
Introduction

Invasive breast cancer is a major cause of death in women, espe-
cially those living in developed countries [1]. The majority of inva-
sive breast carcinoma is of ductal type, comprising up to 80% of
all cases. Among the unfavourable prognostic predictors, auxiliary

nodal status is the most significant, as positive status of nodes
dramatically decrease survival rate [2]. Tumorigenesis is a multi-
step process, starting from transformation of benign epithelial
cells to dysplastic and neoplastic cells, leading to invasion and
metastasis. Prior to invasion and metastasis, malignant epithelial
cells undergo a process referred to as epithelial–mesenchymal
transition [3–5], and result in loss of cell polarity, acquisition of
migratory phenotype and breakdown of the basement membrane.
Multiple factors, including hormonal signalling, cytokine signalling,
altered cell-matrix interactions and subsequent intracellular sig-
nalling, play a role in this process [6, 7].

It has been well known that oestrogen and oestrogen receptor
(ER)-associated signalling cascades are the important mediators
of the development of carcinoma of breast [8].  ER serves as prog-
nostic and predictive markers of breast cancer, and ER coactivators,
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including SRC3/AIB1, have been linked to breast cancer develop-
ment [9]. However, the roles of androgen, its receptor and coacti-
vators on the development of breast cancer is a less studied area,
although androgen and AR have been implicated to play a role in
breast cancer growth by their presence in cancerous breast tissue
[10–12] and by their proliferative and growth inhibitory effects in
different breast cancer cell lines [13, 14]. Approximately 70% to
90% of primary breast cancers express AR, suggesting that AR
may modulate tumorigenesis [11, 12, 15]. The in vitro studies of
androgen effect on breast cancer using established cell lines pro-
vided controversial results [16]. Androgens inhibit the growth of
T-47D, ZR-75–1 and MFM-223 cells at certain concentrations,
while promotion of the growth of MCF-7 and EFM-19 cells have
also been reported [17–19]. Further, the growth regulatory func-
tion of AR is different in the breasts of pre-menopausal and post-
menopausal women [13, 20].

Androgens function through binding to androgen receptor
(AR) and initiating AR-associated intracellular signalling pathways
[21]. Initial binding of androgen to AR and augmentation of AR
activity by its coactivator(s) are two critical steps in the AR-medi-
ated pathway [22, 23]. There are a number of tumorigenic mech-
anisms in breast cancer involving alteration of the AR pathway.
Alteration of AR protein structure could be associated with breast
cancer [16]. Germ line mutation resulting in androgen insensitiv-
ity appears to be associated with an increased risk of male breast
cancer development [24, 25]. An exon 3 deletion splice variant has
been identified in three human breast cancer cells lines [26].
Analogues to ER, dysregulation of AR coactivator(s) may play a
role in the development of breast cancer. It has been suggested
that AR coactivator(s), such as ARA70, could function as an ER
coactivator, possibly mediating the interplay between AR and ER
in breast cancer [27].

p44 is a recently identified AR interacting protein [28]. p44
exhibits a salt-sensitive high affinity binding to AR, and enhances
AR driven transcriptional activation. We have previously reported
that p44 is expressed as a nuclear protein in benign prostate
epithelia and translocates to the cytoplasm in prostate cancer cells
[29, 30]. Similar observations are made in benign and malignant
testicular cells [31]. Moreover, we show that the nuclear expres-
sion of p44 inhibits prostate cancer cell growth both in vitro and
in vivo [29, 30]. In this study, we examined the expression of p44
in benign and malignant human ductal epithelia as well as the
roles of p44 in growth and invasion in breast cancer cells. Our
results indicate distinct patterns of nuclear and cytoplasmic p44
expression and function in breast in contrast to prostate cancer.

Materials and methods

Breast cancer specimen

Thirty-three cases were selected from consecutive surgically removed
invasive breast carcinomas at New York University Medical Center. Tissues

were formalin-fixed and paraffin-embedded. Sections of tissue (4 �m)
were cut and mounted on Superfrost Plus adhesion slides and used for
histology and immunohistochemistry.

