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Estradiol-17� (E2) induces rodent hippocampal neural pro-
genitor cell (NPC) proliferation in vitro, in vivo, and after
brain injury. The purpose of the present investigation was to
determine whether E2-induced proliferation observed in ro-
dent model systems generalized to cells of human neural or-
igin and the signaling pathway by which E2 promotes mitosis
of human NPCs (hNPCs). Results of these analyses indicate
that E2 induced a significant increase in hNPC proliferation
in a time- and dose-dependent manner. E2-induced hNPC DNA
replication was paralleled by elevated cell cycle protein ex-
pression and centrosome amplification, which was associated
with augmentation of total cell number. To determine
whether estrogen receptor (ER) and which ER subtype were
required for E2-induced hNPC proliferation, ER expression
was first determined by real-time RT-PCR, followed by West-

ern blot analysis, and subsequently verified pharmacologi-
cally using ER� or �-selective ligands. Results of these anal-
yses indicated that ER� expression was predominant relative
to ER�, which was barely detectable in hNPCs. Activation of
ER� by the ER�-selective ligand, diarylpropionitrile, led to an
increase in phosphorylated extracellular signal-regulated ki-
nase, and subsequent centrosome amplification and hNPC
proliferation, which were blocked by the MEKK antagonist,
UO126, but not its inactive analog, UO124. These findings, for
the first time, demonstrate the molecular cascade and related
cell biology events involved in E2-induced hNPC proliferation
in vitro. Therapeutic implications of these findings relevant to
hormone therapy and prevention of neurodegenerative dis-
ease are discussed. (Endocrinology 149: 208–218, 2008)

ESTROGENS REGULATE THE development, matura-
tion, survival, and function of multiple types of neu-

rons in multiple brain regions (1–6). A recent advance in our
understanding of estrogen action in brain is that estradiol-
17� (E2) can promote neurogenesis in rat brain in vivo and
proliferation of neural progenitor cells (NPCs) in vitro (7–10).
Studies using rat embryonic neural stem cells isolated from
brain striatal tissue demonstrated that E2 increased rat em-
bryonic neural stem cell proliferation, and this response is
estrogen receptor (ER) dependent (8). Removal of circulating
E2 by ovariectomy resulted in a significant decrease in the
proliferation of hippocampal granule cell precursors, which
could be reversed by E2 replacement in ovariectomized
(OVX) rats (9, 10).

These findings derived from the rodent served as the foun-
dation for our analyses to determine the proliferative action
of E2 in human NPCs (hNPCs) and to determine the molec-
ular mechanisms required for E2-induced proliferation of
hNPCs. The hNPC used in the current analyses was derived

from birth-defected fetal cortex, and cultured for extended
periods of time in the presence of basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF), and leukemia
inhibitory factor by Svendsen et al. (11). The phenotypic
homogeneity of these cells has been demonstrated by im-
munoreactivity for the progenitor cell marker nestin and the
neural progenitor/neuronal marker Tuj1 (12, 13). Further-
more, these cells respond to a range of mitogenic and growth
factors, including fibroblast growth factor 2, vascular endo-
thelial growth factor, and nerve growth factor (13). We have
recently demonstrated that allopregnanolone, a progester-
one metabolite, promotes proliferation of these cells (12).
Given that these hNPCs display response features consistent
with neural progenitor phenotype, we used these cells as an
in vitro model relevant to the human brain to determine the
efficacy and molecular mechanism underlying estrogen-in-
duced NPC proliferation.

Thus far, two types of ERs, ER� and ER�, are well char-
acterized. ER� and ER� share the common feature of the
nuclear receptor structure but are encoded by different genes
located on different chromosomes, and, in addition, they
exhibit different brain distribution profiles (for review, see
Refs. 4 and 14–16). The brain region-specific distribution for
these receptors is linked to functional distinctions between
ER� and ER� for estrogen-induced neuroprotection, neuro-
trophic and neurogenic activities (17–21). E2-induced neu-
roprotection and neurotrophism are regulated through a co-
ordinated signaling cascade that involves ER protein
interaction with the regulatory subunit (p85) of phosphati-
dylinositol 3-kinase, which upon activation, serves as the
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initiation mechanism for activation of downstream signaling
cascades, including Akt (22–25) and phosphorylated ERK
(pERK) (26). Other intracellular signal transduction cascades,
including protein kinase C (27–29) activated Src and pERK,
have also been proposed (30). Until now, the intracellular
signaling pathway required for E2-induced neurogenic ac-
tivity had not yet been determined.

Numerous observations have demonstrated the role of the
ERK signaling cascade in regulating cell cycle progression
(31–34). The ERK1/2 cascade is predominantly involved in
the control of cell proliferation (32, 35) and differentiation
(31). Activation of ERK1/2 can promote cell cycle reentry (32,
33, 35), whereas inhibition of the ERK pathway results in G1
arrest in a variety of cell types (32, 33, 35, 36). pERK1/2
translocates to the nucleus (37) to phosphorylate nuclear
transcription factors (e.g. Jun, Myc, Tal1, and Elk1) (37),
whereupon these factors promote transcription of cyclins
and cyclin-dependent kinases (CDKs) to initiate G1/S phase
transition (32). Activated ERK1/2 also translocates to the
cytosolic located centrosomes to phosphorylate centrosome
kinases, such as Aurora kinase A, to initiate centrosome
amplification (32, 38).

Given that E2 can promote neural progenitor proliferation in
rodent brain in vivo (9, 10) and rodent (8) and hNPCs in vitro (18,
19), we sought to determine whether E2 would promote human
neural progenitor proliferation and the mechanism underlying
this response. Thus, we investigated: 1) the efficacy of E2 to
promote hNPC proliferation by determining bromodeoxyuri-
dine (BrdU) incorporation, total cell number, and expression of
cell cycle markers; 2) ER� and ER� expression in hNPC by
real-time RT-PCR, Western blot, and immunocytochemistry
(ICC); 3) the role of ER� and ER� in E2-induced proliferation
using receptor-selective ligands, propyl pyrazole triol (PPT) (an
ER�-selective ligand) and diarylpropionitrile (DPN) (an ER�-
selective ligand); and 4) the intracellular signal cascades and the
cellular events involved in E2-induced hNPC proliferation.

