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Abstract Recently, acetylcholinesterase (AChE) has been
studied as an important apoptosis regulator. We previously
showed that cellular calcium mobilization upregulated
AChE expression by modulating promoter activity and
mRNA stability. In this study, we have identified a potential
Smad3/4 binding element, TGCCAGACA, located within
the —601 to —571 bp fragment of the AChE promoter, as an
important calcium response motif. Smad2/3 and Smad4
were shown to bind this element. Overexpression of human
Smad3 increased AChE transcription activity in a dose-
dependent manner in HeLa cells, whereas dominant-nega-
tive Smad3 blocked this activation. Upon A23187 and
thapsigargin treatment, nuclear Smad3 accumulation was
observed, an effect that was blocked by the intracellular
Ca”" chelator BAPTA-AM. Calcium-induced AChE tran-
scriptional activation was significantly blocked when the
nuclear localization signal of Smad3 was destroyed. Taken
together, our data suggest Smad3 can regulate AChE tran-
scriptional activation following calcium-induced nuclear
accumulation.
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Introduction

Acetylcholinesterase (AChE) has been well studied for its
classical functions in terminating neurotransmission at
cholinergic synapses and neuromuscular junctions [1].
However, AChE has been redefined recently as an apop-
tosis regulator, because it can be induced by various
apoptotic stimuli [2, 3]. For instance, overexpression of
AChE can inhibit cell proliferation and promote apoptosis
[4], while suppression of AChE expression can halt
the formation of the apoptosome and rescue cells from
apoptosis [5, 6]. Recently, another group reported the
N-terminally extended AChE-S (N-AChE-S) can promote
apoptosis in transfected cells directly [7].

As an important second messenger, Ca*" plays an
important role in the modulation of various types of
apoptosis [8—11]. During differentiation, numerous reports
have shown that calcium regulates AChE expression or
enzymatic activity in muscles and neurons [12—14], which
is consistent with what we demonstrated during apoptosis.
We previously observed that cellular calcium signals could
modulate AChE expression in both neuronal and non-
neuronal cells. For instance, in PC12 cells, synapse type
AChE expression was up-regulated by glycogen synthase
kinase-3f at the level of AChE activity as well as mRNA
and protein expression levels [15]. Whereas, in HeLa cells
and MDA cells, overload of intracellular Ca’" increased
synapse type AChE mRNA stability and promoter activity
[16]. Furthermore, the calcium mobilization-related signal
cascade involving calpain, calcineurin and nuclear factor of
activated T-cells (NFAT) has been shown to participate in
AChE transcriptional activation in HeLa cells [17]. We
previously showed that the CCAAT binding factor (CBF)
was involved in the transcriptional activation of AChE
during A23187 and thapsigargin (TG)-induced apoptosis
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[16, 18]. However, the CCAAT element to which CBF
binds only partially mediated the calcium-induced AChE
transcription increase. Therefore, other transcription factors
are likely to be involved in this process.

The Smad proteins are downstream factors in the
transforming growth factor-f§ (TGF-f) superfamily signal
cascades involved in cellular proliferation, differentia-
tion, migration, and apoptosis. Smad2/3 are R-Smads
(receptor-regulated Smads), while Smad4 is the common
Smad. Smad3 and Smad4 bind DNA directly on the
sequence 5’-AGAC-3’ or the reverse complement sequence
5'-CAGA-3', known as the Smad-binding element (SBE),
through an 11-residue f-hairpin within its MH1 domain.
Smad2 cannot bind DNA directly because of an additional
sequence disturbing the fS-hairpin loop [19-21].

In the absence of extracellular stimulus, Smads shuttle
continuously between the cytoplasm and the nucleus on a
basal shuttling equilibrium [22]. Once TGF-f receptor is
activated, the R-Smad (Smad2/3) is phosphorylated by
TGF-f receptors within the C-terminal SXS motif. The
R-Smad undergoes a conformational shift allowing it to
form a trimeric complex with Smad4. With the exposure
of the nuclear localization signal (NLS) within the MH1
domain [23], the trimeric complex migrates to the
nucleus and activates target gene transcription [19, 20,
24]. In addition to being activated by TGF-f signaling,
some cytoplasmic kinases also regulate R-Smad by tar-
geting distinct phosphorylation sites at their linker region,
including mitogen-activated protein kinases (MAPKS)
[25, 26], cyclin-dependent kinases (CDKs) [27], protein
kinase C (PKC) [28], and Ca”/calmodulin-dependent
protein kinase II (CaMKII) [29], which can overlap
with the TGF-f signal. All of these pathways respond
to cellular calcium mobilization, but little is known
regarding how calcium regulates Smad3 without TGF-pf
stimulation.

