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Abstract. Estrogen influences the processing of the amyloid
6 precursor protein (APP) in the pathogenesis of Alzheimer's
disease, and this effect is mediated by estrogen receptors (ERs)
in activating mitogen-activated protein kinase (MAPK)signaling pathway. To test whether the estrogenic effect on
both carboxyl-terminal amino acid fragment (C-terminal) of
APP (APP-C105)- and ERB-mediated MAPK activation in
in vitro, two hybrid genes containing each human ERB and
APP-C105 gene fused to the neuron-specific enolase (NSE)
promoter were constructed and were transfected to the neuronal
SK-N-MC cells. Western blot shows that the activation of
JNK-signaling pathway, but not p38 and ERK, is dependent
on ERB through estrogen treatment and APP-C105 is also
mediated through estrogen in activating MAPK-signaling
pathway. The results suggest that ERB and APP-C105 derived
from APP are necessary for estrogenic effect in activating
MAPK-signaling pathway.
Introduction
Alzheimer's Disease (AD), the most common cause of
dementia in elderly humans, occurs when neurons in the
memory and cognition of the brain are accompanied by
massive accumulation of abnormal fibrous amyloid B-protein
(AB). AB are deposited as the extracellular senile plaque
composed of the 39 to 43 amino acid long peptide derived
from the amyloid precursor protein (APP) by cleavage with
B- and y-secretase enzyme. An a-secretase cleaves the middle
of the AB region containing the first 16 amino acids of the AB
(sAPPa), releasing a C-terminal 83 amino acid-long membrane

Correspondence to: Dr Yong Kyu Kim, Division of Laboratory
Animal Resources, Korea FDA, National Institute of Toxicological
Research, 5 Nokbun-dong Eunpyng-ku, Seoul 122-704, Republic of
Korea
E-mail: kimyongkyu@hanmail.net
Key words: estrogen, estrogen receptor, mitogen-activated protein
kinase, APP C-terminal

anchored fragment termed C83. A B-secretase cleaves between
Met 671 and Asp 672, producing the amino-terminal end of
the AB and releasing a C-terminal 99 amino acid-long
membrane-anchored fragment termed C99 composed a
truncated form ending with Met 671 (sAPPB), the substrate
of y-secretase.
Estrogen is known to decrease the production of AB (1)
and increase the generation of a-secretase derived APP (2).
Clinical trials of estrogen substitution in AD patients show an
improvement in enhancing cognitive functions, which may
be related to modulation of neurotransmitters and neuro
protective effect (3-5). Estrogen also initiates rapid signaling
events including activation of the mitogen-activated protein
kinases (MAPK) (6,7). This activation by estrogen is
mediated by estrogen receptors (ERs) (8,9). Of the ERs, the
ERB was observed in neuronal cells in the hippocampus
subfields (CA1-4), in astrocytes and in extracellular deposits
both in controls and AD patients, but no ERa immunoreactivity was observed (10,11). In particular, the brains of
ER6-knockout mice show a severe neuronal deficit in the
somatosensory cortex, especially layers II, III, and V at 2
months of age, suggesting that ERB play an important role in
the development of degenerative diseases-like Alzheimer
Disease (11). These results provide information to
characterize the role of ERB in mediating the activation of
signaling pathways and neuroprotection.
The MAPK pathway was activated in the brain of these
transgenic mice expressing mutant presenilin-1 gene (M146L),
and co-expressing Swedish mutant APP695/(Tg2576) and
mutant presenilin-1 (P264L) (12,13). Since, these activations
were coincident with the increase in amyloid deposition, it is
possible that C-terminal of APP is also correlated with
activation of the MAPK pathway. The APP-C99, APP-C100,
APP-C104, and APP-C105 include the AB as well as the
transmembrane and intracellular domains and are sub
sequently cleaved by a y-secretase at two sites to produce
either the AB residue 1-40 (AB40) or a longer, more amyloidogenic form containing residues 1-42 (AB-42) (14-17). During
apoptosis, the C-terminal domain can be cleaved at amino
acid 664 by caspases-3, -6, and -8 and can thus generate two
peptides N- and C-terminal to amino acid 664 (C31) (18). It
was noted that treatment of two human neuroblastoma cell lines