Materials and Methods
Culture of the human cerebral cortical neural stem cells

The use of the human fetal cerebral cortical progenitor cells (gift of
Dr. Svendsen, Departments of Anatomy and Neurology and the Wais-
man Center, University of Wisconsin, Madison, WI) was approved
through the institutional review board at the University of Southern
California. NPCs were cultured as previously described by Svendsen et
al. (11) and our group (12). Briefly, cells were thawed in DMEM/Ham’s
F-12 (7:3) medium containing penicillin/streptomycin/amphotericin B
(1%), supplemented with B27 (2%; Life Technologies, Inc., Gaithersburg,
MD), EGF (20 ng/ml; Life Technologies, Inc.), fibroblast growth factor
2 (20 ng/ml; Life Technologies, Inc.), heparin (5 �g/ml; Sigma-Aldrich,
St. Louis), and 10 ng/ml leukemia inhibitory factor (CHEMICON Intl.,
Inc., Temecula, CA) in a humidified incubator (37 C and 5% CO2), and
half the growth medium was replenished every 3–4 d. Neurospheres
were then mechanically triturated into single cells with flame polished
Pasteur pipettes and plated onto T75 flasks coated with laminin (MP
Biomedicals, Solon, OH) at a density equivalent to 2 � 106 cells per flask
and passaged every 14 d. For BrdU assays, cells were plated onto lami-
nin-coated 96-well plates at a density of 7.5 � 104 per well or chamber
slides at a density of 2 � 4 � 104 per cm2. For biochemical assays and
cell number counting, cells were seeded onto 60 or 30-mm Petri dishes
at a density of 1 � 105 per cm2. The cells were treated with 17�-estradiol
(E2), the specific ER� agonist PPT, or the selective ER� agonist, DPN,
UO126 [1,4-diamino-2,3- dicyano-1,4-bis(o-aminophenylmercapto)butadiene],
UO124[1,4-diamino-2,3-dicyano-1,4-bis(methylthio)butadiene]as indicatedin
Results.

Real-time RT-PCR

Total RNA was extracted using TRIzol (Invitrogen Corp., Carlsbad,
CA) as described by the manufacturer. cDNA was synthesized using
SuperScript III reverse transcriptase (Invitrogen) and oligo(dT) primer
in accordance with the manufacturer’s protocols. The expression of
related genes was quantified using the SYBR green reagent (2� SYBR
Green Supermix; Bio-Rad Laboratories, Hercules, CA) following the
manufacturer’s instructions on a Bio-Rad iCycler. PCR was performed
in multiple replicates under optimized conditions [95 C denaturation for
3 min, followed by 40 cycles of 45 sec at 94 C, 45 sec at 55 C, and 45 sec
at 72 C using the following primers: ER� (accession no. NM_000125),
forward 5�-tggagatcttcgacatgctg-3�, reverse 5�-tccagagacttcagggtgct-3�;
and ER� (accession no. NM_001437.2), forward 5�-gtgtatgacctgctgctgga-
3�, reverse 5�-tcagcttgtgacctctgtgg-3�]. No other products were amplified
because melting curves showed only one peak in each primer pair, and
only one specific product was observed on agarose-ethidium bromide
gel for each primer pair. Fluorescence signals were measured over 40
PCR cycles. The cycle number (Ct) was recorded when the signals
crossed a threshold set within the logarithmic phase. For quantitation,
we evaluated the difference in cycle threshold (�Ct) between ER iso-
forms in nontreated hNPCs and MCF7 cells, which serve as a positive
control. The efficiency of amplification of each pair of primers was
determined by serial dilutions of cDNA templates, and all were larger
than 0.9. Each sample was normalized with loading references, �-actin
and 18s rRNA. Ct values were calculated as the means of triplicates.
Experiments were repeated at least three times and represented as folds
of expression. Differences in expression of ER� and ER� in hNPCs or
MCF7 cells were determined using one-way ANOVA, followed by a
Newman-Keuls post hoc analysis.

Western blot

Western blot was used to measure the protein expression of ER� and
ER� in hNPCs, to evaluate the cell proliferation effects of E2, PPT, and
DPN by determining the protein expression of proliferating cell nuclear
antigen (PCNA) and CDK1/cdc2, two known cell proliferation markers,
and an centrosome marker, �-tubulin, and to estimate the activation of
ERK1/2 by test of the pERK expression. hNPCs were treated in the
presence or absence of ligands for 1 d and lysed using ice-cold lysis
buffer as described previously (12). Whole cell lysates from nontreated
hNPCs and MCF7 cells were used as controls. Twenty to 40 �g whole
cell lysates protein was separated under reducing and denaturing con-
ditions on 12% SDS-PAGE, and was electrotransferred to a polyvinyli-
dene difluoride membrane (Millipore Corp., Bedford, MA). Nonspecific
binding sites were blocked with 5% skim milk in Tris-buffered saline
containing 0.05% Tween 20. The expression of ER in hNPCs was de-
termined using antibodies for ER� (1:25, 6F11; Novocastra Laboratories
Ltd., Newcastle upon Tyne, UK) and ER� (1:200, PA1-310; Affinity
BioReagents, Inc., Golden, CO). To observe the effects of E2 and ER
isoform-selective ligands on the cell cycle protein expression, mem-
branes were blotted using a monoclonal antibody for PCNA (1: 300,
clone PC10; Zymed Laboratories Inc., San Francisco, CA), a polyclonal
antibody for the carboxy-terminal domain of CDK1/cdc2/p34 (1:500;
Novus Biologicals Inc., Littleton, CO), or a polyclonal antibody against
human �-tubulin (1:500; Abcam, Inc., Cambridge, MA). For measuring
the pERK and ERK expression, an anti-pERK1/2 antibody (1:750 in
PBS-Tween/1% horse serum; Cell Signaling Technologies, Beverly, MA)
and a total ERK1/2 antibody (C-14) (1:5000 in PBS-Tween/1% horse
serum; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used.
Membranes were then incubated in horseradish peroxidase-conjugated
goat antirabbit or horse antimouse IgG (1:6000), and results were visu-
alized by the TMB Peroxidase Substrate Kit (Vector Laboratories, Inc.,
Burlingame, CA). The blots were then quantified by optical density
analysis using UnScanIt gel software (Silk Scientific Co., Orem, UT). The
data were then statistically analyzed using one-way ANOVA, followed
by a Newman-Keuls post hoc analysis. The data are displayed as means �
sem of three independent experiments.