In this study, we show that Smad3 directly binds to the
element located within the —601 to —571 bp fragment of
the AChE promoter to increase AChE transcription activity
in HeLa cells. Calcium mobilization regulated Smad3 by
affecting its nuclear accumulation, indicating Smad3 could
be a novel calcium-induced transcription factor.

Materials and methods
Cell culture and treatment

HeLa cells and HEK-293T cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (GIBCO-BRL,
Gaithersburg, MD) with 10% heat-inactivated fetal bovine
serum (GIBCO-BRL) streptomycin (100 pg/ml) and peni-
cillin (100 U/ml) at 37°C in 95% air and 5% carbon

dioxide. Cells were treated with dimethyl sulfoxide
(DMSO, control) or A23187 (2 uM) (Calbiochem,
Darmstadt, Germany) or TG (1 puM) (Calbiochem, La
Jolla, CA) for the indicated time. In some experiments,
cells were pre-incubated with BAPTA-AM (1,2-bis-
(2-aminophenoxy)ethane-N,N,N,N-tetraaceticacid—acetoxy-
methyl ester) for 45 min and then incubated with A23187
(2 uM) or TG (1 puM).

Plasmid construction

The 2.2-kb DNA fragment of the human AChE promoter
[30] was subcloned into the BglIl and HindIII sites of the
pGL3 basic vector (Promega, Madison, WI) with a
downstream, tagged, firefly luciferase gene and named
pAChE-Luc. A mutation within the —601 to —571 bp
fragment of human AChE promoter was created using a
PCR-based mutagenesis procedure with the forward primer
F, 5-GGCATCAGCGCTCGGTGTCGACCATT-3’, and
reverse primer R; 5-CCTTCTCATCCAATGGTCGA
CAAA-3'. The PCR product, including the mutation, was
cloned into the wild-type pAChE-Luc using the Bg/Il/
HindIII site to construct the pAChE-Sm-Luc mutant. The
cDNAs coding for human Smad2 and Smad3 were gener-
ous gifts of Dr. Dik Derynck (University of California, San
Francisco, California, USA). The cDNA of dominant-
negative Smad3 was obtained by PCR using the forward
primmer: F; 5~AAGATATCATGTCGTCCATCCTGCC-3,
and reverse primer R; 5-TTAAGCTTTCCCCAGCCTT
TGACG-3’, and was cloned into the EcoRV/HindIlI site of
pcDNA3.1/myc-His (—). Full-length Smad2 and Smad3
cDNAs were subcloned into pEGFP-C between the Sall
and EcoRI sites. The cDNA of the NLS mutant Smad3 was
obtained by PCR with the forward primer F; 5'-TTC
GAATTCTCGTCCATCCTGCCTTTCAC-3', and reverse
primer R; 5-GTCCAGCTGCCCCGTCTGGTTGAGT-3,
then cloned into the large fragment of EcoRI/Pvull site
of pEGFP-C-Smad3. All PCR-derived constructs were
confirmed by sequencing.

Immunocytochemistry

Immunocytochemistry analysis was performed as previ-
ously described [2]. Antibodies used include: monoclonal
anti-AChE antibody (prepared by our own laboratory) [31]
and polyclonal rabbit anti-cleaved caspase-3 antibody
(prepared by our own laboratory); polyclonal rabbit anti-
Smad3 antibody (Zymed, San Francisco, CA); and mono-
clonal rabbit anti-Smad2 antibody (Cell Signaling
Technology, Beverly, MA). Cell pellets were incubated
with antibody overnight at 4°C and stained with Hoechst
33258. Stained cells were analyzed with an Olympus
fluorescence microscope.



Smad3 upregulated acetylcholinesterase transcription activity

2183

Immunoblotting

Immunoblotting was carried out as described previously
[5]. The following primary antibodies were used: mono-
clonal anti-AChE antibody (prepared by our own
laboratory) [31] and polyclonal rabbit anti-poly ADP ribose
polymerase (PARP) antibody (Cell Signaling Technology);
monoclonal anti-f-actin antibody (Sigma, St. Louis, MO);
monoclonal rabbit anti-Smad2 antibody and monoclonal
rabbit anti-Smad3 antibody (Cell Signaling Technology);
monoclonal anti-Flag antibody (Sigma); monoclonal anti-
GFP antibody (Santa Cruz Biotechnology, Santa Cruz, CA);
polyclonal rabbit anti-histone 3 antibody (Abcam, Cam-
bridge, UK); monoclonal anti-o-tublin antibody (Sigma);
The following secondary antibodies were used: HRP-con-
jugated goat anti-mouse and goat anti-rabbit antibodies
(Santa Cruz Biotechnology). Western blots were visualized
using a chemiluminescence detection kit (ECL; Santa Cruz
Biotechnology).