Immunohistochemistry

The immunohistochemical staining was performed on an automated
Ventana machine (Ventana, Tucson, AZ, USA) [30]. Before staining, antigen
retrieval was performed by heating the specimens in a microwave oven for
30 min. in citrate buffer (pH 8.0) after dewaxing. An affinity purified rabbit
polyclonal anti-p44 antibody was applied to the sections at a 1:100 dilution,
and sections were then incubated overnight at 4�C. A streptavidin-biotin
peroxidase detection system was used according to the manufacturer’s
instruction (DAKO, Carpinteria, CA, USA), with 3,3�-diaminobenzidine as
substrate. Pre-immune serum was used as negative control.

Cell culture and construction of MCF7 and MDA-
MB-231 cell lines and dual luciferase assays

pBabe, pBabeNLSp44 and pBabeNESp44 retroviral constructs were
transfected into phoenix A amphotropic packaging cells (American Type
Culture Collection) via Lipofectamine–mediated transfection to produce
virus. Following transfection, the retroviral packaging cells are main-
tained at first at 37�C in RPMI 1640 media with the addition of foetal
bovine serum and penicillin/streptomycin for 24 hrs and then incubated
for another 24 hrs at 32�C to increase viral titre. The virus containing
supernatant was collected by centrifugation, filtered and transduced with
a mixture of viral supernatant and fresh media at a ratio of 1:4 in the pres-
ence of 4 mg/ml of polybrene for 24 to 48 hrs in MCF7 and MDA-MB-231
cells. Single colonies, selected by protein expression on Western blot, or
pooled cells after retroviral infection were used in this study to examine
growth and invasion.

Luciferase assays were performed as described previously [28].
Briefly, 105 cells were plated per well of 24-well plates approximately 
24 hrs before transfection. After being washed with phosphate-buffered
saline, cells in each well were transfected with 30 ng of a plasmid express-
ing AR or ER�, 100 ng of the reporter plasmids (either 4 � ARE or 3 �
ERE), 2.5 ng of the pR-LUC internal control plasmid, and different amounts
of the p44 expression vector. The total amount of DNA was adjusted to 
1 �g with pcDNA3.1. Cells were cultured for another 48 hrs and harvested
for the dual luciferase assay (Promega, Madison, WI, USA).

Real Time qRT-PCR and Chromatin 
immunoprecipitation assays

Total RNA was isolated with RNAqueous®-4PCR kit (Ambion, Austin, TX,
USA) following the manufacturer’s instructions. A total of 1 �g RNA was
used for reverse transcription. Primers, 5�-GCCACGTCTCCACACATCAG-3�

and 5�-TCTTGGCAGCAGGATAGTCCTT-3�, were used to amplify MYC onco-
gene. 18S RNA was used as internal control [32]. For chromatin immuno-
precipitation [33], 2 �g of anti-p44 antibody and IgG were mixed with 25�g
of the cross-linked chromatin and incubated overnight at 4�C. After crosslink
reversal and recovery of the immunoprecipitated chromatin DNA, PCR was
performed with primers 5�- actctgcactgccagacaaa -3� and 5�- tggaaacca-
cattttggtca-3� corresponding to promoter region from –5 to –224.
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Proliferation assay

Cell proliferation was performed in 24-well plates and measured by cell
number counting under different growth conditions, hormone free (Phenol
red free medium and Charcoal stripped serum), androgen (10 nM R1881)
or oestrogen (10 nM 17-�-estradiol) media [34]. For cell counting, cells 
(1 � 104) were plated into 24-well plates and counted with hemocytometer
every other day. The assays were done in triplicate.

Matrigel invasion and migration assays

A total of 750 �l media with chemoattractant (10% fetal bovine serum [FBS])
were added to the lower chamber of BD Biocoat Matrigel Invasion Chamber
(BD Bioscience, San Jose, CA, USA) [34]. A cell suspension (5 � 104) in 
0.5 ml DMEM with 0.1% BSA was placed on the insert of the 24-well cham-
bers. After 24 hrs of incubation, the non-invading cells on the upper surface
of the filter member were removed using a cotton swab. Invasive cells on
the lower surface of the filter member were stained via Diff Quik stain and
counted under light microscope. The average number of cells from three
 representative high-power fields (400� magnifications) was recorded.

For migration/wound healing assays, cells were seeded evenly in 12-
well plates at the density of 4 � 105/ml. Cells were incubated for 12 to
24 hrs until they became fully confluent. A linear wound was introduced
with a 10 �l pipette tip, the plate was washed with PBS, and was replaced
with fresh oestrogen medium. The distance that cells migrated was
measured. The assays were done in triplicate.

