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Choline acetyltransferase (ChAT) synthesizes the neuro-
transmitter, acetylcholine, at cholinergic nerve terminals.
ChAT contains nuclear localization signals and is also local-
ized in the nuclei of neural and non-neuronal cells. Nuclear
ChATmight have an as yet unidentified function, such as tran-
scriptional regulation. In this study, we investigated the alter-
ation of candidate gene transcription by ChAT. We chose high
affinity choline transporter (CHT1) and vesicular acetylcholine
transporter (VACHT) as candidate genes, which function to-
gether with ChAT in acetylcholine production. Using SH-
SY5Y human neuroblastoma cells stably expressing wild-type
human ChAT, we found that overexpressed ChAT enhanced
transcription of the CHT1 gene but not the VACHT gene. In
contrast, nuclear localization signal disrupted, and catalyti-
cally inactive mutant ChATs could not induce, CHT1 expres-
sion. Additionally, ChAT did not alter CHT1 expression in
non-neuronal HEK293 cells. Our results suggest that ChAT
activates the transcription of selected target genes in neuronal
cells. Both enzymatic activity and nuclear translocation of
ChAT are required for its transcriptional enhancement.

Choline acetyltransferase (ChAT)2 (E.C. 2.3.1.6) catalyzes
acetylation of choline to synthesize a neurotransmitter acetyl-
choline (ACh), which mediates neuronal transmission in both
the peripheral and central nervous systems. Cholinergic nerv-
ous systems are involved in neuromuscular transmission and
in the central cholinergic projection implicated in cognitive
function. Several mutations of the CHAT gene have been re-
ported to cosegregate with congenital myasthenic syndrome
with episodic apnea (1). Moreover, cholinergic neurons are
preferentially affected in several neurodegenerative diseases
such as Alzheimer disease and amyotrophic lateral sclerosis
(2).
The major isoform of human ChAT is a 69-kDa soluble

protein, referred to as the common type of ChAT (cChAT),

although alternative translation initiation generates two mi-
nor isoforms of 74- and 82-kDa with distinct N-terminal ex-
tension sequences (3–5). In addition, our group has previ-
ously reported an alternatively spliced variant of a rat ChAT
homologue, which is predominantly localized in the periph-
eral nervous system and is therefore named peripheral ChAT
(pChAT) (6).
ACh is synthesized in the neuronal cytoplasm including the

nerve terminal, and then transported into synaptic vesicles by
the vesicular acetylcholine transporter (VAChT). Upon neu-
ronal depolarization, ACh is released into the synaptic cleft
and binds to its specific receptors. Subsequently, intrasynaptic
ACh is hydrolyzed by acetylcholinesterase to liberate choline
and acetate. The liberated choline is immediately recycled
into the presynaptic terminals by reuptake mainly mediated
through the high-affinity choline transporter (CHT1). The
rate-limiting step for ACh synthesis is the supply of choline
(7, 8). Thus, the regulation of ACh synthesis in presynaptic
neurons depends on VAChT and CHT1 as well as on ChAT
(9). Despite the many studies carried out following the molec-
ular cloning of these proteins (10–13), regulation of the ex-
pression of these coordinately functioning proteins remains to
be clarified (14).
ChAT is also expressed in various types of non-neuronal

cells including epithelial, mesothelial, endothelial, muscle, and
immune cells (15). This observation suggests that ChAT is
implicated in as yet unidentified function(s) besides neuro-
transmitter synthesis. Furthermore, Resendes et al. (17) have
described nuclear localization of ChAT isoforms. This group
has also defined one nuclear localization signal (NLS) in the
69-kDa isoform, and two NLSs in the 82-kDa isoform of hu-
man ChAT (hChAT) (16). An NLS acts like a “tag” on the ex-
posed surface of a protein and targets it to the nucleus
through the nuclear pore complex. The 69-kDa hChAT iso-
form is shuttled between the cytoplasmic and nuclear com-
partments, whereas the 82-kDa isoform is predominantly lo-
calized in the nucleus. Furthermore, we previously reported
that a rat pChAT isoform, in contrast to the 69-kDa cChAT
isoform, is preferentially localized in the cytoplasm and that
inhibition of cellular protein kinase C activity leads to in-
creased accumulation of nuclear pChAT (18). These observa-
tions led us to examine the functional relevance of the distinct
subcellular localizations of ChAT.
To date the functional significance of nuclear ChAT re-