692

LM et ai. ESTROGENIC EFFECT ON ERB AND APP-C105-MEDIATED MAPK ACTIVATION

(SH-SY-5Y and IMR32) with A6-17-42 activated caspase-3
and caspase-8 leading to neuronal apoptosis, and moderately
phosphorylated JNK pathway (19). Moreover, estrogen
influences the processing of the APP, and this effect is
mediated through estrogen via the phosphorylation of ERK1/2,
a prominent members of the MAPK pathway (20). Thus,
intracellular accumulation of the APP-C-terminal fragment
including AB-42 and C31 might play a potential role in
activation of MAPK pathway through estrogen.
We have previously found that AB-42 and ERs were
highly expressed, and MAPK was also activated in the brains
of 8-month old double transgenic mice co-expressing neuronspecific enolase (NSE)-controlled human mutant presenilin-2
(hPS2m) and APPsw (unpublished data). In order to examine
the effect of estrogen on carboxyl-terminal (C-terminal) of
APP and ER6-mediated MAPK activation, two hybrid genes
containing each human ER6 and APP-C105 gene linked to
the NSE were constructed. We demonstrate that the
activation of the MAPK-signaling pathway is dependent on
ERB and APP-C105 mediated through estrogen.
Materials and methods
Gene construction. We constructed three plasmids, pNSESplice, pNSE/hERB and pNSE/APP-C105. First, pNSE-Splice
was constructed by inserting the rat neuron-specific enolase
(NSE) sequence into the pTet-Splice (Gibco, BRL), which
tetracycline operator sequence (Tet) had been eliminated by
digestion with Xhol/Spel enzymes. Rat NSE promoter was
amplified by PCR, using sense primer (5'-CGTCGACTATGG
TGGTATGGCTGA-3') with a nucleotide 37-55, and antisense
primer (5'-TCGAGGACTGCAGACTCAG-3') with a
nucleotide 1786-1804 using pNSECAT (22) as a template.
The primers were added with the recognition sequence for
Sail and Spel, to the 5' and 3' of the PCR products,
respectively. The pNSE/CAT was a gift from Dr J. GregorSutcliffe at the Research Institute of Seriffs Clinic. Second,
pNSE/ERB containing human estrogen receptor B (hERB)
under the control of NSE promoters was constructed. The
hERB sequence was amplified by the RT-PCR using 5 u.g of
total RNA from human testis (Clontech. Cat# 6535-1) as a
template. Primers used for the amplification were: hERB
sense primer, 5'-CAGCTGTTATCTCAAGACATGG-3'
(corresponding to nucleotide 81-102 of hERB), and antisense primer, 5'-GTCACTGAGACTGTGGGTTCTG-3'
(corresponding to nucleotide 1671-1691 of hERB). The
amplified hERB was 1627-bp in length, and the product was
cloned into the pGEM-T (Promega A36600) (phER6-T). The
hERB fragment isolated from the phERB-T digested with
Notl/Spel enzymes was cloned into the NoiUSpel sites of the
pCMVB, which lacZ fragment had been eliminated by
digestion with NoiUSpel enzymes (pCMV-hERB). The NSE
fragment obtained from pNSE-T by digestion with EcoRl
was then cloned into the EcoRl site of pCMV-hERB, lacking
the CMV promoter sequence (pNSE/ hERB). The pNSE-T
used here was inserted into the amplified NSE product
(1777-bp). Third, pNSE/hAPP-C105 were constructed by
inserting of APP-C105 linked to the NSE promoter. The
CMVAPP695SW was a gift from Dr Tae-Wan Kim at the
Columbia University. The APP-C105 sequence was amplified