Statistical analysis

The statistical analyses of the above results were performed by pairwise
Student’s t-test. Differences are considered statistically significant if p � 0.05.

Results

Expression of p44 in benign and malignant 
breast cells

We examined the expression profile of p44 in benign and malignant
breast ductal cells by immunohistochemical studies (IHC). IHC was
performed on formalin-fixed paraffin-embedded breast cancer sec-
tions and the staining patterns were measured semi quantitatively
(0 as negative, 1	 as weak staining, 2	 as moderate staining, 3	

as strong staining) for its intensity in cytoplasm and nuclei. A value
1	 is considered a positive value. Of 33 cases with invasive carci-
noma evaluated, 22 had morphologically normal glandular ele-
ments and in situ carcinoma (DCIS) on the same section. In these
22 cases with benign terminal ductal lobular units, p44 was
expressed as cytoplasmic protein in all cases from weak (n 
 2,
9%), to moderate (n 
 9, 41%) to strong (n 
 11, 50%) cytoplas-
mic staining (Fig. 1A), but nuclear localization of p44 observed in
rare benign cells. In contrast to benign ductal epithelium, p44 was

localized in nuclei of DCIS lesions (Fig. 1B) in 18 of 22 (82%) cases
and invasive carcinoma in 28 of 31 (90%) cases. Interestingly,
nuclear localization of p44 (Fig. 1C) was more frequently seen in
invasive rather than in situ components of the ductal carcinoma of
the same patient in 17 of 21 (81%) cases. These findings suggest
an association of translocation of p44 from the cytoplasm to
nucleus in benign to malignant breast epithelia.

p44 as transcriptional coactivator for oestrogen
receptor �

We have shown that p44 increased AR mediated transcriptional
activation in a ligand-dependent fashion in prostate cancer PC3
cells. It is of interest to know if p44 can function as an ER coacti-
vator. We previously showed p44 increased ER mediated tran-
scriptional activation only at a minimal level [28]. However, the cell
line used in those studies was the prostate cancer cell line, PC3
and not a breast cell line. Thus, we performed dual luciferase
assays in breast cancer MCF7 cells to determine AR and ER-
 mediated transcriptional activation by p44. As shown in Fig. 2A,
we were able to consistently achieve at least 2-fold increase in ER
mediated transcriptional activation upon transfection with p44
using luciferase reporter genes with three copies of oestrogen
responsive element (ERE) in the promoter region [28]. We were
also able to increase the levels of AR mediated transcriptional acti-
vation by 2.5-fold in MCF7 cells (Fig. 2B) using luciferase reporter
genes with four copies of androgen responsive element (ARE) in
the promoter region. These results indicate that p44 can function
as a transcriptional coactivator for both AR and ER.

Establishment of stable clonal MCF7 and 
MDA-MB-231 cell lines overexpressing nuclear 
or cytoplasmic p44

To examine the function of p44 in regulating tumour behaviours,
stable clonal MCF7 breast cancer cell lines overexpressing
nuclear p44 and cytoplasmic p44 were established with p44
fused to a FLAG tag and nuclear localization signal (NLS) result-
ing pBabeNLSp44 (Fig. 3A, lane 2) or nuclear exporting signal
(NES) resulting NESp44 (Fig. 3A, lane 3), respectively. NLSp44 or
NESp44, including the FLAG tag, migrate at different rate than
endogenous p44 and can be separated. A pooled line and three
clonal lines were used in this study. �-actin serves as loading
controls (Fig. 3B, lanes 1–3). To confirm correct localization of
exogenous p44, western blot analysis was performed with cyto-
plasmic and nuclear extract from MCF7 cells overexpressing
NLSp44 and NESp44. MCF7 overexpressing NESp44 cells
showed that both exogenous and endogenous p44 were
restricted to the cytoplasm (Fig. 3C, lane 3), while MCF7 cells
overexpressing NLSp44 resulted in cytoplasmic and nuclear
localization of p44 (Fig. 3C, lanes 5 and 6). The nuclear localiza-
tion of NLSp44 (Fig. 3D) and cytoplasmic localization of NESp44
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(Fig. 3E) was confirmed by immunofluorescent microscopy using
EGFP fusion proteins to NLSp44 (EGFP-NLSp44) and NESp44
(EGFP-NESp44) [30]. For MCF7 cells with pBabe control vector,
p44 was seen in the cytoplasm but not present in the nuclear
fraction since p44 was expressed as nuclear protein in only 25%
of MCF7 cells (Fig. 1D, arrows).

