24 (22) 56 (54)

Stage
T1 (�20 mm) 86 26 (30) 27 (32) 33 (39) 0.005
T2 (20–50 mm) 72 11 (15) 15 (21) 46 (64)

Grade
1 33 11 (33) 8 (24) 14 (42) 0.667
2 97 20 (21) 26 (27) 51 (52)
3 28 6 (23) 8 (27) 14 (50)

Case type
Node negative 52 24 (46) 12 (23) 16 (31) 0.001
Node positive 53 6 (11) 12 (23) 35 (66)
Metastatic disease 53 7 (13) 18 (34) 28 (53)

ER
Positive 102 24 (24) 26 (26) 52 (52) 0.586
Negative (unknown � 4) 52 11 (21) 16 (31) 25 (48)

PR
Positive 57 17 (31) 12 (22) 27 (48) 0.496
Negative (unknown � 2) 99 20 (20) 29 (29) 50 (51)

PELP1 0.008
1 11 5 (45) 1 (9) 5 (46)
2 51 17 (33) 17 (33) 17 (33)
3 96 15 (16) 24 (25) 57 (60)

0 +2

IHC score
Normal +1

Fig. 7. The Expression of Aromatase in Node-Negative and Node-Positive Breast Tumors
A, Sections were stained with aromatase antiserum. Sections were scored according to IHC intensity in a range from 0–2, in

which 0 indicated no expression; 1, low expression; and 2, high expression. A representative sample of each score is shown with
the respective aromatase staining.
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tory effects of E2. Currently, several aromatase inhib-
itors are in clinical use, and they appear to be very
beneficial to postmenopausal women (12). Recent
studies using laboratory models suggest that long-
term use of aromatase inhibitors also leads to devel-
opment of hormone resistance (15, 35). However, very
little is known about the mechanisms by which tumors
acquire local E2 production. Here, we identify one
signaling pathway that is used by breast cancer cells
to induce local E2 synthesis. We found that growth
factor signaling promoted ER coactivator PELP1 to
form a complex with ERR� and PNRC2, leading to
activation of aromatase expression in breast epithelial
cells. This results in the formation of a positive feed-
back loop locally synthesizing E2, resulting in the ac-
tivation of E2-ER signaling in breast cancer cells (Fig.
8).

Our findings demonstrate that PELP1 regulates
transcriptional activity of the aromatase gene by re-
cruiting to the silencer region located between pro-
moter I.3 and II (�231/�38) of the aromatase gene.
The region spanning �231/�38 has been reported to
possess binding regions for ERR�, BRCA1, and a
transcriptional silencer element (S1) (36–38). In this
study, we found that growth factor signaling promotes
PELP1 recruitment to the aromatase chromatin and its
formation of a complex with ERR� and PNRC2. Earlier
studies have shown that PELP1/MNAR colocalizes
with acetylated histones and interacts with acetyl-
transferases, and deacetylases; thus, PELP1 recruit-

ment to aromatase chromatin may play a role in chro-
matin remodeling (18, 39). This facilitates up-
regulation of aromatase transcription. Because Aro-
1.3/II promoter region (�231/�38) contains several
sites for corepressors, it is also possible that PELP1
recruitment to this region may facilitate de-repression
of aromatase promoter I.3/II, leading to augmentation
of aromatase expression in mammary gland tumor
tissues.

Evolving evidence suggests that intratumor produc-
tion of E2 in postmenopausal women occurs via aro-
matization of steroids, such as androstenedione and
testosterone into E2, and this enzymatic reaction is
catalyzed by aromatase enzyme (34, 40) The regula-
tion of aromatase expression is complex and con-
trolled by activation of distinct promoters in a tissue-
specific manner. Substantial evidence suggests that
aromatase promoter I.3 and II are the main promoters
that regulate aromatase expression in breast tumors
(41). In normal breast tissue, proximal aromatase 1.3/II
promoters remain quiescent via inhibitor recruitment
to the silencer region, and aromatase promoter I.4
plays an important role in its expression (42). In ma-
lignant breast epithelial tissue, promoter I.3 and II re-
gions are occupied by multiple transcriptional enhanc-
ers as a result of activation of multiple signaling
pathways to increase aromatase expression (41, 42).
In this study, we found that PELP1 overexpression or
growth factor signaling enhances PELP1 recruitment
to the silencer regions of the promoter I.3/II, suggest-
ing PELP1 could be one of those factors that promote
aromatase expression via activation of the 1.3/II pro-
moters. Further increased association of aromatase
expression in PELP1-overexpressing cells also sug-
gests that this pathway may contribute to local E2
synthesis in pathological conditions. In this study, we
have performed IHC analysis of tumor arrays as a
proof of principle to examine whether a correlation
seen in cell culture also occurs in breast tumors. Co-
expression of PELP1 and aromatase was observed in
a subset of tumors. Future studies using a larger num-
ber of samples are warranted to examine whether
PELP1 could serve as a prognostic or diagnostic
marker.