BrdU incorporation and cell number counting

hNPC proliferation was initially evaluated by measuring incorpora-
tion of BrdU using BrdU chemiluminescence immunoassay kits pur-
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chased from Roche (Penzberg, Germany) and further confirmed by
standard Trypan blue cell counting. After overnight adhesion and then
a 4- to 6-h starvation (medium without supplements), hNPCs were
incubated with different concentrations of E2, PPT, and DPN as indi-
cated, or b-FGF-heparin (20 ng/ml, positive control) in the starvation
medium, or switched back to complete medium after starvation (another
positive control) for 1 d and pulse loaded with 10 �m BrdU for 2 h.
hNPCs were then incubated with anti-BrdU-peroxidase for 90 min and
further developed with substrate solution for 3 min. The plates were
read with an Lmax microplate luminometer (Molecular Devices, Sunny-
vale, CA). After subtracting the value of the blank (without BrdU load-
ing), the results were analyzed using a one-way ANOVA, followed by
a Newman-Keuls post hoc test, and presented as percent (%) increase vs.
control.

ICC

hNPCs were plated on poly-d-lysine- and laminin-coated chamber
slides. After fixation with 4% paraformaldehyde, cells were incubated
overnight with the following primary antibodies: monoclonal antibody
for ER� (1:25; Novocastra); polyclonal antibody for ER� (1:500; Affinity
Bioreagents); monoclonal antibody for nestin (1:5000, stem cell marker;
CHEMICON); monoclonal antibody for neuronal class III �-tubulin
(Tuj1, 1:500, NPC marker; Covance, Berkeley, CA); anti-pERK1/2 anti-
body (1:300; Cell Signaling Technologies); and anti-total ERK1/2 anti-
body (C-14) (1:1000; Santa Cruz Biotechnology). After PBS washes, cells
were incubated for 30 min with secondary antibodies containing anti-
mouse, or antirabbit IgG conjugated with FITC or Taxes-Red (1: 250;
Vector Laboratories). The centrosomes were labeled by a Cy3-conju-
gated polyclonal antibody against �-tubulin (1;500; Abcam). Cells were
mounted under coverslips with 4�,6�-diamidino-2-phenylindole (DAPI)-
containing mounting medium (Vector Laboratories). Labeled cells were
observed by a Zeiss Axiovert �200 fluorescent microscope (Carl Zeiss,
Inc., Thornwood, NY), and images were captured by SlideBook software
(Intelligent Imaging Innovations Inc., San Diego, CA).

Results
E2 increases BrdU incorporation in hNPC in a time- and
dose-dependent manner

The neural progenitor phenotype of hNPCs was first ver-
ified immunocytochemically by labeling for stem/progeni-
tor cell marker, nestin (a class VI large intermediate filament
protein), and a neural progenitor/neuronal marker, Tuj1 (a
neuron-specific �III-tubulin). Expression of both nestin (Fig.
1A) and Tuj1 (Fig. 1B) in these cells confirmed their neural
progenitor phenotype under our culture conditions and is
consistent with the description by Svendsen et al. (11).

Proliferation of hNPCs was determined by BrdU chemi-
luminescence ELISA. To eliminate contributions of growth
factors in the culture medium, hNPCs were growth factor
deprived for 4–6 h before introduction of E2, vehicle, or other
agents. hNPCs were exposed to differing concentrations of E2
for 24 h, followed by BrdU ELISA. Results of these analyses
indicated that E2 induced a dose-dependent BrdU incorpo-
ration in hNPCs. E2 was ineffective at 0.5 nm, minimally
effective at 1 nm (18 � 3.5%), and maximally effective at 100
nm (27 � 3.8%) (Fig. 2A). The decrement in BrdU incorpo-
ration at 250 nm suggests that the efficacy of E2 on prolifer-
ation is dose sensitive, and the optimal concentration is 100
nm. The efficacy of E2 as a neurogenic factor in hNPC, at
optimal concentration, was comparable to that induced by
bFGF (20 ng/ml) � heparin (5 �g/ml) treatment (30 � 9%
increase vs. control) (Fig. 2B).

An analysis of the time course for E2-induced BrdU in-
corporation into hNPCs is shown Fig. 2B. Overall, E2 induced

a linear increase in BrdU incorporation that was first evident
at 1 h, significant by 3 h, and asymptotic at 5 h. The sustained
level of BrdU incorporation between 5 and 24 h is consistent
with a cessation of S-phase within 5 h and that additional
BrdU was not incorporated beyond the 5-h time point.

Human cerebral cortical stem cells predominantly
express ER�

To determine the ER subtype mediating the proliferative
action of E2, we first investigated the expression level of ER
isoforms in hNPCs by performing quantitative real-time RT-
PCR. Primers amplifying the cDNA encoding fragments of
the ligand binding domain of ER� and ER� revealed a
13.87 � 1.15-fold increase in expression of ER� relative to
ER� in hNPC (Fig. 3, A and B). In contrast, the same primers
used at the identical PCR conditions amplified a 10.50 �
1.03-fold higher expression of ER� than ER� in cDNA de-
rived from MCF7 cells (an ER positive breast cancer cell line).