Transient transfections and luciferase assays

Cells were seeded in 24-well plates and transfected with
LipofectAMINE 2000 reagent (Invitrogen). Each well of
HeLa cells was co-transfected with pAChE-Luc or pAChE-
Sm-Luc (0.3 pg) and pRenilla-luciferase (0.03 pg/well)
(Promega) to normalize transfection efficiency. For
co-transfection experiments, each well was transfected with
the indicated constructs and total DNA was normalized with
corresponding empty vector (0.2 pg/well). Then, 24 h after
transfection, apoptosis was induced using 2 tM A23187 or
1 uM TG. Luciferase activity assays were performed
according the dual-luciferase reporter assay system (Pro-
mega), and activities were measured using a luminometer
BGP (MGM). AChE promoter activity was analyzed by
firefly luciferase activity normalized to renilla luciferase
activity in each well (n = 3/transfection experiment).

Electrophoretic mobility shift assays (EMSAs)

The EMSA protocol was performed as previously descri-
bed [16]. The labeled double-stranded oligonucleotide
sequences were: 5'-ATCAGCGCTCGGTGCCAGACATT
GGATGAG-3’; the wild type consensus binding sequence
for Smad3/4 was: 5'-TCGAGAGCCAGACAAAAAGCCA
GACATTTAGCCAGACAC-3’ (s¢c-2597; Santa Cruz) and
the mutant oligonucleotide sequence for the Smad3/4
consensus binding site was: 5-ATCCCCCAACACCT
GCTGCCTGA-3' (s¢-2598; Santa Cruz); the wild type
consensus binding sequence for YY1 was: 5-CGCT
CCCCGGCCATCTTGGCGGCTGGT-3’ (sc-2533; Santa
Cruz) and the mutant oligonucleotide of the consensus
binding sequence for YY1 was: 5-GATCTGGCCAAA

GGTGCAGGATC-3' (sc-2534; Santa Cruz); the wild type
consensus binding sequence for NF-Y/CBF was: 5'-AGA-
CGTCGTATTGTTATCTCTT-3’ (sc-2591; Santa Cruz)
and the mutant oligonucleotide of the consensus binding
sequence for NF-Y/CBF was: 5'-AGACGTCGAATAG
GGAATCTCTT-3" (sc-2592; Santa Cruz). Antibody
supershift assays were carried out in the same buffer, with a
further addition of 2 pg of anti-Smad2/3 (sc-6032X), anti-
Smad4 (sc-7154X) and anti-Sp1 (sc-59X) antibodies (Santa
Cruz, CA).

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) protocol was
previously described [16]. Assays were performed using a
ChIP assay kit (Upstate Biotech, Lake Placid, NY) according
to the manufacturer’s protocol. The supernatant was diluted
in ChIP dilution buffer and incubated (overnight, 4°C) with
anti-Smad?2/3 (sc-6032X), anti-Smad4 (sc-7154X) and anti-
Sp1 (sc-59X) antibodies (Santa Cruz, CA). PCR was carried
out for 35 cycles using 1 pl genomic DNA solution or 5 pl of
sample DNA solution, and PCR products were separated on
2% agarose gels in 1 x Tris—acetate/EDTA.

Extraction of the nuclear and cytoplasm fractions
of cultured cells

The extraction protocol was performed as described
previously [32]. HEK-293T cells were transfected with
EGFP-Smad2 or Flag-Smad3 constructs and treated with
indicated drugs 24 h later. After 24 h, cells were harvested
and resuspended for 5 min on ice in 180 pl CLB buffer
(10 mM HEPES, 10 mM NaCl, 1 mM KH,PO,, 5 mM
NaHCO3;, 5 mM EDTA, 1 mM CaCl,, 0.5 mM MgCl,).
Homogenization was performed by applying 30 strokes
with a glass homogenizer. Thereafter, 20 pl of 2.5 M
sucrose was added to restore isotonic conditions. After
centrifugation for 5 min at 6,300xg the supernatant was
removed as the cytoplasmic fraction. The pellet was
resuspended in 500 pl TSE buffer (10 mM Tris, 300 mM
sucrose, | mM EDTA, 0.1% IGEPAL-CA 630 v/v, pH 7.5)
and homogenized with 50 strokes of a glass homogenizer.
This suspension was then centrifuged at 4,000xg for
5 min, the resulting supernatant discarded, and the pellet
washed with TSE buffer until the supernatant was clear.
The resulting pellet was resuspended in 80 pl of TSE
buffer as the nuclear fraction.