Nuclear receptor (NR) coregulators are proteins that
interact with NRs to modulate NR transactivation func-
tions (6, 43). Recent evidence suggests that coregu-
lators function as major regulators and coordinators of
hormone receptor physiology, which includes the de-
termination of tissue specificity of hormonal action, the
integration of membrane and nuclear signaling, the
integration of growth factor and physiological signal-
ing to NRs, and the coordination of cell motility (6).
Several ER-coregulator proteins are differentially ex-
pressed in tumors (2, 44, 45). Dysregulation of these
coregulators could influence target gene expression
and participate in the development of hormone-re-
sponsive cancers. The ER and ER-coactivators are
targets of growth factor signaling, and their phosphor-
ylation is suggested to have a role in hormone resis-
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Fig. 8. Schematic Representation of Potential PELP1/
MNAR Autocrine Signaling Loop in Breast Cancer Cells

Growth factor signaling and/or activation of nongenomic
signaling pathways promote ER coactivator PELP1 to form a
complex with ERR� and PNRC2, leading to activation of
aromatase expression promoting formation of a positive
feedback loop locally synthesizing E2, resulting in the acti-
vation of E2-ER-PELP1 signaling in breast cancer cells.
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tance (46). Our results suggest that the ER coregulator
PELP1 has potential to activate aromatase expression
leading to local E2 synthesis in breast epithelial cells.
Earlier studies have shown that PELP1 deregulation in
MCF7 cells promote tumor growth in the absence of
exogenous E2. PELP1 regulation of aromatase ex-
pression could be one possible mechanism by which
PELP1 promotes tumor growth by promoting an au-
tocrine ER signaling loop.

The orphan ERR� is a member of the NR family
structurally most related to the canonical ER and has
been shown to modulate E2 signaling in some con-
texts (47). Earlier studies found that ERR� up-regu-
lates aromatase expression via the I.3/II promoters in
MCF7 cells (48). A recent study using laser capture
microdissection of breast tumor samples demon-
strated positive correlation of ERR� expression with
aromatase levels (49). In addition, the NR coregulator
PNRC2 was shown to enhance the transcriptional ac-
tivation mediated by ERR� (50). Our results suggests
that deregulation of PELP1 can promote local E2 syn-
thesis through its interaction with the orphan NR ERR�
and PNRC2 complex. In addition, these findings also
suggest a possibility that PELP1 functions as an adap-
tor protein coupling orphan receptors with the growth
factor signaling axis.

The mechanisms of resistance to the hormone ther-
apy remain elusive, and many resistant tumors retain
the ER. In recent years, hormone-resistant tumors
have been targeted with aromatase inhibitors, such as
letrozole, in an adjuvant setting. Even though these
new treatments appear successful, emerging data
suggest that tumors evade this treatment by develop-
ing adaptive hypersensitivity manifested as hormone-
independent tumorigenesis through increased non-
genomic signaling and growth factor signaling cross-
talk (35, 46, 51). Deregulation of HER2 expression/
signaling has emerged as the most significant factor in
the development of hormone resistance. HER2 is an
oncogene that has been shown to be overexpressed,
amplified, or both in several human malignancies, in-
cluding breast tumors. ER expression occurs in about
50% of HER2-positive breast cancers, and cross-talk
between the ER and HER2 pathways promotes endo-
crine therapy resistance (52). ER-coregulators are tar-
geted by excessive ER-HER2 cross-talk leading to
hormone resistance in a subset of breast tumors (53).
Recent studies also demonstrated that HER2 status
plays an important role in tumor-induced aromatase
activity via the cyclooxygenase-2 pathway (28). Fur-
thermore, HER2 overexpression can also promote li-
gand-independent recruitment of coactivator com-
plexes to E2-responsive promoters and thus may play
a role in the development of letrozole resistance (35).
Earlier studies showed that PELP1 interacts with
HER2 signaling components, and HER signaling pro-
motes tyrosine phosphorylation of PELP1 (27, 54). Our
results suggest that HER2 signaling enhances PELP1
recruitment to the aromatase promoter, promotes its
interactions with ERR� and PELP1, and plays a critical

role in HER2-mediated induction of aromatase
expression.