mains unresolved. However, the 82-kDa nuclear isoform is
expressed in human brains of normal aged subjects and in
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patients with Alzheimer disease (19). Additionally, because
the molecular weight of ChAT is larger than that of proteins
that can passively diffuse across the nuclear envelope, the nu-
clear translocation of ChAT should be an energy requiring
process. This fact may suggest this process has some physio-
logical significance. To elucidate possible functions of nuclear
ChAT, we investigated transcriptional changes of genes re-
lated to ACh production, which we considered likely to re-
spond to ChAT overexpression in neuronal cell lines. We
report here that ChAT overexpression induces transcription
of the CHT1 gene in SH-SY5Y cells and that this induction
requires the nuclear localization and catalytic activity of
ChAT.

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids for Human ChAT—To
obtain the full-length cDNA encoding the human 69-kDa iso-
form of ChAT (hChAT), we performed the polymerase chain
reaction (PCR) using a human small intestine Marathon-
Ready cDNA library (Clontech Laboratories, Otsu, Japan) as a
template. For construction of hChAT fused with green fluo-
rescent protein (hChAT-GFP), an EcoRI restriction site and
the Kozak sequence were introduced into the 5�-end of the
cDNA, and a BamHI restriction site was introduced into
the 3�-end. The stop codon TGA was substituted for TGC.
The cDNA fragment was ligated into the pEGFP-N1 vector
(Clontech).
The catalytically inactive mutant, inactive-hChAT-GFP,

and the NLS-disrupted mutant, NLS2-(�)-hChAT-GFP (Fig.
1, inactive and NLS2-(�)), were generated by PCR-based site-
directed mutagenesis using the QuikChange XL-II Mutagene-
sis kit (Stratagene, Cedar Creek, TX) according to the manu-
facturer’s instructions. The numbering of amino acid residues

described below is according to the 82-kDa hChAT isoform 2
(GenBankTM accession number NP_065574). For the inac-
tive-hChAT-GFP, Glu at amino acid residue 441 (Glu441) was
substituted by Lys using the sense-strand oligonucleotide:
GCGGTGTGGTGTGCAAACACTCCCCATTC. For NLS2-
(�)-hChAT-GFP, Arg481, Arg482, Arg484, and Lys486 were all
substituted by Ala using the sense-strand oligonucleotide:
CGAGCTCCCCGCCCCCGCGGCGCTGGCGTGGGCAT-
GCTCCCCGGAAATT. Additionally, we also made another
candidate for NLS-disrupted mutant, NLS1-(�)-hChAT,
Arg322, Arg323, Arg334, and Lys335 were all substituted by Ala
with two processes of PCR-based site-directed mutagenesis
using the sense strand oligonucleotides: GTCTTGGATGTT-
GTCATTAATTTCGCCGCTCTCAGTGAGGGGGATC and
GGGGGATCTGTTCACTCAGTTGGCAGCGATAGTCAA-
AATGGCTTCCAAC. DNA sequences of all plasmids were
confirmed by sequencing using the ABI 3100 DNA Sequencer
(Applied Biosystems, Foster City, CA).
Establishment of Polyclonal Stable Cell Lines—For selection

of stable transformants of SH-SY5Y cells, the transfected cells
were maintained in culture medium containing 300 �g/ml of
G418 (Nacalai Tesque, Kyoto, Japan). After 3 weeks of cul-
ture, the GFP-positive cells were collected using a fluores-
cence-activated cell sorter (FACS; BD FACSAria II Cell
Sorter, BD Biosciences). SH-SY5Y cells expressing wild-type
hChAT-GFP (wt-hChAT-GFP), mutant hChAT-GFP, or GFP
alone were selected based on the fluorescence intensity of the
GFP they expressed. According to the fluorescence intensity,
we divided wt-hChAT-GFP into two types: highly expressing
cells (wt-hChAT-GFP) and moderately expressing cells (wt-
hChAT-GFP-M), for further comparisons by using the FACS.
Stable expression of each construct was verified using RT-
PCR and Western blot analysis. We also prepared human em-
bryonic kidney (HEK293) cells stably expressing wt-hChAT-
GFP, mutant hChAT-GFP, or GFP alone for preliminary
experiments and further comparisons with the SH-SY5Y cell
lines.
ChAT Activity Assay—Cultured cells were washed twice