Oestrogen-mediated cell proliferation by nuclear
p44 in MCF7 breast cancer cells

To investigate the function of p44 in tumour cell growth, prolifera-
tion assays were conducted in MCF7 cells overexpressing NLSp44,
NESp44 or pBabe control vector. The assays were performed in
hormone free (phenol red free and charcoal stripped FBS) media
and media with defined levels of androgen (10 nM R1881) and
oestrogen (10 nM 17-�-estradiol) to discern the effects of andro-
gen and oestrogen, since p44 can function as either an AR or ER
coactivator. In oestrogen media, NLSp44 stimulated cell proliferation
compared to cells expressing NESp44 or control vector (Fig. 4A).
This enhanced proliferation was only observed in oestrogen media.
Interestingly, p44 inhibited MCF7 cell growth in hormone free 
(Fig. 4B) and androgen media (data not shown). In contrast,
NESp44 decreased the cell proliferation in both hormone free 
(Fig. 4B) and oestrogen (Fig. 4A) media. To confirm the cell prolif-
eration phenotype of MCF7 cells expressing NLSp44 and NESp44,
we performed immunohistochemistry for proliferation index Ki67
marker on these cells. Immunohistochemistry showed statistically

significantly increased staining for Ki67 from 87% in MCF7 cells
with pBabe control vector to 91% in MCF7 cells expressing
NLSp44(p � 0.04) and decreased staining for Ki67 from 87% in
MCF7 cells with pBabe control vector to 79% in MCF7 cells
expressing NESp44 (p � 0.003) (Table 1). Because the increased
cell growth by p44 is only observed in oestrogen media, we deter-
mined whether the enhanced cell proliferation by p44 is oestrogen
dependent using an ER– breast cancer cell line MDA-MB-231. In
MDA-MB-231 cells, nuclear p44 inhibited and cytoplasmic p44
promoted cancer cell growth, in contrast to MCF7 cells either in the
presence (Fig. 4C) or absence (Fig. 4D) of oestrogen.

To further determine the effects of ER� on the oestrogen-
dependent nuclear p44 mediated cell proliferation, we performed
ER� knockdown with siRNA followed by growth kinetic experi-
ments. There is a reduced rate of cell growth with ER� knockdown
even in the presence of oestrogen (Fig. 4E). Together with the data
that the nuclear p44 only stimulated cell growth in MCF7 (ER	),
but not MDA-MB-231 (ER–) cells, there is a strong indication that
the nuclear p44 promoted cell proliferation is ER� dependent. We
also examined cell cycle gene expression to determine affected
pathways involved in nuclear p44 mediated growth promotion by
Western blot analysis including p21, p27, cyclin A2, cyclin B1,
cyclin D1 and cyclin E. The results revealed increased expression
of cyclinB1 (Fig. S1A) when nuclear p44 was overexpressed in
MCF7 cells in the presence of oestrogen while the levels of other
cyclins remained unchanged (Fig. S1E). The levels of cyclin B1 did
not change in MCF7-NLSp44 cells (Fig. S1B). The level of cyclin
B1 also did not change in MDA-MB-231 cells in both hormone free

Fig. 1 Expression of p44 in
benign and malignant breast
tissue, Immunohistochemistry
showed cytoplasmic expres-
sion of p44 in benign breast
epithelium (A). Nuclear p44 is
observed in DCIS (B) and inva-
sive ductal carcinoma (C).
Nuclear p44 is expressed in
25% of MCF7 cells (D).
(Magnification: A–D: 400�).
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and androgen media (Fig. S1C and D), indicating the growth inhi-
bition by nuclear p44 in MDA-MB-231 cells is not through
decrease in cyclin B1. The levels of p21 and p27 were not changed
(data not shown).