To validate the observation derived from mRNA analysis,
ER� and ER� protein expression levels were assessed in
whole cell lysates of hNPC by Western blot. In the blot for
ER�, a single dense band at 67 kD was detected in positive

FIG. 1. Characterization of hNPC phenotype. Human cerebral cortex
NPCs (hNPC) were cultured in poly-D-lysine and laminin-coated
chamber slides and fixed by 4% paraformaldehyde for 20 min at room
temperature. The NPC phenotype was detected by ICC with two
well-known NPC markers, nestin (A) (green fluorescence) and Tuj1 (B)
(red fluorescence). Cell nuclei were counterstained with DAPI. Scale
bars, 10 �m.
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control MCF7 cells (Fig. 3C). However, ER� immunoreac-
tivity was barely detectible in hNPCs. The opposite expres-
sion pattern was detected in the Western blot for ER�, in
which a single dense band of ER� protein (55 kD) was de-
tected in hNPCs, whereas a weakly immunoreactive (IR)
band of ER� appeared in MCF7 cells (Fig. 3C). These data are
consistent with results obtained by real-time RT-PCR and
support the observation that ER� is the predominant ER in
hNPCs (Fig. 3A).

To visually determine ER isoform expression in individual
hNPCs, ICC was conducted using antibodies specific for ER�
and ER�. The specificity of these antibodies has been deter-

mined and used for immunocytochemical labeling of ER in
brain by others (39, 40) and ourselves (41). The monoclonal
antibody, 6F11 (immunizing antigen corresponds to full-
length recombinant ER�), and the polyclonal antibody, PA1–
310B (immunizing peptides corresponds to amino acid res-
idues 467–485 from rat ER�, specifically react to human and
rat), have been successfully used for Western blot and im-
munocytochemical labeling. By Western blot, the former de-
tects a 67-kDa protein representing ER� both in rat brain and
breast extracts, and the latter detects an approximate 55-kDa
protein representing ER� from rat brain and rat breast ho-
mogenate. Immunocytochemical labeling of ER� and ER� by
these two antibodies in neural cells results in nuclear staining
(also see Refs. 39 and 40). Immunocytochemical labeling of
hNPCs revealed that hNPCs were IR for ER�, whereas they
were devoid of ER� IR signal (Fig. 3D). ER� IR mainly
localized to the hNPC nucleus with minimal detection in the
cytoplasm. In contrast, MCF7 cells were IR for ER� and
devoid of ER� immunoreactivity. ER� localized to the nu-
cleus of MCF7 cells with no apparent cytoplasmic labeling.
The negative control using nonimmune serum exhibited no
labeling (data not shown). These results are consistent with
data derived from real-time RT-PCR and Western blot, and
are also in agreement with the reports from others that ER�
is the predominant ER isoform in breast carcinoma cells (42,

FIG. 2. E2 promotes hNPC proliferation in a dose- and time-depen-
dent manner. hNPCs were incubated in a starvation condition (ab-
sence of GH and B27 supplement) for 4–6 h, followed by exposure to
different concentrations of E2 in the starvation medium for indicated
time periods. hNPCs were pulse loaded with BrdU for 2 h, and BrdU
incorporation was subsequently measured by chemiluminescence
BrdU ELISA. Data were derived from at least three independent
experiments conducted with eight replicates. Results were plotted as
percentage of vehicle control (mean � SEM). *, P � 0.05. **, P � 0.01.
A, E2 induced a dose-dependent increase in BrdU incorporation. The
minimally effective concentration was 1 nM E2 (18 � 10% increase),
with the maximal proliferative effect achieved at 100 nM E2 (27 � 3%
increase). B, E2-induced hNPC BrdU incorporation was time depen-
dent. Significant BrdU incorporation was evident at 3 h (17 � 4%),
reached maximum at 5 h (35 � 8% vs. vehicle control), at which time
BrdU incorporation plateaued and was sustained for 24 h. The pos-
itive control, complete medium with GH and B27 supplement, in-
duced a 29 � 2% increase in BrdU incorporation vs. control.

FIG. 3. hNPCs predominantly express ER�. The expression of ER�
and ER� at the mRNA level in hNPCs was determined by real-time
RT-PCR using specific primers for the ligand binding domain of hu-
man ER� and ER�. A, A representative ethidium bromide agarose gel
predicts the single band of each real-time RT-PCR product and the
accurate size of the PCR product, ER� (143 bp) and ER� (179 bp). B,
The Ct values of the real-time RT-PCR were calculated by the
(2*efficiency)��Ct method, and normalized by the value of the internal
control �-actin and 18s rRNA. Data are presented as mean of fold
change � SEM vs. control and are derived from at least three inde-
pendent experiments (*, P � 0.01). C, The expression of ER� and ER�
protein content in hNPCs was determined by Western blot using
antibodies against ER� (6F11) and ER� (PA1–310). In hNPCs, ER�
protein (54 kD) was highly expressed, whereas the full-length ER� (67
kD) was minimally expressed. MCF7 cells expressed abundant ER�
protein but minimal ER�, protein. Loading control, �-actin (*, P �
0.01). D, Localization of ER� and ER� in single hNPCs was deter-
mined by ICC using antibodies as described in C. In hNPCs, ER� was
highly expressed, whereas ER� was hardly observed. In contrast to
hNPCs, ER� immunoreactivity was observed in MCF7 cells, whereas
ER� was almost undetectable. Both ER� and ER� were localized to
the nucleus. Scale bar, 10 �m.

Wang et al. • ER� Regulates E2-Induced hNPC Proliferation Endocrinology, January 2008, 149(1):208–218 211

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/1/208/2454987 by guest on 23 April 2024



43). Together, these data indicate that ER� is the predomi-
nant ER in hNPCs.

ER� in hNPCs is functional and specifically regulates the
E2-induced hNPC proliferation

To evaluate the contribution of ER� and ER� to E2-induced
hNPC proliferation, the effect of either the mixed ER�/ER�
agonist E2, the specific ER� agonist PPT, or the selective ER�
agonist, DPN on expression of two well-defined cell prolif-
erating markers, CDK1/cdc2 (Fig. 4A) and PCNA (Fig. 4B),
were analyzed by Western blot using whole cell lysates from
hNPCs exposed to 100 nm E2, 0.5 nm PPT (an ER�-selective
agonist), or 0.3 nm DPN (an ER�-selective agonist) for 24 h.
As indicated in Fig. 4, E2 significantly increased expression
of CDK1 (155.6 � 11.8%; P � 0.01) and PCNA (159.3 � 3.3%;
P � 0.001). The ER� selective agonist DPN increased ex-
pression of CDK1 (134.6 � 5.4%; P � 0.01) and PCNA
(162.7 � 17.2%; P � 0.001). In contrast, the ER�-specific
agonist PPT had no effect on CDK1 (97.3 � 5.4%; P � 0.57)
or PCNA (99.6 � 6.5%; P � 0.47 vs. vehicle) protein expres-
sion. In addition, the difference between PPT and DPN was

statistically significant for both PCNA and CDK1 (P � 0.001),
but not between DPN and E2 treatment (for PCNA, P � 0.25;
for CDK1, P � 0.13), indicating that the promotion of cell
cycle entry by E2 is via activation of ER�.