by PCR, with a full-length of APP695sw as a template.
Primers used for the amplification were: sense primer, 5'TCTAGATCGCGATGCTG-3' (corresponding to nucleotide
143-154 of APPsw), antisense primer, 5'-GTCTAGAGTC
TAGTTCTGCATC-3' (corresponding to nucleotide 2223-2238
of APPsw). The recognition sequence for the Xbal and Spel
enzymes were added, to the 5' and 3', of the PCR products,
respectively. The amplified APP-C105 product was cloned
into the pGEM-T (pAPP-C105-T). Finally, the APP-C105
fragment obtained from digestion of pAPP-C105-T with Spel
was then cloned into the Spel site of pNSE-Splice
(pNSE/APP-C105).
Cell cultures and DNA transfection. Cells (4xl0 5 ) were
plated in 100-mm plastic culture dishes in 10 ml of medium
supplemented with 10% of fetal bovine serum. The cultures
were maintained from 24 to 36 h in Dulbecco's modified eagle's
medium (Gibco-BRL, USA) containing 1% non-essential
amino acids, 2 ml L-glutamine, 100 IU/ml penicillin, and
100 ng/ml streptomycin. At 66 h, each dish of cells was
washed with Opti-MAM and exposed to a mixture containing
50 |iil-Lipofectamine (Life Technologies Inc), with 2 \ig of
DNA, as specified by the manufacturer. After incubation of
the cells for a further 24 h, the Lipofectamine DNA mixture
was removed, and the cultures incubated for 2 h with 10 ml
of complete growth medium containing the inducers only.
Inducers were added as a 1,000-fold stock in ethanol. Cells
were co-transfected with a total of 10 (ig of DNA (per dish),
consisting of a control group (pNSE-Splice) and two
experimental groups (pNSE/APP-C105 and pNSE/hERB). The
pNSE-Splice and pNSE/APP-C105 plasmids were digested
with Notl enzyme, and pNSE/hERB plasmid was digested
with Hindlll, generating the linear fragments. After an pre
incubation period for 30 min at 10 nM of 17B-estradiol, the
media was aspirated, and the cells were transfected with these
constructs into SK-N-MC cells. Transfected cells were then
exposed to various concentration of 178-estradiol for 15 min.
Since, MAPK was activated within 15 min of exposure to
10 nM 17B-estradiol (21), we used this experimental
condition with 10% FBS.
RT-PCR analysis. The cells of each group were homogenated
in RNAzol B solution (Biogenesis), and the RNA isolated
was quantified by UV spectroscopy. RT-PCR analysis was
performed using 5 fi.g of the total RNA. The oligo-dT primer
(Gibco BRL) (500 ng) was annealed at 62°C for 10 min.
Complementary DNA, serving as template for further
amplification, was synthesized by the addition of dATP,
dCTP, dGTP, and dTTP, and 200 unit of reverse
transcriptase at 42°C for 50 min. Thereafter, 10 pmoles of the
sense and antisense primers were added, and the reaction
mixture subjected to 30 cycles of amplifications. The
amplification was carried out in a Perkin-Elmer Cycler,
using the following cycles: 30 sec at 94°C; 30 sec at 62°C;
60 sec at 72°C. For each case, minus-RT controls were
included to distinguish the DNA from the RNA products.
RT-PCR was performed using primers specific for 6-actin,
the sense primer 5'-GTGGGGCGCCCCAGGCACCAGGGC3', and the antisense primer 5'-CTCCTTAATGTCACGCA
CGATTTC-3'.
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Figure 1. Gene construction. A, Three constructs. The APP-C105 and hERB were placed under the control of the NSE gene promoter (pNSE/hAPP-C105 and
pNSE/hERB) (a and b). Control plasmid (pNSE-Splice) with eliminated hAPP-C105 or hERB sequence is shown (c). B, Feature of APP-C105 nucleotide and
their amino acid sequences. Sequences for AB-40, A6-42, AB-43 and (<->) are indicated. Secretase (a, B, y) cleavage sites (J.), caspase-3 cleavage site («), startand stop-codon (-), beginning of extracellular- and intracellular membrane (-. - .->), and numbers of sequences are shown, respectively.

Western blot analysis. Cells were lysed in buffer containing
50 mM Tris (pH 8.0), 50 mM NaCl, 0.5 mM EDTA, and 1 mM
PMSF and lysed cells were centrifuged at 5,000 x g for 15 min.
The final supernatants were aliquoted and stored at -80°C.
Protein content was determined by the bicinchoninic (BCA)
method with a BSA standard. Protein (50 |ig) was separated
in a 10 to 20% gradient gel of polyacrylamide electrophoresis
for 3 h and was transferred to a nitrocellulose membrane using
an electroblot. Membranes were then incubated with primary
antibodies [anti-JNKl (1:500); anti-phospho-JNKl (1:330);
anti-ERK (ERK1 and ERK2) (1:2000); anti-phospho-ERK (pERK-1 and pERK2) (1:2,000); anti-38 (1:2,000) and antiphospho-38 (1:1,000); and ERB (1:500)]. Here, anti-phospho
JNK1 specifically recognizes JNK that are phosphorylated at
Thr-183 and Tyr-185. The monoclonal antibody anti-p38
MAP kinase reacts specifically with the active doublephosphorylated form of MAP kinase. In addition, activation
of ERK1 and ERK2 are directly mediated by MAP kinase
kinase (MAPKK or MEK) that phosphorylates serine/
threonine/tyrosine residues in the regulatory sites of MAP
kinase. Each complex of antigen-antibody were visualized
with biotinylated secondary antibody (goat anti-rabbit)-