Statistical analysis
Each experiment was repeated a minimum of three times.

Data are presented as the mean £ SD. P values were
calculated using Median test.
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Results

AChHE expression in A23187 and TG-triggered
apoptotic HeLa cells

A23187 2 puM) or TG (1 pM) treatment can induce
apoptosis of HeLa cells by increasing intracellular Ca®"
levels [16]. We treated HeLa cells with A23187 or TG for
the indicated time. The cleavage of PARP was found
starting at 48 h after treatment (Fig. la). AChE protein
expression levels increased proportional to the length of
time of treatment (Fig. 1b). Furthermore, apoptotic cells
with condensed nuclei were positive for both AChE and
cleaved caspase-3 staining, while normal cells were nega-
tive for both (Fig. Ic). These data suggested that the
expression of AChE was induced in apoptotic cells.

A potential Smad binding element responsible
for calcium-induced transcriptional activation
of the AChE promoter

AChE promoter activity was significantly increased upon
A23187 or TG treatment, and this increase was blocked by
pretreatment with the intracellular Ca** chelator BAPTA—
AM (10 pM, 45 min) (Fig. 2a), suggesting cellular calcium
perturbation regulated AChE promoter activity. We pre-
viously reported that a reverse CCAAT motif within the
—1,270 to —1,248 bp fragment of the AChE promoter
functioned as a calcium-responsive element [16, 18], which
only partially mediated the transcriptional activation
effects. This result suggested that other elements in the
AChE promoter also contributed to calcium-dependent
transduction. We analyzed the AChE promoter sequence
and found a potential Smad3/4 binding element, TGC-
CAGACA [33, 34], within the —601 to —571 bp element
of the AChE promoter. To determine whether this potential
Smad3/4 binding element was crucial for calcium-depen-
dent activation of the AChE promoter, the wild-type
sequence and mutant sequences of this element were
cloned into the luciferase reporter vector and transfected
into HeLa cells. Under A23187 or TG treatment, AChE
promoter activity was measured by the dual-luciferase
activity test. The transcription activation induced by
A23187 or TG was reduced by 36 and 47%, respectively,
in the mutant (Fig. 2b). This result suggested that the
potential Smad3/4 binding element was involved in the
calcium mobilization response.

Smad2/3 and Smad4 directly bind the potential
Smad3/4 binding element

To determine whether transcription factors bind directly to
the potential Smad binding element in the AChE promoter,

a probe designed to the area was used in EMSA and found
to form a DNA—protein complex with nuclear extracts from
HeLa cells treated with or without A23187 (Fig. 3a, lanes
2-5) or TG for the indicated time (Fig. 3a, lanes 6-9). This
result indicated the existence of certain factors binding the
potential Smad3/4 binding element. Subsequently, a com-
petitive EMSA was introduced to investigate the proteins
binding the Smad binding element. An excess of unlabeled
Smad3/4 consensus oligonucleotides eliminated the
DNA-protein binding signal significantly, whereas mutant
Smad3/4 consensus oligonucleotides did not (Fig. 3b, lanes
2-4). The same results were also observed in the apoptotic
samples induced by TG (Fig. 3c). No elimination effects
were observed in control samples competed with wild type
or mutant YY1 and NF-Y consensus oligonucleotides
(Fig. 3b, lanes 5-8).

To further identify the binding proteins, we performed
an interference assay using specific antibodies against
Smad2/3 and Smad4. As shown in Fig. 4a, the signal
strength was reduced significantly in anti-Smad2/3 and
anti-Smad4 samples (lanes 3 and 4). However, as a nega-
tive control, specific antibody against Sp1 failed to inhibit
binding (lanes 5 and 6). Similar results were also obtained
in ChIP assays (Fig. 4b). DNA fragments immunoprecipi-
tated with antibodies against Smad2/3 or Smad4 were
amplified by PCR (lanes 3 and 4), similar to the genomic
DNA that was used as the positive control (lane 2). Neither
the sample immunoprecipitated with antibody against Spl
(lane 5), nor that without antibody (lane 6) were amplified.
These results indicated that Smad2/3 and Smad4 bind
directly to the potential Smad binding element of AChE
promoter region.