To confirm that E2 and DPN increases in cell cycle proteins
are associated with completely traversing the cell cycle, BrdU
incorporation and quantitation of total cell number were
conducted. DPN, in a dose-dependent manner, significantly
increased hNPC BrdU incorporation at 10 and 100 pm.
Higher concentrations were without significant effect (Fig.
5A). These data indicate that the effective concentration of
DPN for hNPC proliferation is more than 1000 times more
potent than E2 (compare Figs. 2A and 5A), which is consistent
with the concentrations of DPN that induced neuroprotec-
tion and regulation apolipoprotein E expression in cultured
neurons from rat hippocampus (41, 44, 45) and in vivo in rat
hippocampus (41). The ER�-specific agonist PPT had no
significant effect on hNPC BrdU incorporation. The increase
in BrdU uptake was paralleled by a significant increase in
total hNPC number induced by both E2 and DPN. E2 (100 nm)
significantly increased total hNPC number by 45 � 3%, and
DPN (0.3 nm) increased hNPC number by 38 � 15% vs.

FIG. 4. Activation of ER�, not ER�, promotes the mitotic markers,
CDK1/cdc2 and PCNA expression in hNPCs. Cultures of hNPCs were
incubated in the presence or absence of E2, PPT (an ER�-selective
ligand, 0.5 nM), or DPN (an ER�-selective ligand, 0.3 nM) for 24 h.
Western blot analysis was conducted to determine protein expression
of CDK1/cdc2/p34 (A) and PCNA (B). E2 and ER�-selective agonist,
DPN, significantly increased CDK1 and PCNA expression, whereas
the ER�-specific ligand, PPT, did not. Western blot data, normalized
by �-actin, are presented as mean � SEM from three independent
experiments. *, P � 0.05.

FIG. 5. E2-induced hNPC proliferation is mediated by ER�. Cultures
of hNPCs were incubated in the presence or absence of E2, PPT (0.5
nM), or DPN (0.3 nM) for 24 h. Proliferation was determined by BrdU
ELISA (A) and total cell number (B). E2 and ER�-selective agonist,
DPN, significantly increased BrdU incorporation and total cell num-
ber, whereas the ER�-specific ligand, PPT, did not. Data are pre-
sented as mean � SEM from three independent experiments. *, P �
0.05 vs. control or as indicated.
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vehicle control. Total hNPC numbers induced by E2 and
DPN were statistically equivalent (no statistically significant
difference between the groups). Total hNPC number in PPT
condition was not statistically different from vehicle control
groups (Fig. 5B).

E2 and DPN increase the expression of phospho-ERK
in hNPCs

E2 activates a myriad of signaling cascades in neurons,
including MAPK (23, 29, 46). Activation of ERK cascade by
E2 has been linked to the neuroprotection against �-amyloid
and glutamate toxicity (23, 29, 46), as well as E2 activation of
phospho-cAMP response element-binding protein required
for E2-inducible neurotrophism and expression of the anti-
apoptotic Bcl2 family of proteins (20, 21, 47). To determine
whether E2-induced hNPC proliferation is dependent upon
activation of ERK pathway, the effect of E2, PPT, and DPN
on pERK expression was investigated by ICC and Western
blot.

As demonstrated in Fig. 6A, both E2 and DPN increased
the intensity and number of pERK IR positive cells as de-
tected by fluorescent microscopy, whereas PPT was compa-
rable to vehicle control. To further quantitatively measure
the impact of E2 and ER-selective ligands on pERK expres-
sion in hNPC, Western blots were performed using whole
cell lysates from hNPCs. Consistent with the ICC observa-
tions, E2 and DPN respectively induced a 38 and 45% in-
crease in pERK as quantitated by optical density of Western
blot bands normalized to �-actin. The ICC and Western blot
data demonstrated that E2 and DPN, but not PPT, activated
the pERK1/2 signaling pathway in hNPCs.

ER�-mediated hNPC proliferation is regulated by the
activation of pERK

To determine whether phosphorylation of ERK was re-
quired for transduction of signals from ER� activation
through hNPC proliferation, hNPCs were treated with the
MAPK pathway inhibitor, UO126 (20 �m), or the inactive
isomer UO124 (20 �m), as a negative control, alone or in
combination with E2 (100 nm), or PPT or DPN for 24 h. The
concentration of the MAPK inhibitors was based on previous
analyses from our group (20, 23, 48) Results of these analyses
indicated that the MAPK kinase (MEK) 1/2 inhibitor UO126
completely abolished DPN-induced cell proliferation,
whereas the inactive analog UO124 had no effect on DPN-
induced hNPC proliferation (Fig. 7). UO126 inhibition of E2
and DPN-induced BrdU incorporation was selective for ER
inducible proliferation because there was no statistically sig-
nificant difference between BrdU incorporation under E2 �
UO126 or DPN � UO126 conditions and vehicle control or
UO126 alone. These results indicate that activation of the
pERK cascade is a key signaling pathway required for ER�-
regulated E2-induced hNPC proliferation. These results are
consistent with the report that UO126 completely inhibited
MEK1/2 activity and resulted in G1 arrest in fibroblast cells
via inactivation of ERK1/2, but not ERK5 (49). Both U0126
and U0124 showed no effects in PPT treated samples, which
further supports that ER� is the predominant receptor sub-
type regulating E2-induced hNPC proliferation.