Protooncogene c-Src is a multifunctional intracellu-
lar tyrosine kinase implicated in the regulation of a
variety of processes, including proliferation, differen-
tiation, survival, and motility (55). Src interacts with
multiple cellular factors including HER2 and EGFR.
The ER and breast tumors overexpress Src kinase
(56). Emerging evidence suggests that PELP1 acts as
a scaffolding protein coupling ER with Src kinase lead-
ing to activation of ER-Src-MAPK pathway (17, 57,
58). Our results suggest that nongenomic signaling
mediated by c-Src kinase have the potential to mod-
ulate aromatase gene expression in breast cancer cells
by recruiting coregulator proteins such as PELP1. Our
results using kinase inhibitors suggested that Src ki-
nase plays a critical role in the PELP1 activation of the
aromatase gene. These findings suggest a possibility
that combinational therapy of Src inhibitors along with
letrozole may delay resistance and increase the ther-
apeutic potential in hormone-resistant tumors.

MATERIALS AND METHODS

Cell Cultures and Reagents

Generation and characterization of MCF7 clones overex-
pressing PELP1 (MCF7-PELP1 clone 20 and clone 13) were
described earlier (19). Generation and characterization of
PELP1-Teton cells were described earlier (20). MCF7 human
breast cancer cells and MCF7-PELP1 clones (PELP clone 20,
PELP clone 13) were maintained in RPMI plus 10% fetal calf
serum (FCS) for routine culture and 10% DCC FCS for treat-
ment conditions. MCF-Aro cells were maintained in RPMI
plus 10% FCS (26). SYF (Src-, Yes-, Fyn-negative) cells were
purchased from American Type Culture Collection (Manas-
sas, VA). MCF7 cells that stably overexpress full-length HER2
cDNA (MCF-7/HER2) were kindly provided by Dr. Kaladar B.
Reddy (Wayne State University, Detroit, MI). Antibodies
against vinculin, the steroid hormone 17�-estradiol, �-nico-
tinamide adenine dinucleotide 2�-phosphate reduced tetra-
sodium salt, progesterone, XCT790, and dextran-treated
charcoal were purchased from Sigma Chemical Co. (St.
Louis, MO). ICI 182,780 was purchased from Tocris (Ballwin,
MO). The anti-T7-epitope antibody was purchased from No-
vagen (Milwaukee, WI). Antibodies against phospho-MAPK
were purchased from Cell Signaling (Beverly, MA). The anti-
body for the GFP tag was purchased from Clontech (Palo
Alto, CA). The antibody for the Src kinase inhibitor PP2 was
purchased from Calbiochem (La Jolla, CA). [1�-3H(N)]An-
drost-4-ene-3,17-dione was purchased from PerkinElmer
(Waltham, MA). The antibody for ERR� (1:1000) was pur-
chased from Upstate (Chicago, IL), and the antibody for
PNRC2 (1:1000) was purchased from ProteinTech (Chicago,
IL). ER�, ERR�, GDPDH siRNAs were purchased from
Dharmacon (Chicago, IL). PELP1/MNAR-specific shRNA
(SureSilencing shRNA plasmids, catalog item KH19454N),
and control shRNA vector were purchased from SuperArray
(Frederick, MD).

Reporter Gene Assays

Plasmids for pGL-3-promoter I.1, pGL-3-promoter I.3/II, I.3/II
deletions (�175/�525, �5/�525, �251/�74) were de-
scribed earlier (59). For ease of convenience, we have used
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new numbering to refer to these constructs using the tran-
scriptional start site as �1. The new numbers are 1.3/II (�417
to �38), �175/�525 (�480/�220), 5/�525 (�310/�220),
and �251/�74 (�570/�230). The pGL-3 basic reporter vec-
tor served as a negative control. For transient transfections,
MCF7 cells were cotransfected with 100 ng PELP1 along with
Aro-1.3 luciferase reporter using the FuGENE6 method
(Roche Diagnostics Corp., Indianapolis, IN). The siRNAs were
transfected using Oligofectamine according to the manufac-
turer’s protocol (Invitrogen, Carlsbad, CA). After 24 h of trans-
fection, cells were serum starved for 48 h and then treated
with or without EGF for 12 h. For some assays, MCF7 cells
stably expressing PELP1 (MCF7-PELP1) or HER2 (MCF7-
HER2) were used. Empty parental vectors were used in the
reporter gene assays as controls, and the total amount of the
DNA in the transfections was kept constant by adding ap-
propriate empty vectors. A small aliquot (10 ng) of �-galac-
tosidase reporter gene was also cotransfected along with all
the reporter genes used in the study and �-galactosidase
values were used to normalize luciferase activity for trans-
fection efficiency. Each transfection was performed in tripli-
cate and repeated at least three times. At the end of the
experiment, cells were lysed in passive-lysis buffer, and the
luciferase assay was performed using a luciferase reporter
assay kit (Promega, Madison, WI).