To determine the mechanisms of the p44 enhanced cell growth
by oestrogen, we examined p44 nuclear cytoplasmic shuttling by
fluorescent microscopy using GFP-p44, as well as promoter occu-
pancy and expression of ER target gene MYC by nuclear p44. P44
was expressed as cytoplasmic protein (25% cells with nuclear p44
expression) under hormone free condition (Fig. 4F upper panel)
and as nuclear protein (85% cells with nuclear p44 expression) in
the presence of 10 nM 17-�-estradiol (Fig. 4F lower panel). In
contrast to MCF7 cells, p44 was localized in both nuclear and
cytoplasm of MDA-MD-231 cells. Oestrogen did not affect p44
nuclear localization of MDA-MD-231cells.

We further determined expression of ER target gene MYC
using RT-PCR with nuclear p44 overexpression (MCF7-NLSp44
cells) and promoter recruitment of p44 onto MYC promoter using

a ChIP analysis. The results of the experiments showed increased
MYC expression by RT-PCR (Fig. 4G) and real time qRT-PCR 
(Fig. S1F) as well as increased promoter occupancy of p44 onto
the MYC promoter (Fig. 4H).

Nuclear p44 may promote MCF7 breast cancer
cell invasion by in vitro Matrigel assays

To investigate the role of p44 in cell invasion, Matrigel invasion
assays were performed with MCF7 cells overexpressing
NLSp44, NESp44 or pBabe control. Similarly, we used hormone
free, androgen and oestrogen media to define the effects of hor-
mones. The invasiveness of MCF7 cells was significantly
enhanced up to 4-fold (p � 0.001) with overexpression of
nuclear p44 in the presence of 10 nM oestrogen compared to
vector control (Fig. 5B and C). The increased invasion ability
was observed in neither hormone free nor androgen media
(data not shown). In contrast, NESp44 inhibited invasion up to
2-fold (Fig. 5C) in oestrogen media.

Fig. 2 p44 enhances AR and ER mediated transcriptional activation, p44
increased the levels of ER mediated transcriptional activation up to 2-fold
(A) and increased the levels of AR mediated transcriptional activation up
to 2.5-fold (B) in MCF7 cells in dual luciferase assays. In luciferase
assays, the concentration of reagents where appropriate is as follow:
androgen (10 nM R1881), oestrogen (10 nM 17-�-estradiol), AR (30 ng),
ER (30 ng) and p44 (100 ng, 200 ng, 300 ng and 600 ng).

Fig. 3 Stable cell lines expressing nuclear and cytoplasmic p44, Clonal
and pooled cell lines expressing NLSp44 and NESp44 were established.
Western blot analysis of whole cell lysate showed expression of NESp44
(A, lane 2, upper band) and NLSp44 (A, lane 3, upper band). �-actin was
used as loading control (B, lanes 1–3). Nuclear and cytoplasmic fraction
showed cytoplasmic expression of NESp44 (C, lane 3) and nuclear
expression of NLSp44 (C, lane 6 versus lane 5). Nuclear expression of
EGFP-NLSp44 in MCF7 cells (D). Cytoplasmic expression of EGFP-
NESp44 in MCF7 cells (E). NXSp44: either NLS or NES p44. Endop44:
endogenous p44. C: cytoplasmic fraction. N: nuclear fraction. The size
difference of NXSp44 and Endop44 is due to addition of FLAG tag and
localization sequence.
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Fig. 4 Nuclear p44 stimulates MCF7 breast
cancer cell growth through oestrogen path-
way, Growth curve of p44 showed
increased MCF7 cell proliferation by
NLSp44 compared with vector control (A)
in oestrogen media. NLSp44 inhibited
MCF7 cell growth in hormone free media
(B) and NESp44 inhibited MCF7 cell growth
in both hormone free (B) and oestrogen (A)
media. In MDA-MB-231 cell line, the
nuclear p44 inhibits and cytolasmic p44
promotes cancer cell growth both in
oestrogen (C) and hormone free (D) media.
Nuclear p44 mediated growth promotion is
reversed by ER� knockdown in MCF7-
NLSp44 cells compared to MCF7-NLSp44
treated with control siRNA (E) in oestrogen
media. Cytoplasmic p44 expression in hor-
mone free media (phenol red free and char-
coal stripped FBS) (F, upper panel) and
nuclear p44 expression in oestrogen media
(F, lower panel). Increased ER target gene
MYC expression by RT-PCR (G) and
enhanced p44 recruitment to MYC pro-
moter by ChIP (H) in the presence of
oestrogen in MCF7-NLSp44 cells.
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To further determine whether increased breast cancer cell inva-
sion ability by nuclear p44 is dependent on ER, we used siRNA to
knockdown ER� followed by Matrigel invasion assays. The results
showed more than 2-fold decrease in the number of invasive cells
for MCF7-NLSp44 cells in the presence of oestrogen (Fig. 5C). The
ER� knockdown did not affect the invasion ability of MCF7-pBabe
cells (Fig. 5C).