pERK located in the M phase cell centrosomes

As an initial determination of the target for ER�-inducible
pERK, we investigated pERK localization in hNPCs. As dem-
onstrated in Fig. 6A, pERK was observed in a subpopulation
of the hNPCs. In these cells, pERK showed a predominantly
cytoplasmic localization. The pERK positive cells exhibited a
nuclear structure with condensed chromosomes (blue) con-
taining two centrosomes, indicating that these cells are in
mitotic stage (Fig. 8A). pERK IR was not observed in non-
dividing cells, which did not exhibit condensed chromo-
somal arrangement and contained only one centrosome. The
centrosome was labeled by a centrosome marker, �-tubulin
(Fig. 8A, red, white arrows). The two centrosomes in the di-
viding cells are either apparent at both sides of metaphase
plate (Fig. 8A, *1, the metaphase) or at one side of condensed

FIG. 6. E2 and DPN increase the expression of phospho-ERK in
hNPCs. The hNPCs were incubated in the presence or absence of E2,
PPT, or DPN for 24 h. Expression of pERK is shown in representative
ICC images in A and Western blot quantitation in B. E2 and DPN
significantly increased pERK expression in hNPCs, whereas PPT did
not. Normalized Western blot data are presented as mean � SEM from
three independent experiments. *, P � 0.05 vs. control or as indicated.
Scale bar, 100 �m in A.

Wang et al. • ER� Regulates E2-Induced hNPC Proliferation Endocrinology, January 2008, 149(1):208–218 213

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/1/208/2454987 by guest on 23 April 2024



chromosomes (*2, the prophase). Importantly, pERK IR (Fig.
8A, green) was only observed in the centrosomes of the di-
viding cells. In colocalization with �-tubulin (Fig. 8A, red), the
pERK positive centrosomes (green) appear yellow (arrow-
heads) in the merged image, but not in the centrosome of the
nondividing cells (arrows). To identify further the relation of
E2 effects and centrosome amplification, the �-tubulin ex-
pression level was measured in E2, PPT, and DPN treated
hNPCs by Western blot. Results of these analyses demon-
strated an increase of �-tubulin expression in E2 and DPN
treated hNPCs but not in those treated with PPT treated cells
vs. control (Fig. 8B). These data, coincident with the effects
of E2 and DPN on pERK expression, indicated a close cor-
relation between pERK and centrosome amplification, and
demonstrate that E2 and DPN promoted centrosome ampli-
fication. Therefore, these data further support the discovery
that activation of ER� in hNPCs by either E2 or DPN in-
creased proliferation.

Discussion

The present study demonstrates that E2 increased the pro-
liferation of hNPCs in a dose- and time-dependant manner.
Furthermore, the data indicate that ER� is the predominant
ER in this type of hNPC and is functionally competent. Im-
portantly, the predominant expression of ER� mediates the
neurogenic effect of E2 in hNPCs as the proliferative effect of
E2 was reproduced by the ER�-selective ligand, DPN, but not
by the ER�-selective ligand, PPT. Furthermore, results of the
mechanistic analyses indicate that E2-induced hNPC prolif-
eration is mediated by ER�-activated pERK, which initiates
the DNA replication and also triggers the centrosome
amplification.

The effect of E2 on neurogenesis is supported by in vitro
and in vivo animal studies under experimental and physio-
logical conditions. E2 increased the proliferation of NPCs in
the dentate gyrus subgranular layer zone of OVX rats, either
with a single injection (10) or with a chronic E2 treatment (9).
Under physiological conditions, cell proliferation in the den-

tate gyrus increases during proestrus, when ovarian hor-
mone levels are highest, compared with estrus and diestrus
(10). Augmentation of neural progenitor proliferation results
in a transient increase in the number of new granular neurons

FIG. 7. E2-induced hNPC proliferation is mediated by pERK. The
hNPCs were treated with E2, DPN, or DPN plus the MEK1/2 inhibitor
UO126, or its inactive analog, UO124. BrdU incorporation was mea-
sured by BrdU ELISA. Results indicated that UO126 abolished the
promotion effects of DPN on hNPC proliferation, whereas the inactive
isomer UO124 did not. Data are presented as mean � SEM from three
independent experiments. *, P � 0.05 vs. control or as indicated. There
were no statistical differences of E2 vs. DPN, or PPT vs. vehicle
treatment.

FIG. 8. E2-induced ERK phosphorylation promotes centrosomes am-
plification. A. pERK immunoreactivity was observed in the dividing
cell nuclear and cytosol located centrosome as demonstrated by dou-
ble immunostaining of pERK (green) and centrosome marker, �-tu-
bulin (red). Basic nucleotides were counterstained with DAPI (blue).
Dividing cells (*) are pERK positive and display two centrosomes
(orange, indicated by arrowheads), indicating the colocalization of
pERK (green) and �-tubulin (red). In contrast, nondividing cells are
pERK negative and exhibit only one centrosome (red, labeled only by
�-tubulin, white arrows). hNPC*1 hNPC, two centrosomes are located
on both sides of the metaphase plate indicating entry into metaphase.
hNPC*2 cell exhibited two centrosomes located to one side of the
condensed chromosome indicating that this cell is likely in prophase.
B, The centrosome marker protein, �-tubulin, expression was de-
tected in hNPCs by Western blot. Both E2 and DPN increased �-tu-
bulin levels in hNPCs, whereas PPT did not. Activation of ER� either
by E2 or DPN increased �-tubulin protein levels in hNPCs and is
indicative of amplification of centrosomes. Loading control, �-actin,
normalized data are presented as mean � SEM from three independent
experiments. *, P � 0.05 vs. control or as indicated.
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(50, 51). Further support comes from the observation that
more new cells are found in the male dentate gyrus during
the breeding season, when estradiol levels are high, than
during the nonbreeding season when estradiol levels are low
(52, 53).

The magnitude of E2-induced proliferation reported here
was an increase of 18–35% of BrdU incorporation in cultured
hNPCs. The efficacy of E2 as a neurogenic factor was com-
parable to that induced by bFGF � heparin from our own
study (30%) (12) and is also in agreement with previously
published results by others. For example, bFGF induced a
40% increase of BrdU incorporation in cultured rat brain-
derived progenitor cells after 3-d treatment (54) and a 25%
increase of BrdU incorporation in 3-month-old rat brain sub-
granular zone in vivo (55).