with cold phosphate-buffered saline (PBS) (pH 7.4), and
treated with 0.02% EDTA and 0.25% trypsin. The cells were
pelleted by centrifugation at 80 � g for 5 min and then ho-
mogenized in 5–10 volumes (v/w) of 10 mM phosphate buffer
(PB) (pH 7.4) containing 0.5% Triton X-100. After centrifuga-
tion at 12,000 � g for 20 min at 4 °C, 10 �l of the supernatant
was used for ChAT activity measurement using the radiomet-
ric method with a slight modification (20). The reaction mix-
ture consisted of 300 mM NaCl, 8 mM choline, 0.12 mM es-
erine, and 0.3 mM cold acetyl-CoA, and an appropriate
quantity of [3H]acetyl-CoA in 50 mM PB (pH 7.4). Each reac-
tion was performed in a 0.6-ml plastic tube at 37 °C for 30
min. After stopping the reaction by ice cooling, the reaction
mixture (20 �l total volume) was transferred to another tube
containing 4.5 ml of 0.1 M PB (pH 7.4), followed by the addi-
tion of 2 ml of acetonitrile containing 5 mg/ml of sodium tet-
raphenylboron (Dojindo, Kumamoto, Japan) and 8 ml of a
toluene-based scintillation mixture (Scintiblender II, Nacalai
Tesque). The radioactivity of [3H]ACh, collected by means of
this liquid cation-exchange method into the organic phase,

FIGURE 1. Schematic illustration of the hChAT (CHAT) constructs used in
this study. wt-hChAT-GFP is the 69-kDa isoform of human ChAT fused at
the C terminus with a GFP tag. NLS2-(�)-hChAT-GFP has an Ala substituted
for each of Arg481, Arg482, Arg484, and Lys486 in the nuclear localization NLS2
sequence. In inactive hChAT-GFP, a Lys residue has been substituted for
Glu441. The amino acid residue positions are numbered to correspond to
the 82-kDa human ChAT sequence, which differs from the 69-kDa isoform
by the presence of a 118-amino acid extension on the amino terminus. The
numbers in parentheses indicate the amino acid number in 69-kDa hChAT.
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was counted using a liquid scintillation counter (Packard Tri-
CARB 3100, Meridian, CT). The ChAT activity was expressed
as nanomoles of [3H]ACh formed per minute per milligram of
protein (21). Protein concentrations were determined using
the Bradford assay (Bio-Rad).
Confocal Laser Scanning Microscopy—Images were col-

lected as previously reported (18). For comparison of the fluo-
rescence intensity of individual images, identical parameters
were set for imaging. Image processing and data analysis were
performed using Photoshop or ImageJ software.
To evaluate transient nuclear translocation, we used the

Crm-1-dependent nuclear export inhibitor, leptomycin B
(Sigma) (22). Cultured cells were treated with 10 ng/ml of
leptomycin B for up to 24 h. Analysis by confocal laser scan-
ning microscopy was carried out as described above.
Immunocytochemistry for Cell Cycle Markers—We ob-

served the relationship between the subcellular localization of
ChAT-GFP and the cell cycle by immunocytochemistry for
cell cycle markers. Immunocytochemistry was performed as
previously reported (18). In brief, the cells were cultured for 2
days in a glass-bottom dish. After rinsing twice with cold PBS,
the cells were fixed for 5 min with 4% paraformaldehyde in
100 mM phosphate buffer at 4 °C. The fixed cells were rinsed
gently three times with 100 mM PBS containing 0.3% Triton
X-100 (PBST). They were incubated overnight with anti-cy-
clin E antibody conjugated with rhodamine (rabbit polyclonal,
Sc-481, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 1:50)
or anti-cyclin B1 antibody conjugated with Alexa 647 (mouse
monoclonal, Santa Cruz Biotechnology, Inc., 1:50) in PBST at
4 °C. After washing 3 times with PBST for 10 min each, the
cells were mounted with 4�,6-diamidino-2-phenylindole
(DAPI)-Fluoromount-G (Southern Biotech, Birmingham,
AL). Analysis by confocal laser scanning microscopy was car-
ried out as described above.
Acetylcholine Antagonist and Agonists Treatment—To eval-