Smad3 upregulated AChE transcription activity

As Smad2/3 and Smad4 could bind the AChE promoter
sequence directly, we tested whether they played important
roles in AChE transcription activation. We overexpressed
Smad2, Smad3 or Smad4 in HeLa cells. AChE promoter
activity was detected by dual-luciferase reporter assay.
Among the three Smad family members, only Smad3 dis-
played a significant positive effect on AChE promoter
activity and this effect was dose-dependent (Fig. 5a, b).
Subsequently, we inhibited endogenous Smad3 by trans-
fecting the dominant-negative Smad3 lacking the
transactivation domain (about 39 amino acids in the C
terminus) [35]. The basal AChE transcription activity was
consequently blocked (Fig. 5c). These data indicated that
Smad3 upregulated AChE promoter activity. We then
overexpressed either two of the three Smad family mem-
bers, or all of them, in HeLa cells and detected the AChE
promoter activity. Notably, in the co-transfection assay,
Smad2 antagonized the increase in AChE promoter
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activation induced by Smad3, but Smad4 did not show a
notable influence (Fig. 5a). This phenomenon indicated
that, although it could not bind DNA directly, Smad2 might
also participate as a negative regulator of AChE promoter
activity.

Nuclear accumulation of Smad3 under cellular calcium
mobilization

To further explore how cellular calcium mobilization reg-
ulated Smad3-mediated AChE upregulation, we detected
the subcellular localization of Smad3 before and after
apoptosis. HeLa cells were treated with A23187 or TG for
48 h followed by immunocytochemistry. Compared with
the nuclear and cytoplasmic distribution of Smad2, Smad3
had markedly accumulated in the nucleus after either

Hoechst AChE Celeaved-
. . caspase3

staining staining ..
staining

A23187 or TG treatment (Fig. 6a). However, the total
Smad3 protein level did not increase before and after
treatment (Fig. 6b), which suggested the nuclear accumu-
lation of Smad3 was mainly due to cytoplasm—nucleus
translocation. This hypothesis was further supported by
blotting the nuclear and cytoplasmic extractions of 293T
cells transiently transfected with Flag-Smad3 and EGFP-
Smad?2. Histone-3 and «-tublin were used as internal con-
trols of nuclear and cytoplasmic extracts, respectively
(Fig. 7a). Our data indicated that the fractionation was
acceptable, as no leakage was detected. Moreover, when
cells were pretreated with Ca®* chelator BAPTA-AM, the
nuclear accumulation was significantly blocked (Fig. 7b).
These data showed that the cellular calcium signal regu-
lated the activation of Smad3 by affecting its nuclear
translocation.
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Fig. 2 AChE transcription
activity was induced by cellular
calcium perturbation and the
potential Smad3/4 binding
element within the AChE
promoter region is a calcium
response element. a HeLa cells
were co-transfected with
pAChE-Luc (0.3 pg) and
pRenilla-Luc (0.03 pg). After
24 h, a 45-min pre-treatment
with the intracellular Ca*"
chelator BAPTA-AM (10 uM)
was performed, followed by
apoptosis induced by A23187
2 uM) or TG (1 pM). AChE
transcription activity was tested
24 h later by dual-luciferase
reporter assay. *P < 0.05.

b HeLa cells were
co-transfected with pRenilla-Luc B

(0.03 pg) and pAChE-Luc or pAC-luc:
pPAChE-Sm-Luc (0.3 pg); 24 h
after transfection, apoptosis was
induced by A23187 (2 uM) or -2250
TG (1 uM), and 24 h after [ET]
induction, AChE transcription
activity was tested by dual-
luciferase reporter assay.
*P < 0.05
pAC-Sm-luc:
2250
[ E1]

Nuclear accumulation of Smad3 is essential for AChE
transcription activation during apoptosis

To determine if nuclear accumulation of Smad3 was
important for AChE transcription activation induced by
calcium perturbation, we destroyed the NLS of Smad3
and cloned it into the EGFP vector (named Smad3nm)
(Fig. 8a). We then overexpressed wild-type Smad3 or
Smad3nm in HeLa cells and AChE promoter activity
was detected by dual-luciferase reporter assay. Compared
with significant activation excited by wild-type Smad3,
Smad3nm did not have any effect on AChE promoter
activation at all (Fig. 8b). This phenomenon suggested that
the NLS of Smad3 was essential for its transactivation
function. Moreover, AChE transcription activation induced
by A23187 and TG were blocked in Smad3nm-expressing
cells (Fig. 8c), indicating the nuclear accumulation of
Smad3 played an important role in the apoptotic tran-
scription activation of AChE. However, we observed only
a partial block of AChE transcription activation by
Smad3nm. This could be due to the endogenous Smad3
still present, which might be functional in this context.
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Discussion