conjugated HRP streptavidin (Zymed, Histostain-Plus Kit)
diluted 1:1,500 in PBS blocking buffer.
Statistical analysis. Tests for significance were performed
using one-way analysis of variance (SPSS for Window,
Release 10.01, Standard Version, Chicago, IL). All values
are reported as the mean ± standard deviation. Statistical
significance was set at p<0.05.
Results
Expressions ofhERfi and APP-C105 in transfected cells. SKN-MC cells were transfected with three constructs (Fig. 1A)
to detect expressions of hERB and APP-C105. The region of
the APP-C105 contained potential structure features, as shown
in Fig. IB. The NSE promoter and the polyadenylation signal
provide the start and termination of APP-C105 transcript,
respectively. Immuno-reactive proteins of the hERB and
APP-C105 were detected in transfected SK-N-MC cells by
immunoblotting (Fig. 2). In the expression of APP-C105, two
bands were visible with APP-C105 and C99, one (C99) of
which was believed to be the cleaved by B-secretase (Fig. 2A).
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compared to that of control cells transfected with pNSE-Splice
(Fig. 3A).
Effect of 17fi-estradiol on APP-C105-mediated MAPK
activation. To test whether estrogen lead to APP-C105mediated MAPK activation, an NSE/APP-C105 combining
APP-C105 and NSE promoter (pNSE/APP-C105) was
constructed (Fig. IB). Cells were pretreated with 10 nM 176estradiol for 30 min, and were transfected with this plasmid.
Transfected cells were then treated with various doses of 176estradiol for 15 min. Proteins were prepared from the
transfected cells and were assayed for the measurement of
MAPK activation by Western blot analysis with anti-activated
JNK-1, anti-ERK, and anti-p38 polyclonal antibodies against
the phosphorylation site of JNK-1, ERK, and p38. The levels
of activation for ERK and p38 gradually increased, with clear
changes apparent between 1 and 2 nM or 10 nM and there
after it exhibited decreased levels of their phosphorylation
(Fig. 3B). Moreover, JNK activation is also dependent on
doses of 176-estradiol, reaching a maximum near 2 to 10 nM
relative to those of non-treated control cells. This result
suggests that APP-C105 succeeds in activating the MAPK
family in an estrogen-dose-dependent manner, but no
activation was observed in NSE-transfected control cells
(Fig. 3A).
Discussion

Figure 2. Expressions of hERB and APP-C105 in transfected cells. Protein
(50 (xg) were analyzed by Western blot using anti-APP antibodies (Zymed)
(A) and polyclonal rabbit anti-ERB (Santa Cruz) (B). Quantifications of
bands through A and B are shown. Three experiments were assayed in
triplicate on Western blot. Values are mean ± SD. p<0.05 versus control
(pNSE-Splice).

These results confirmed that both hERG and APP-C105
constructs were highly over-expressed in transfected cells.
Effect of 17fi-estradiol on hER-mediated activation of MAPK.
To examine the role of estrogen on hERB-mediated MAPK
activation, cells were pretreated with 176-estradiol and cells
were then transfected with NSE/hERfi. Transfected cells were
treated with an increasing concentration of 176-estradiol for
15 min. Proteins were then prepared from transfected cells for
Western blot analysis and were assayed for MAPK activation
with anti-active MAPK activities (Fig. 3C). Although, the
levels of phospho-JNK-1 and total JNK-1 migrating at two
molecular weight, p54 and p46, were slightly increased, the
levels in active form from a density ratio of phospho-p38
were not increased in the 176-estradiol-treated cells when
normalized to the corresponding total p38. In addition, there
was no increase in activity of ERK, p42 and p44, when the
brains were examined for phospho-ERK on Western blot and
normalized to ERK. These results suggest that ERB transfection
led to clear change through estrogen only in activating JNK