uate involvement of acetylcholine muscarinic receptors, cul-
tured cells were treated with 10 nM to 10 �M atropine (Wako,
Tokyo, Japan), a nonspecific muscarinic antagonist, for 72 h.
We also tested the effects of nonspecific muscarinic agonists
on CHT1 induction in the cultured cells, by using pilocarpine
(10 �M to 1 mM, Wako) and carbachol (10 �M to 1 mM, Wako)
for 72 h. Fresh aliquots of the agonist or antagonists were
added to the culture at 24-h intervals with medium change.
The treated cells were collected and analyzed using real time
PCR as described below.
PI3K Inhibitor Treatment—Cultured cells were treated with

1 to 50 �M LY294002 (Cayman Chemical, Ann Arbor, MI), a
phosphatidylinositol 3-kinase (PI3K) inhibitor, for 24 or 72 h
(23). The treated cells were collected and analyzed using real
time PCR as described below.
Real Time PCR—Real time reverse transcription PCR

assays were performed to quantify the mRNA levels of
CHT1, CHAT, and VACHT. Total RNA was extracted from
cultured cells using the FastPure RNA kit (Takara-Bio,
Otsu, Japan). Typically, 500 ng of total RNA was reverse-
transcribed using the PrimeScript RT reagent kit (Takara-
Bio) and random hexamers and oligo(dT) primers (Takara-
Bio). To make external cDNA standards for real time PCR,

the PCR products were subcloned into the pCR2.1 vector
using a TA cloning kit (Invitrogen Japan Ltd., Tokyo, Ja-
pan). The plasmid cDNA was amplified in a One Shot
TOP10 chemically competent Escherichia coli (Invitrogen
Japan Ltd.), and isolated using a Quantum Prep Plasmid
Miniprep kit (Bio-Rad Laboratories). The primers used for
PCR of hChAT (CHAT), CHT1, VACHT, �-actin (ACTB),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
are shown under supplemental Table S1.
Real time PCR was carried out using a Light Cycler system

or the Light Cycler 480 instrument (Roche Diagnostics K.K.,
Tokyo, Japan) and the SYBR Premix Ex Taq (Perfect Real
Time) II kit (Takara-Bio). To confirm amplification specific-
ity, the PCR products from each primer pair were subjected to
melting curve analysis and subsequent agarose gel electro-
phoresis. The results were analyzed using the second deriva-
tive maximum method of the LightCycler Software (Roche
Diagnostics). Relative quantification of cDNA was performed
based on these fluorescence measurements by comparison
with a standard curve that was generated during the course of
each PCR run. We confirmed a good correlation between the
expression level of GAPDHmRNA and that of ACTBmRNA.
These genes were therefore used as reference genes for nor-
malization. The values were normalized to the levels of
GAPDH cDNA determined from the same cDNA sample in
the same PCR run. All experiments were performed inde-
pendently at least three times. The levels of target mRNA
were expressed relative to levels of GAPDHmRNA (arbitrary
units).
Preparation of Cell Homogenates and Subcellular

Fractions—For the preparation of total cell homogenates cul-
tured cells were washed twice with cold PBS, and harvested
using trypsin/EDTA. The cells were pelleted by centrifugation
at 80 � g for 5 min and then lysed in 5–10 volumes (v/w) of
10 mM PB (pH 7.4) containing 0.5% Triton X-100 and a prote-
ase inhibitor mixture (Complete-mini, Roche Applied Sci-
ence). The lysates were centrifuged at 12,000 � g for 20 min
at 4 °C, and the supernatants were collected as total soluble
fractions.
Nuclear fractions of cultured cells were obtained using a