AChE has been redefined as a novel apoptosis regulator.
Overexpression of AChE has been shown to inhibit cell
proliferation and increase apoptosis sensitivity, while
suppression of its expression could save cells from apop-
tosis [4—6]. This could explain why cholinergic neurons
which express high levels AChE are more susceptible to
damage than others in Alzheimer’s disease (AD) [36].
Recently, a new splicing N-terminally extended AChE-S
(N-AChE-S) is detected in brain tissues [37, 38] and
shows significant effect to promote apoptosis in trans-
fected cells [7]. Therefore, elucidating the regulatory
mechanisms of AChE expression during apoptosis could
prove instructive in the therapy of apoptosis-related
degenerative diseases such as Alzheimer’s and Parkin-
son’s disease. Furthermore, dysregulation of intracellular
calcium signaling has been implicated in the pathogenesis
of AD [39-42]. To determine a link between AChE
expression, calcium signaling and apoptosis, two calcium
perturbation drugs, A23187 and TG, were used to induce
apoptosis in HeLa cells which have very low endogenous



Smad3 upregulated acetylcholinesterase transcription activity

2187

A TG
A23187 - + +
N.E - + + +
Time (hour) 0 24 48

IR =
s E : 8
B g 2 . < § s
() o » * w w
¥ % 0 o
g 5 8 § 9 9
T 8 2 < > >
competitor 5 § z ¥ & 4
N.E. - + + + + + + +
Smad3/4 —>

O Ll

1 2 3 4 5 6 7 8

Fig. 3 EMSA indicates the specificity of the Smad3/4 binding
sequence identified in the AChE promoter. a Electrophoretic mobility
shift assay using the **P-labeled potential Smad binding sequence as a
probe, incubated with nuclear extracts from HeLa cells treated with or
without A23187 (2 uM) (lane 2-5) or TG (1 uM) (lane 6-9) for the
indicated time. b *?P-labeled probe was incubated with nuclear
extracts from normal HeLa cells in the presence of oligonucleotide

AChE expression in normal conditions. A23187 is a
mobile ion-carrier that forms stable complexes with
extracellular Ca®", equilibrates Ca®" gradient across

competitor -

'+ Smad3d/4 cons wt
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Smad3/4 —P [¢—Smad3/4

-
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competitors: Wt Smad3/4 (lane 3), Mt Smad3/4 (lane 4), Wt YY1
(lane 5), Mt YY1 (lane 6), Wt NF-Y/CBF (lane 7), Mt NF-Y/CBF
(lane 8) (Wt wild-type, Mt mutant-type). ¢ Interference assays using
Smad3/4 consensus oligonucleotides as competitor. The **P-labeled
probe was incubated with nuclear extracts from normal (lane 1-3)
or apoptotic HeLa cells treated by TG (1 pM) for 48 h (lane 4 and
lane 6)

membranes and promotes cytosol Ca®" overload which in
turn provoke apoptosis. As a tight-binding inhibitor of
sarco/endoplasmic reticulum Ca’t-ATPase [43, 44], TG
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Fig. 4 Smad2/3 and Smad4 bind to the potential Smad binding
element in the AChE promoter. Apoptosis was induced by A23187
(2 uM) or TG (1 pM) for 48 h in HeLa cells. a **P-labeled probe was
incubated with nuclear extract from HeLa cells in the presence of
various antibodies: anti-Smad2/3 (lane 3), anti-Smad4 (lane 4) or anti-
Spl (lane 6). b ChIP was performed on HeLa cell nuclear extracts
using polyclonal antibodies against Smad2/3, Smad4 (lane 3 and lane
4). Positive control was prepared before immunoprecipitation (lane 2)
and negative controls were isolated by immunoprecipitation with Sp1
antibody (lane 5) or no antibody (lane 6). All immunoprecipitated
DNA fragments were analyzed by PCR with the indicated primers.
DNA marker was used as a molecular weight marker (lane 1)

raises cytosolic Ca*™ concentration by depleting Ca®™
within the endoplasmic reticulum, and secondarily acti-
vates plasma membrane calcium channels, allowing an
influx of extracellular Ca®" into the cytosol and finally
leads to apoptosis [45—-47]. We previously demonstrated
that intracellular calcium homeostasis played a crucial
role in regulating AChE expression through modulating
mRNA stability and promoter activity in HeLa cells. In
addition, we showed that the transcription factor CBF,
which binds the reverse CCAAT element in the AChE

promoter, only partially mediated calcium-induced tran-
scription activation [17]. However, little was known about
other factors that might directly bind the AChE promoter
in response to calcium mobilization.