The concentrations of E2 required to induce hNPC prolif-
eration in vitro, a minimally effective dose of 1 nm (18%
increase) and a maximally effective dose at 100 nm (35%
increase), are comparable to those achieved in rat brain after
peripheral E2 administration (9, 10). A single 10 �g/rat E2
injection, which reflects an E2 concentration of about 100–120
nm in the brain as we measured by RIA, induced a 40%
increase in BrdU incorporation in OVX adult female rat den-
tate gyrus. E2 appears to be a more potent neurogenic factor
for hNPCs inducing a 35% increase in proliferation than in
rat embryonic NPCs, in which 10 nm E2 induced a 7% in-
crease in BrdU incorporation (8). We recently observed a 17%
significant increase of BrdU positive cells in 14-d OVX rat
subgranular zone (data not shown), which is lower than what
was reported by Tanapat et al. (10) (40%). The discrepancy of
a lower BrdU incorporation may due to the longer OVX time
(14 vs. 6 d) before the E2 treatment (56).

E2-induced mitogenesis in hNPCs was a time-dependent
process. E2 induced a significant increase in hNPC BrdU
incorporation after 3-h E2 exposure, reached maximum by
5 h, and was sustained at a comparable magnitude for 24 h.
These results are consistent with the reports by Tanapat et al.
(9, 10), showing that, in vivo in rodents, E2-induced stem cell
proliferation reached a peak at 4 h after injection of E2. In our
analyses, hNPCs were growth factor deprived for 4–6 h,
shifting the cells into quiescence, which was the point at
which E2 was added to the cultures. E2 induced a linear
increase in BrdU incorporation within the first 5-h E2 expo-
sure. The increase in BrdU incorporation was apparent
within 1–2 h, significant at 3 h, and asymptotic at 5 h. Because
BrdU is only incorporated during the DNA replication of S
phase, the increase during the 1- to 5-h E2 exposure and the
sustained level of BrdU incorporation between 6 and 24 h
indicate that the duration of S phase of E2-treated hNPCs was
about 3–4 h. The 3- to 4-h S-phase time frame is consistent
with the report by Ostenfeld and Svendsen (57), who re-
ported a 2.6- to 3.7-h S-phase duration when hNPCs were
treated with FGF or EGF, respectively. It should be noted that
the total time to traverse the cell cycle is 50–58 h in these cells.
Thus, one would not expect another round of BrdU incor-
poration to occur within 24 h after exposure to E2. Therefore,
the data indicate that the total amount of BrdU incorporation
into DNA was achieved within the first 5-h E2 exposure and
that this amount of BrdU remained within the cells for the 6-
to 24-h time points.

It is interesting to note that the binding affinity of E2 is 10
times greater than DPN to purified ER�, and the effective
concentration of E2 in ER� promoter driven luciferase report
gene transcription is 10 times lower than that of DPN (58), but
the concentration of DPN required to induce hNPC prolif-
eration is much lower (in the 100-pm range) than that of E2
(in the nm range). This discrepancy has not been fully ad-
dressed but has also been reported in other studies by dif-
ferent groups (44, 45). In these reports the effective neuro-
protection concentration of E2 was in the nm range, but for
PPT and DPN, the effective neuroprotection concentrations
were in the pm range (23, 45). These findings are consistent
with results of the current study showing that the effective
concentration of DPN for hNPC proliferation is more than 10
times potent than that of E2. Similar examples can be found
for PPT, an ER� selective ligand, and E2 on ER�. The affinity
of E2 on purified ER� is 10 times greater, and the effective
concentration on ER� promoter regulated gene transcription
is 10 times lower than that of PPT (59). However, the acute
effect on vascular contractility, which is mainly triggered by
a membrane-initiated signal (60, 61), the effective concen-
tration of PPT is 10 times lower than E2 (61). These similarities
of the PPT on ER�-induced vascular contractility and the
DPN on ER�-mediated hNPC proliferation and neuropro-
tection (44, 45) also suggest that these effects are mediated by
membrane ER�.

Both ER� and ER� have been observed in rat NPCs and
human embryonic NPCs (8, 62, 63), but ER� is expressed at
a higher level in hNPCs (8, 63), and the expression is in-
creased by E2 treatment (63). Results of the present study
indicate that ER� is the major receptor in the fetal cerebral
cortical hNPC and that E2-induced proliferation is mediated
by ER�. In hNPCs, ER� mRNA expression was more than
10-fold higher than ER�. Results of real-time RT-PCR anal-
ysis of mRNA level for ER� was confirmed by a predominant
ER� protein expression in hNPCs and by predominant im-
munocytochemical detection of ER� in hNPCs. The use of
MCF7 cells, which predominantly express ER�, provided a
positive control for detecting ER� expression and is consis-
tent with that reported in the breast cancer, indicating that
ER� is the predominant ER isoform in breast carcinoma cells
(42, 43). Our findings of ER� expression in NPCs are sup-
ported by a recent study indicating that human embryonic
stem cells express 5-fold higher ER� than ER� (63). In short,
the predominant ER isoform in hNPCs derived from cerebral
cortex is ER�, whereas ER� is barely detectable.

In this study we demonstrated that ER� is predominantly
expressed in hNPCs, and that ER� is functional and activated
by both E2 and an ER�-selective ligand. Activation of ER�
resulted in an increase in hNPC proliferation, as evidenced
by BrdU incorporation, total cell number, and the expression
of mitotic markers, PCNA and CDK1/cdc2. Selective acti-
vation of ER� in hNPCs was without effect on either hNPC
proliferation or on cell cycle protein expression.