previously described method (24). Briefly, the SH-SY5Y cells
were harvested in a buffer (10 mM HEPES, pH 7.9, 10 mM KCl,
0.1 mM EDTA, 0.5 mM DTT) containing a protease inhibitor
mixture. After rinsing the cells, 1/10 volume of 0.5% Non-
idet-P 40 was added to the cell suspension. After the lysate
was centrifuged at 1,000 � g for 2 min at 4 °C, the supernatant
was collected as the cytoplasmic fraction. The resultant pel-
lets were resuspended in a high-salt buffer (20 mM HEPES, 0.4
M NaCl, 1 mM EDTA, 10% glycerol, 0.5 mM DTT) supple-
mented with protease inhibitors, and then placed on ice for 15
min. The supernatant was cleared by centrifugation at
12,000 � g for 15 min at 4 °C and collected as the nuclear
fraction. CHT1 is functionally a plasma protein, which is also
known to be constantly cycled through the plasma membrane
and intracellular compartments. Because previous studies
showed that CHT1 is predominantly intracellular, we used
the cytoplasmic fractions for Western blotting of CHT1, as
described below (25–29).
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Western Blotting—Aliquots of cell lysates containing equal
amounts of protein were subjected to Western blotting (18).
The primary antibodies used were anti-GFP (mouse mono-
clonal, Roche, diluted 1:2500), anti-�-actin (mouse mono-
clonal, MAB1501, Chemicon International Inc., Billerica, MA,
diluted 1:2000), anti-GAPDH (mouse monoclonal, MAB374,
Chemicon, diluted 1:2000), anti-ChAT (rabbit polyclonal gen-
erated in our laboratory (30), diluted 1:5000), and anti-CHT1
(rabbit polyclonal, AB5966, Chemicon, diluted 1:1000). Bands
were visualized using the Super-Signal West Pico chemilumi-
nescent substrate (Thermo Fisher Scientific K.K, Yokohama,
Japan), and analyzed using a LAS-4000 IR multicolor image
analyzer (Fujifilm, Tokyo, Japan). The intensity of each band
was semi-quantified using ImageJ software.
Statistical Analysis—The results are expressed as mean �

S.E. For statistical analysis, an unpaired two group t test, a
non-parametric Kruskal-Willis test, a Mann-Whitney test, or
a post-hoc Tukey-Kramer test was used to determine the sig-
nificance of differences between means.

RESULTS

Expression, Catalytic Activity, and Subcellular Localization
of wt-hChAT-GFP—We first determined if the hChAT-GFP
construct was useful for examination of ChAT activity and
subcellular localization. The expected molecular weight of
wt-hChAT fused with the 27-kDa GFP is 96 kDa. On immu-
noblotting of wt-hChAT-GFP-transfected HEK293 cell ly-
sates, polyclonal anti-ChAT and monoclonal anti-GFP anti-
bodies both detected wt-hChAT-GFP of the expected size
(data not shown). A high level of ChAT-specific activity was
detected in the homogenate of HEK293 cells transiently
transfected with wt-hChAT-GFP. Furthermore, as we previ-
ously reported for a rat homolog of ChAT fused with GFP
(18), wt-hChAT-GFP was observed in both the cytoplasm and
nucleus in HEK293 cells by fluorescence microscopy (data not
shown).
Characterization of Polyclonal SH-SY5Y Cell Lines Stably

Expressing wt-hChAT-GFP—SH-SY5Y cells stably expressing
wt-hChAT-GFP or GFP alone were selected based on the in-
tensity of their GFP fluorescence. To avoid clonal deviation,
we collected GFP-positive cells using FACS. The level of
CHATmRNA in each cell line was confirmed using RT-PCR.
As expected, wt-hChAT-GFP cells expressed abundant CHAT
mRNA, whereas GFP alone cells expressed only a trace level
of CHATmRNA (Fig. 2A).

Western blot analysis using polyclonal anti-ChAT or
monoclonal anti-GFP antibodies confirmed the expression of
a protein of the expected size in this cell line (Fig. 2B and data
not shown). To ensure that the expressed ChAT-GFP was
catalytically active, specific ChAT activities were measured.
The wt-hChAT-GFP cells exhibited a high level of ChAT ac-
tivity (wt-hChAT-GFP, 97.9 � 7.16 nmol/mg of protein/min,
mean � S.E., and wt-hChAT-GFP-M, 12.6 � 3.94), whereas
no activity was detected in homogenates of GFP alone cells.
ChAT activity of HEK293 cells stably expressing wt-hChAT-
GFP was 158.68 � 11.45 nmol/mg/min.
Subcellular distribution of wt-hChAT-GFP and GFP alone