To determine whether the increased invasive ability of MCF7-
NLSp44 cells was due to increased cell migration ability, we per-
formed wound healing assays with MCF7-NLSp44 cells in the
presence of oestrogen. Cells were seeded evenly and a linear
wound was introduced. The results indicated that the distance that
MCF7-NLSp44 cells migrated towards the wound area is at a com-
parable level to the control MCF7-pBabe cells (Fig. 5D). Thus, the
increased invasion ability is not due to increased cell migration.

The growth and invasion findings strongly suggest that nuclear
p44 may be an important mediator of tumour growth and invasion
in ER	 ductal carcinomas.

Discussion

Steroid hormone receptors and their coactivators play an impor-
tant role in breast cancer oncogenesis and progression.
Coactivators modulate the receptor activity through linking hor-
mone receptors, such as ER, with basal transcriptional machinery
or by modulating chromatin activity. Several ER coactivators, such
as SRC3/AIB1, have also been shown to modulate the develop-
ment of breast cancer [9]. Androgen, AR and coactivators have
been implicated to play a part in breast oncogenesis [15]. A num-
ber of coactivators act on both androgen and oestrogen pathways,
and possibly mediate the interplay between the two receptors.
Coactivator ARA70 can interact with both AR and ER increasing
the receptor-mediated transcriptional activities [27].
Dysregulation of ARA70 expression is indicated in cancer develop-
ment in both breast and prostate cancer [35, 36]. In this study, we
show p44 can also function as ER coactivator to activate the ER
target gene expression.

Fig. 5 Nuclear p44 promotes MCF7 breast cancer cell invasion through oestrogen pathway, Matrigel invasion assays showed, compared to pBabe con-
trol (A), increased invasive cells by NLSp44 (B), up to 4-fold in MCF7 cells. NESp44 moderately decreased invasion ability of MCF7 cells (C). NLSp44
did not alter migration ability of MCF7 cells (D).

Cells pBabe NLSp44 NESp44

Ki 67 (%) 87 � 2 91 � 1 79 � 1

Table 1 Proliferation index Ki67 in MCF7 cells with NLSp44, NESp44
and pBabe control

pBabe versus NLSP44, P � 0.04, pBabe versus NESp44, P � 0.003.
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p44 is recently characterized as an AR coactivator [28] increas-
ing AR mediated transcriptional activation in an androgen-dependent
manner. Up-to-date, most of the studies on p44 are focused on
prostate and testicular cancers. We reported that p44 is expressed
in the nucleus in benign prostate epithelial and testicular Leydig
cells and p44 is expressed as cytoplasmic protein in their malig-
nant counterparts. Further, nuclear p44 inhibits growth in prostate
cancer cells. Herein, we report that in addition to functioning as an
AR coactivator, p44 also can act as an ER coactivator in MCF7
breast cancer cells. In contrast to prostate and testis, p44 is
expressed as a cytoplasmic protein in benign breast epithelia of
terminal ductal lobular units while p44 is localized in the nucleus
in both DCIS and invasive carcinoma. This phenomenon is very
intriguing because this cytoplasmic to nuclear translocation from
benign to malignant breast epithelial cells could either be an
epiphenomenon in breast cancer or alternatively, p44 may have
distinct biological functions in mediating growth stimulation and
suppression in different cellular compartments.