Aromatase Assay

Aromatase activity was determined using 3H2O release assay
as described (59). Cells were grown in six-well cell culture
plates, washed twice with PBS, and then incubated with 1 ml
serum-free medium containing 500 nM progesterone and 100
nM [3H]androst-4-ene-3,17-dione as substrate. After a 12-h
incubation at 37 C, the reaction mixture was removed and
extracted with an equal volume of chloroform to extract un-
used substrate and further treated with dextran-treated char-
coal. After centrifugation, the 3H2O-containing supernatants
were counted in a liquid scintillation counter. The protein
concentrations were determined after dissolving cells in 0.5 M

NaOH by the method of Bradford (Bio-Rad, Hercules, CA).
Aromatase activity was calculated as femtomoles per milli-
gram protein per hour.

Real-Time PCR, Northern Blotting, and Soft-Agar
Colony Formation

Cells were harvested with TRIzol reagent (Life Technologies,
Carlsbad, CA), and total RNA was isolated according to the
manufacturer’s manual. Real-time PCR was performed using
aromatase exon-specific primers as described (25). Northern
blots were hybridized in QuickHyb hybridization solution
(Amersham Pharmacia Biotech, Piscataway, NJ) and, using
32P-labeled pS2 cDNA as a probe, exposed to a Phospho-
rImager screen. Soft-agar colony-growth assays were per-
formed as previously described (21).

ChIP

ChIP analysis was performed as described previously (20).
MCF7-PELP1 or MCF7 cells expressing GFP-PELP1 were
cross-linked by adding formaldehyde, and the chromatin was
subjected to immunoprecipitation using either the T7 or the
GFP antibody. Isotype-specific IgG was used as a control.
DNA was resuspended in 50 �l Tris-EDTA buffer and used for
PCR amplification using the following primers: forward gctt-
tcaattgggaatgcac and reverse agctcctgttgcttcagagg.

Cytospin Preparation

For cytospin slides, MCF7 and MCF7-PELP1 (2 � 105) cells
were washed in cold 2% FCS-PBS twice and diluted in 100

�l ice-cold 1% BSA-PBS. Cells were aliquoted (100 �l each)
into appropriate wells of a cytospin slide and spun at 3000
rpm for 3 min to form a smear. The cytospin smears were
examined for normal morphology using phase-contrast mi-
croscopy and were dried in desiccators overnight before
fixing in 10% neutral-buffered formalin for 12 h. The slides
were then processed for immunohistochemistry.

TMAs

The TMAs used in this study were obtained from the Coop-
erative Breast Cancer Tissue Resource of the National Can-
cer Institute. Those TMA arrays are designed by National
Cancer Institute statisticians to provide high statistical power
and are suitable for use in the investigation of the differences
in prevalence of potential markers in three stages of invasive
breast cancer: node-negative, node-positive, and metastatic
disease. Each TMA consists of 288 0.6-mm cores taken from
paraffin-embedded specimens that represent a total of 252
breast cancer and normal breast tissue specimens plus 36
controls.

Immunohistochemistry

IHC of TMA was performed as described. The PELP1 anti-
body was developed in our laboratory. It was well character-
ized and has been used in IHC research in published studies
(16, 27, 57). Commercially available aromatase mAb was
obtained from Serotec (Oxford, UK). As a control in some
assays, aromatase mAb 677 generated by Novartis was
used. The TMA sections were then incubated with the poly-
clonal rabbit antihuman-PELP1 antiserum (1:500), the aro-
matase mAb (1:50, Serotec, MCA2077S) (22), or the aro-
matase mAb (1:1000; Novartis no. 677) (23, 24) and was
incubated overnight at room temperature. The preparation of
negative controls was accomplished by replacing the primary
antibody with control rabbit or mouse IgG. The finding that no
cells or less than 10% of the cells were immunoreactive was
considered to be a negative result, and the finding that more
than 10% of the cells were immunoreactive was considered
a positive result. The sections were scored by three evalua-
tors blinded to the patient’s clinical status. PELP1 and aro-
matase staining was performed according to the established
method (27, 57), and the results were classified as follows: 0,
no expression; 1, weak expression; more than 2, high ex-
pression. Clinical correlates obtained from the Cooperative
Breast Cancer Tissue Resource were used to correlate aro-
matase with various clinicopathological variables, including
patient age, cancer stage, grade, and case type, ER, and PR.
Associations among variables were analyzed with the �2 and
Spearman’s rank correlation coefficients. All tests were per-
formed with SPSS software (SPSS Inc., Chicago, IL).
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