in these living cells was investigated using a confocal laser

scanning microscope. As we previously reported for the rat
ChAT-GFP homolog in HEK293 cells (18), wt-hChAT-GFP
was located both in the cytoplasm and nucleus. Although it
was more strongly expressed in the cytoplasm, wt-hChAT-
GFP nuclear localization was assessed by its co-localization
with the nuclear fluorescent dye Hoechst 33342 (Fig. 3A) and
was confirmed using a biochemical cell fractionation assay
(Fig. 3, B and C). The fluorescence intensity of GFP alone was
the same in both the cytoplasm and nucleus, which may be a
result of nonspecific passive diffusion.
We observed ChAT-GFP subcellular localization in wt-

hChAT-GFP cells with cell-cycle markers: cyclin B1 (G2/M
phase marker) and cyclin E (G1/S phase marker). In the cell
culture condition we used in this study, strong nuclear stain-
ing with the anti-cyclin E antibody was detected in most of
the tested wt-hChAT-GFP cells (supplemental Fig. S1), how-
ever, cyclin B1 staining was not detected.
Up-regulation of CHT1 mRNA Transcription in wt-hChAT-

GFP Cells—To determine whether CHAT affects transcrip-
tional activation of the CHT1 or VACHT genes, we analyzed
RNA extracted from wt-hChAT-GFP and GFP alone cells for
mRNA expression of these genes using real time PCR. The
CHT1mRNA level in wt-hChAT-GFP cells was significantly
higher than that of GFP alone cells (Fig. 4B). VACHTmRNA
in the wt-hChAT-GFP cells was comparable with that in GFP
alone cells (relative ratio of wt-hChAT-GFP to GFP alone
cells: 0.96 � 0.02). These results suggested that transcription
of CHT1 was selectively up-regulated by overexpression of
wt-hChAT-GFP.
To examine whether the up-regulated CHT1mRNA in the

wt-hChAT-GFP cells was translated into protein, we per-
formed Western blot analysis for CHT1. The anti-CHT1 anti-
body strongly detected CHT1-protein expression in the cyto-
plasmic fraction of wt-hChAT-GFP cells, whereas only a faint
band was detected in GFP alone cell homogenates (Fig. 4C),
suggesting that exogenous wt-hChAT-GFP induced CHT1
protein expression. In contrast, stable expression of wt-

FIGURE 2. The mRNA and protein expression of hChAT-GFP in a stable
polyclonal cell line. A, the hChAT (CHAT) mRNA level in wt-hChAT-GFP
cells. Total RNA was extracted from wt-hChAT-GFP (wt-hChAT), GFP alone,
and native SH-SY5Y cells, and the relative levels of CHAT mRNA were evalu-
ated using real time PCR assays. Native and GFP alone cells showed a trace
level of CHAT mRNA expression that was less than 0.25% that of wt-hChAT-
GFP cells. Values are the mean � S.E. B, immunoblot of hChAT-GFP protein
expression. Aliquots of cell homogenates containing the same amount of
protein were subjected to immunoblotting. The blots were probed with an
anti-ChAT antibody.
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hChAT-GFP (or of GFP alone) in HEK293 cells, which do not
express CHT1mRNA or protein, did not induce CHT1
mRNA or protein expression (data not shown), suggesting
that CHT1 induction by wt-hChAT-GFP may be specific to
neuronal cell types.
CHT1 mRNA Induction Depends on the Nuclear Localiza-

tion of hChAT—To examine whether nuclear translocation of
hChAT is required for its up-regulation of CHT1 expression,
we prepared a mutant hChAT construct in which the NLS
was disrupted. It has been reported that hChAT bears two
putative NLSs: NLS1 (322RRLSEGDLFTQLRKIVKM339) and
NLS2 (476ELPAPRRLRWK486) (16). We constructed two mu-
tants: one of which was NLS1-(�)-hChAT-GFP, in which all
four of the Arg322, Arg323, Arg334, and Lys335 residues of the
NLS1 sequence were replaced by Ala, and the second was
NLS2-(�)-hChAT-GFP, in which all four of the Arg481,
Arg482, Arg484, and Lys486 residues of the NLS2 sequence
were substituted by Ala (Fig. 1). Using fluorescence micros-
copy, we confirmed that mutation of NLS2 but not mutation
of NLS1, inhibits hChAT-GFP translocation to the nucleus
upon transient transfection into HEK293 cells (data not
shown). This observation was consistent with a previous re-
port showing that the C-terminal NLS2 is more important for
hChAT nuclear translocation than NLS1 (16). We also con-
firmed that NLS2-(�)-hChAT-GFP exhibited ChAT activity
equivalent to that of wt-hChAT-GFP in HEK293 cells (data
not shown).