To discern the function of nuclear and cytoplasmic p44, we
devised either NLS or NES N-terminally tagged p44 fusion pro-
teins as described previously [30]. We performed cell proliferation
assays in hormone free, androgen (10 nM R1881) and oestrogen
(10 nM 17-�-estradiol) media to define the effects of androgen or
oestrogen in growth regulation by p44. In our cell proliferation
studies by cell counting, we showed that NLSp44 promoted cell
growth in MCF7 (ER	) breast cancer cells in the presence of
oestrogen, but not in hormone free or androgen media. In hor-
mone free media, NLSp44 actually inhibited MCF7 cell growth.
Strikingly, the behaviour of nuclear and cytoplasmic p44 in MDA-
MB-231 (ER–) cells is similar to that of prostate cancer. NESp44
increases proliferation in MDA-MB-231 cells. Because MDA-MB-
231 cells do not expression ER, it is likely the cytoplasmic process
of p44 is not oestrogen or ER dependent. These results indicate
that addition of oestrogen can reverse growth inhibition in hor-
mone free media and further stimulate breast cancer cell growth
by p44. Related, it would be of interest to determine expression of
p44 in ER– human breast cancer cases and correlate its function
in ER– cell lines, such as MDA-MD-231, under various conditions
(e.g. with and without ER and AR overexpression).

In addition to growth regulation, NLSp44 also enhanced the
invasion ability of MCF7 breast cancer cells. Again, the increased
invasion is only observed in oestrogen media and ER	 MCF7 cells.
The stimulation of growth and invasion by NLSp44 is not
observed in ER– MDA-MB-231 cells, regardless of the presence of
oestrogen. These results indicate the importance of oestrogen and
its receptor for the NLSp44-mediated effect on breast cancer cell
growth and invasion. Confirming ER�-dependent nature of
nuclear p44 enhanced growth and invasion, ER� knockdown
decreased the cell proliferation and invasion of MCF7 cells in the
presence of oestrogen. p44 shares identical protein sequence with
MEP50, a component of methylosome complex containing
PRMT5/JBP1, pICln and Sm proteins, suggesting its role in
 regulating gene expression by methylation of intranuclear proteins
[28, 37, 38]. A recent study addressed the association of p44 with
SUZ12, a Polycomb group protein that may bind to histone H2A

[39]. In their study, p44 binds to free H2A but not nucleosomal
H2A and facilitates the activity of PRMT5 to methylate H2A.
Because methylation of H4 by PRMT5 represses transcription
[40], it is possible that the methylation of free H2A by PRMT5,
mediated by p44, represses the expression of target genes after
being incorporated into nucleosome [39]. This converted status of
gene transcription may be a critical step in tumorigenesis through
transcription regulators such as Polycomb group proteins.
Indeed, overexpression of such proteins has been shown to be
associated with high proliferation rate and aggressive behaviour in
various tumours, including melanoma and carcinomas from
breast, endometrium and prostate [41–43]. Overexpression of
p44, specifically in nuclei, stimulates proliferation of MCF7 cells in
response to oestrogen by targeting ER responsive genes.

Because we show in this study that the expression and function
of p44 in breast cancer are distinct from prostate, it is of great
interest to determine if the opposite p44 expression pattern in
benign and malignant prostate and breast could represent a mech-
anism in the regulation of p44 nuclear to cytoplasmic translocation
by hormone. We also show that p44 colocalizes with PRMT5 in
benign and malignant breast tissue (J. Wang and P. Lee, unpub-
lished data). These results indicate that a similar mechanism exists
in the regulation of nuclear to cytoplasmic translocation of p44 and
PRMT5. This regulation of nuclear and cytoplasmic translocation is
at the level of the protein complex rather than single protein level.

In summary, we report that coactivator p44, besides function-
ing as an AR coactivator, can also function as an ER coactivator.
Nuclear p44 promotes breast cancer growth and invasion medi-
ated through oestrogen and its receptor and not by androgen
stimulation. Consistently, p44 is expressed as a cytoplasmic pro-
tein in benign breast cells and as a nuclear protein in malignant
breast cells. These results have great significance in understand-
ing the mechanisms of ER and its cofactors in regulating breast
cancer cell proliferation and invasion.
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the hormone free media. (C) Cyclin B1 expression in MDA-MB-
231-NLSp44 or MDA-MB-231-NESp44 cells in the presence of
oestrogen. (D) Cyclin B1 expression in MCF-NLSp44 or MCF-
NESp44 cells in the hormone free media. (E) Cyclin A2, cyclin D1
and cyclin E expression in MCF-NLSp44 or MCF-NESp44 cells in
the presence of oestrogen. (F) Increased ER target gene MYC
expression by real time qRT-PCR in MCF-NLSp44-LSp44 cells in

the presence of 17-�-estradiol. (A)–(E) Lane 1: pBabe, lane 2:
NLSp44, lane 3: NESp44.
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