In this study, we found that the sequence TGCCAGACA
located within the —601 to —571 bp fragment of the AChE
promoter was a potential Smad3/4 binding element [33, 34].
After mutating this site, A23187 and TG-induced AChE
transcription was reduced by 36% and 47%, respectively,
indicating the potential Smad3/4 binding element responded
to the calcium-related apoptosis signal. We then determined
that Smad?2/3 and Smad4 were the specific factors binding to
this element. Only Smad3 was significantly activated AChE
transcription activity. Interestingly, it has been reported that
the C subunit of the transcription factor CBF could interact
with the MH2 domain of Smad3. It repressed the transacti-
vation activity of Smad3 by preventing the association of
Smads with transcriptional co-activators [48], which is
consistent with our observation that CBF binding to the distal
CCAAT motif suppresses AChE promoter activity. How-
ever, whether CBF and Smad3 regulate AChE transcription
activation coordinately will require further investigation.

Overload of cellular calcium promoted the nuclear
accumulation of Smad3 whereas intracellular Ca*" chelator
BAPTA-AM blocked this effect. These results suggested
Smad3 was a downstream factor of the cellular calcium
signal. As mentioned previously in the “Introduction”,
R-Smad shuttles between cytoplasm and nucleus in the
absence of an extracellular signal. Receptor-mediated
phosphorylation can promote nuclear accumulation, and
that other pathways like MAPK, PKC and CDK also par-
ticipate in this procession. Since cellular calcium increases
could not activate the phosphorylation of the C-terminal
SXS site of Smad3 (data not shown), we investigated
whether other kinases activated by calcium mobilization
could regulate Smad3 alone. Jun kinase (JNK) can report-
edly phosphorylate Smad3 outside its SXS motif and
enhance the TGF-f-dependent activation and nuclear
translocation of Smad3 [26]. However, in our study, we did
not obtain similar results; one possible explanation is that
JNK can function as a Smad3 activator only when TGF-f
stimulation is present. On the other hand, it is also possible
that Smad3 nuclear accumulation was due to cellular cal-
cium inhibiting the nuclear export of Smad3.

Although Smad?2 has a highly homologous sequence with
Smad3, its subcellular localization was unchanged with
cellular calcium mobilization (Fig. 6). It is quite possible
that Smad2 and Smad3 have different functions in response
to cellular calcium signaling. Coincidently, a previous study
reported that CaMKII could induce in vivo phosphorylation
of Smad2, Smad4 and, to a lesser extent, Smad3 at their
respective liker regions. CaMKII blocked the nuclear
accumulation of Smad2 and prevented TGF-f-dependent
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Fig. 5 AChE transcription A o1
activity was upregulated by
Smad3. a HeLa cells were
co-transfected with pAChE-luc
(0.3 pg) and pRenilla-luc

(0.03 ng). Additionally, each
well was co-transfected along
with the indicated expression
vectors (0.2 pg). Corresponding
empty vectors were added to
keep the amount of transfected
DNA constant (0.6 pg total);
24 h later, AChE transcription
activity was tested by dual-
luciferase reporter assay.

b HelLa cells were co-
transfected with pAChE-luc
(0.3 png) and pRenilla-luc

(0.03 pg). Each well was
co-transfected along with the
indicated expression vectors.
Corresponding empty vector
was added to keep the amount
of transfected DNA constant
(0.4 pg). AChE transcription
activity was tested 24 h later by
dual-luciferase reporter assay.

¢ HeLa cells were
co-transfected with pAChE-luc
(0.3 pg) and pRenilla-luc

(0.03 pg). In addition, each well
was co-transfected with the
expression vector of dnSmad3
(0.2 ng). Empty vector (0.2 pg)
was used as a mock control.
ACHhE transcription activity was
analyzed by dual-luciferase
reporter assay after 24 h.

*P < 0.05
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Smad2-Smad3 interaction [29]. In our study, we found that
Smad2 could significantly suppress AChE transcription
activation induced by Smad3 (Fig. 5a), indicating that
Smad2 was also involved in AChE promoter activity reg-
ulation. It is quite possible that Smad2 operates by
inhibiting the effect of Smad3. Therefore, we speculate that,
CamKII was activated by cellular calcium mobilization and
blocked the nuclear accumulation of Smad2. This could
result in a release of the suppression effect on Smad3 and
consequently lead to activated transcription of AChE.
Therefore, two Smad signaling events might be involved in
AChE transcription following cellular calcium mobiliza-
tion: the nuclear accumulation of Smad3, and the release of

Smad2’s repressive effects. Whether these events are
coordinated is unknown.