In our previous study, up-regulation of both ERs were
observed in the brains of doubly transgenic progeny at 8
months of age by Western blot analysis (unpublished data). It
was much higher in the double transgenic progenies than
those in single transgenic and non-transgenic progeny. The
levels of ER expression and MAPK activation were not
changed by ovariectomy of double transgenic mice,
indicating that estrogen is not responsible for up-regulation
of ERs and thus, maintaining MAPK activation.
The aim of this study was to charaterize the role of
estrogen in ER6-mediated effect on activation of MAPK
pathway using in vitro cell system expressed hER6. This study
provides information to test more clearly the dose of estrogen
suitable for ER6-mediated activation of MAPK family. It
clarifies the role of ER6 in estrogen-induced activation of the
MAPK pathway in the in vitro system. We found that
treatment of the hER6-transfected cells with different doses
of estrogen led to an induction of the MAPK signaling
pathway. This result suggests that ER6 is required for
estrogen-mediated JNK activation, but not for p38 and ERK
activation. It was demonstrated that both ERa and ER6transfected cells activated MAPK within 15 min of exposure
to 10 nM 176-estradiol, and estrogen receptor is necessary to
detect MAPK activation (22). However, activation of MAPK
was independent of estrogen receptor expression (20), and
ER6 is presumed to mediate an inhibitory effect of estrogens
(22). It is not clear yet why transfectant cells can respond to
the estrogen on MAPK activation in a different manner. The
biological actions of estrogens are manifest only in cells
expressing a specific high-affinity ER (24). In fact, ER is a
ligand-dependent transcription factor, accounting for the
latency of most estrogenic responses in target tissues (25).
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Figure 3. Effect of estrogen on hERB- and APP-C105-mediated activation of the MAPK-signaling pathway. A, Activations of three members (JNK, p38, and
ERK) of the MAPK family in pNSE-transfected cells, treated with 17B-estradiol. a, JNK and phospho-JNK. b, p38 and phospho-p38. c, ERK and phosphoERK. B, Activations of three members of MAPK in pNSE/hERB-transfected cells treated with 1713-estradiol. a, JNK and phospho-JNK. b, p38 and phosphop38. c. ERK and phospho-ERK. C, Activations of three members of MAPK in pNSE/hAPP-C105 transfected cells treated with 17B-estradiol. a, JNK and
phospho-JNK. b, p38 and phospho-p38. c, ERK and phospho-ERK. In the A, B, and C, 50 ug of proteins per sample were immunoblotted with antibodies for
JNK and phospho-JNK, p38 and phospho-38, and ERK and phospho-ERK. Quantification of bands through A, B, and C are shown. Three experiments were
assayed in triplicate on Western blot. Values are mean + SD. *p<0.05 versus control (A).

Recent genetic, biochemical, and pharmacological dissection
of the estrogen signal transduction pathway like the three
members of MAPK has led to the identification of numerous
proteins and processes that impinge on ER function,
revealing an unexpected level of complexity in the action of
this hormone (26). Based on our in vitro studies, the 176estradiol and ER complex contributes to the characterization
of ER-mediated JNK activation, but not p38 and ERK
activation. Thus, proteins that impinge on ER6 function exist
differently in each three members of the MAPK signal
pathway.
The effect of 176-estradiol on APP-C105-mediated MAPK
activation has not been documented. It was only demonstrated
that there was an increase in the activation of MAPK family

in the cultured rat hippocampal and cortical neurons treated
with A6 (27). Addition of 17B-estradiol to the SK-N-MC
cells transfected with APP-C105 resulted in an induction of
the JNK, p38 and ERK activities at concentration between
0.5 and 10 nM of 176-estradiol, and thereafter it was gradually
declined at concentration of 10 or 50 nM 176-estradiol.
Clearly, 176-estradiol at 2- or 10 nM concentration induces a
much higher level of phospho-JNK, phospho-p38 and
phospho-ERK, and treatment with high doses of 176estradiol (50 nM) resulted in inhibition of JNK, p38 and ERK
phosphorylation. It is likely linked to the apoptotic cells
exposed by high doses of 176-estradiol. In fact, 176-estradiol
excess is not more neuroprotective in physiological levels of
this 176-estradiol (28). However, the effect of doses of 176-
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estradiol (2-10 nM) on APP-C105-mediated MAPK activation
is correlated with a report that 176-estradiol induce a rapid
secretion of sAPPct-non-amyloidogenic APP via the MAPK
pathway (20), releasing A8-40, which is not induced apoptosis.
Our data provide the first evidence that estrogen activates the
MAPK pathway through APP-C105, raising a possibility that
estrogen increases the production of a-secretase-derived APP
fragment in the status of MAPK activation that is released A6
when a-secretase cuts the APP-C105 substrate. Although,
a c t i v a t i o n of M A P K f a m i l y h a s b e e n s t u d i e d for the
protective effect of estrogen on A6 toxicity, it is clear that
APP-C105 as well as A6 are linked to activation of MAPK
p a t h w a y at 2 or 10 n M d o s e s of e s t r o g e n . T h u s , it is
necessary to test whether these activations are likely to be
mediated by activation of u p s t r e a m kinases. This may
correlate with the result that AB is mediated by the activation
of MAPK (13).
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