Both PCNA and cdc2 are well defined and commonly used
markers for cell proliferation (12). PCNA is a marker for cells
in early G1 phase and S phase of the cell cycle, and acts as
a homotrimer to increase the processing of leading strand
synthesis during DNA replication. CDK1/cdc2 is the cata-
lytic subunit of the protein kinase complex M-phase pro-
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moting factor and is universal among eukaryotes. CDK1
exists as a CDK1/cyclin B complex that is required for the G2
to M phase transition (64). In this study we demonstrated that
both E2 and ER�-selective ligand, DPN, increased the ex-
pression of PCNA and CDK1 expression, whereas PPT, an
ER�-selective ligand, did not. These data indicate that acti-
vation of ER� in hNPCs is sufficient to promote E2-induced
hNPC proliferation.

Our findings of ER�-mediated proliferation of human cor-
tical NPCs are relevant to earlier findings of Gustafsson and
colleagues in ER� knockout mice (65). ER� appears to play
a major role in brain development and neurogenesis (62, 63,
65). In ER� knockout mice, brain size was smaller, and fewer
neurons were observed (65). Expression of ER� in human
embryonic brain cells suggests a comparable role of ER� in
human brain development (62, 63). ER�-mediated prolifer-
ation of hNPCs suggests that ER� is a significant regulator
of cortical development in the human, comparable to that
observed in the ER� knockout mouse.

Recently, Suzuki et al. (66) reported that E2 enhanced neu-
rogenesis in ischemic model mice; both ER� and ER� con-
tributed almost equally as demonstrated by ischemic ER�
and ER� knockout mice and their background. Interestingly,
in normal rodents, ER� is a major mediator for E2-induced
BrdU incorporation increase in dentate gyrus (67). The
higher contribution of ER� on E2-induced dentate cell pro-
liferation in ischemic rodents than in normal rats may ex-
plained by the higher level of ER� than ER� expression in the
ischemia model, in which there is a 2- to 3-fold increase of
ER� and a decrease trend of ER� expression (68). Together,
these data suggest that under normal conditions, ER� is the
major estrogen mediator to enhance the dentate NPC
proliferation.

Recent studies have demonstrated that neurogenesis may
serve as a neural basis for antianxiety drugs (69–71). Handa
and colleagues (72) demonstrated that the ER�-selective li-
gand, DPN, showed significantly decreased anxiety related
behaviors. The current findings that ER� is predominantly
expressed in hNPCs and DPN enhances NPC proliferation
may provide a cellular mechanism to Handa and his col-
leagues’ discoveries.

Parallel to the promotion of hNPC proliferation, activation
of hNPC ER by either E2 or DPN also increased the pERK
positive cell number and intensity in the culture of hNPC,
which strongly suggests that the ER�-regulated hNPC pro-
liferation process is mediated via the phosphorylation of
ERK, an active intracellular signal that can regulate the G1/S
transition in many cell models (31–33, 49, 73). Furthermore,
the MEK inhibitor UO126 abolished DPN-induced hNPC
proliferation.

p-ERK is known to translocate into the nucleus to promote
transcription of cell cycle genes, such as cyclin D1 and CDK
expression, and subsequently activate the cyclin-dependent
protein kinase CDK4/6, which promotes cell cycle entry by
phosphorylating the retinoblastoma tumor suppressor, lead-
ing to the release of the transcriptional factor E2F (74). Al-
though this pathway was proposed in cancer cell models,
recent analyses indicated that, in breast cancer cells, estro-
gen-induced cell cycle progression was not sensitive to the
inhibition of ERK-regulating kinases MEK1 and 2 (34), sug-

gesting that estrogens may elicit a distinct pattern of early
and delayed activation of ERK in breast cancer cells (34). In
hNPCs, the DPN-induced proliferation was completely abol-
ished by inhibition of the ERK-regulating kinase MEK1/2.
The distinction between ER� and ER� regulation of prolif-
eration in MCF-7 breast cancer cells and hNPCs, respectively,
suggests the intriguing possibility that ER�-selective hNPC
proliferation may specifically increase neurogenesis while
potentially reducing the risk of proliferation of ER�-sensitive
tumors (42, 43, 75, 76). In support of this hypothesis, over-
expression of ER� by ectopic transfection in MCF7 cells in-
hibited E2-induced breast cancer cell proliferation (77).

In addition to initiating entry into the cell cycle, phospho-
ERK also triggers centrosome amplification (78). The ampli-
fied centrosomes then migrate to both sides of the metaphase
plate and facilitate the spindle formation. These centrosome
activities involve centrosome-related kinase phosphoryla-
tion and �-tubulin assembly (38, 79). In the current study, we
found that pERK IR was only observed in dividing cells and
also in the replicated centrosomes, but not in unreplicated
centrosomes. Localization of the pERK signal to the centro-
some indicates that pERK plays a key role in ER�-inducible
hNPC proliferation. Moreover, this finding further suggests
that pERK regulates not only the intranuclear events for
G1/S enter or reentry into the cell cycle (33), but also ex-
tranuclear events required for mitosis, such as centrosome
assembly and amplification (78, 80). In parallel, the increased
expression of pERK induced by either E2 or DPN also in-
creased the �-tubulin protein levels in hNPC cultures, as
demonstrated by Western blot.

�-Tubulin combines with several other associated proteins
to form a circular structure known as the �-tubulin ring
complex. This complex acts as a scaffold for �/�-tubulin
dimers to begin polymerization. During cell division, cen-
trosomes double, which would necessarily include �-tubulin.
Our data indicated that activation of ER� by E2 or DPN
promotes hNPC proliferation centrosome amplification and
�-tubulin expression. These findings are consistent with E2-
induced cell proliferation and centrosome amplification in
rat mammary gland by the increase of �-tubulin expression
in rat mammary gland (81, 82).

In conclusion, the present study revealed that ER� is the
predominant ER isoform in hNPCs and mediates E2-induced
hNPC proliferation. ER�-induced proliferation was medi-
ated through the pERK signaling cascade. Furthermore, ER�
activation led to a replication of the centrosome, consistent
with entry into S phase of the cell cycle and DNA segregation,
and was a phosphorylation target of pERK. This discovery
has important implications for understanding the molecular
mechanisms by which estrogens promote neurogenesis in
humans. Moreover, this discovery suggests that ER�, in
hNPCs, may serve as a novel, safer, and efficacious thera-
peutic target to promote neurogenesis in vivo to sustain neu-
rological function and renewal in postmenopausal women.
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