It is worth noting that N-AChE-S promotes apoptosis in
cultured cell lines including the primary brain cultures, and
that it can activate the Tau kinase GSK3, induce Tau hyper-
phosphorylation and cause apoptosis [7]. Its expression is
driven by a longer AChE promoter although until now
N-AChE-S has been mostly detected in the brain region [37].
So, we should think more about AChE transcription regu-
lation if N-AChE-S expresses universally during apoptosis.

AD is characterized by selective neuronal cell death, and
lost function of cholinergic neurons is one significant
symptom [36, 49-51]. Calcium imbalance has been cited as
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Fig. 6 The nuclear Smad3 Hoechst Smad2 Hoechst
accumulation of Smad3 A staining staining staining staining
increased during A23187 or
TG-induced apoptosis. a HeLa
cells were treated with A23187
2 pM) or TG (1 pM) for 48 h.
The subcellular localizations of
Smad3 and Smad2 were
detected by
immunocytochemistry staining.
Hoechst staining was used to
label the nucleus. b Western
blot analysis of Smad3 or A23187
Smad2 expression in HeLa cells

treated by A23187 (2 uM) and

TG (1 uM) for 48 h

con

(oe] ...

TG
=

Smad3 | e — —

SMad2 | — —

B-actin | - — ——
Fig. 7 Cellular calcium A
perturbation increased nuclear con A TG con A TG
accumulation of Smad3. a 293T
cells transfected with Flag- Flag-Smad3 - s EGFP-Smad2
Smad3 or EGFP-Smad2 were . .
treated with A23187 (2 pM) or histon3 | > - = N.E histon3 | < e - || N.E
TG (1 uM) for 24 h, followed o-tublin o-tublin
by western blot analysis of the .
nuclear and cytoplasmic . .
extracts. b 293T cells were histon3 - C.E L CE
transfected with Flag-Smad3 or . ' - )

-tubl . —

EGFP-Smad?2, treated with o-tublin —e— crtublin —

BAPTA-AM (10 puM) for

45 min before apoptosis was
induced. Western blot was B con A BA+A con TG BA+TG
performed on nuclear and

cytoplasmic extracts. Histone-3 Flag-Smad3 | = = e amm—— Flag-Smad3
and a-tublin were used as . . N.E
markers of nuclear and histon3 | . . S N.E histon3 | S — .
cytoplasmic extracts, . .
respectively o-tublin o-tublin

histon3 histon3

C.E C.E
C-tublin | < ————— o-tublin | — . a—_—

a contributing factor in the deterioration of aging neurons  widely accepted in AD therapy since they significantly
[39—42]. As a senile plaque component, AChE can increase ~ delayed the symptomatic deterioration [55, 56]. Similar to
amyloid fibril assembly with the formation of highly toxic =~ AChE, amyloid beta precursor protein (APP) is regulated
complexes (A-beta-AChE) [52—-54]. AChE inhibitors were by Smad3 binding to its promoter in the presence of zinc
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Fig. 8 Nuclear accumulation of Smad3 was essential for the AChE
transcription activation triggered by A23187 or TG. a HeLa cells
were transfected with pEGFP-Smad3 or pEGFP-Smad3nm (NLS
mutant) and their subcellular localization patterns were detected by
fluorescence microscopy. b Each well of HeLa cells was co-
transfected with pAChE-luc (0.3 pg) and pRenilla-luc (0.03 pg)
along with the expression vector encoding Smad3 or Smad3nm
(0.2 pg). Then, 24 h later, AChE transcription activity was analyzed

finger nuclear factor CTCF or signal protein [57, 58]. In
control brains, strong nuclear localization of phosphory-
lated Smad3 can be detected. However, in AD brains,
Smad3 is localized to the cytoplasm and nucleus as well as
in the amyloid plaques and neurofibrillary tangles of hip-
pocampal neurons [59]. This phenomenon was coincident
with an overall loss of AChE in the AD brain, but with an
increase in AChE activity in plaques and tangles [60]. Our
results suggested that, under chronic calcium stress, Smad3
regulated the AChE expression increase, which subse-
quently led to cell death, including neuronal death. Further
investigation into the mechanism of AChE regulation and
function during apoptosis would contribute to a better
understanding of the pathogenic processes of AD.
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