We next established a polyclonal SH-SY5Y cell line stably
expressing NLS2-(�)-hChAT-GFP using a procedure similar
to that used for establishment of wt-hChAT-GFP cell lines.
We then compared the mRNA expression level of CHAT in
these cells using real time PCR. The results indicated that
equivalent levels of hChAT were expressed in wt-hChAT-
GFP and NLS2-(�)-hChAT-GFP cells (Fig. 4A). In addition,
NLS2-(�)-hChAT-GFP cells exhibited a significant level of
CHAT activity (6.6 � 1.05 nmol/mg/min). The ChAT activity
of these cells was not as high as that of wt-hChAT-GFP cells,
but was comparable with that of rat striatum homogenate
(3.56 � 0.12) (21).
Using confocal laser scanning microscopy, we determined

that NLS2-(�)-hChAT-GFP fluorescence was almost exclu-
sively localized in the cytoplasm, whereas nuclear fluores-
cence was similar to the background level (Fig. 3A). Co-stain-
ing with the Hoechst 33342 nuclear dye clearly showed that
NLS2-(�)-hChAT-GFP did not co-localize with this dye. This
cellular localization of NLS2-(�)-hChAT-GFP was in clear
contrast to that of wt-hChAT-GFP. We further confirmed
almost exclusive cytoplasmic localization of NLS2-(�)-
hChAT-GFP using a biochemical cell fractionation assay. The
isolated cytoplasmic and nuclear fractions from these cells
were subjected to immunoblotting using antibodies against
ChAT, GAPDH (as a cytoplasmic marker), or �-actin (as a
loading control) (Fig. 3B). The nuclear fraction of NLS2-(�)-
hChAT-GFP cells contained a very small amount of this

FIGURE 3. Subcellular localization of hChAT-GFP. A, representative images of wt-hChAT-GFP (wt-hChAT), NLS2-(�)-hChAT-GFP (NLS2-(�)-hChAT), inactive
hChAT-GFP (Inactive-hChAT), and GFP alone cells. GFP fluorescence was detected in living SH-SY5Y cells using a confocal laser scanning microscope. The
cells were co-stained with the nuclear dye Hoechst 33342. Merged images are at the right. Bar � 20 �m. B, subcellular fractionation assays. Nuclear (N) and
cytoplasmic (C) fractions were obtained from wt-hChAT-GFP (wt-hChAT), NLS2-(�)-hChAT-GFP (NLS2-(�)), inactive hChAT-GFP (Inactive), and GFP alone
cells, and subjected to immunoblotting using anti-ChAT, anti-�-actin, and anti-GAPDH antibodies (from top to bottom). GAPDH served as a marker for cyto-
plasmic proteins and �-actin immunoblotting was used as a loading control. C, relative intensity was measured by ImageJ software, and ratios between the
nuclear fraction and the cytoplasmic fraction in each clone were calculated. Values are expressed as the mean � S.E. A post-hoc Tukey-Kramer test was
used for statistical analysis. * indicates p � 0.05 significant difference.
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hChAT protein compared with the cytoplasmic fraction. In
contrast, obvious bands corresponding to hChAT-GFP were
observed in the nuclear fractions of wt-hChAT-GFP cells,
although the intensity of these bands was lower than the in-
tensity of those in the cytoplasmic fraction (Fig. 3C).
To further examine the nuclear translocation of the NLS2-

(�)-hChAT-GFP construct, we treated these cells with 10

ng/ml of leptomycin B, a potent inhibitor of nuclear export.
Following treatment of wt-hChAT-GFP-expressing cells with
leptomycin B for 8 h, the accumulation of hChAT-GFP in the
nucleus was clearly enhanced (Fig. 5). In contrast, treatment
with leptomycin B did not result in a significant increase in
nuclear NLS2-(�)-hChAT-GFP even after 24 h of treatment
(8-h treatment is shown in Fig. 5). This result suggested that
NLS2-(�)-hChAT-GFP did not even transiently translocate
into the nucleus.
We then compared CHT1 expression in wt-hChAT-GFP

and NLS2-(�)-hChAT-GFP cells using quantitative RT-PCR.
The CHT1mRNA level in NLS2-(�)-hChAT-GFP cells was
significantly less than that in wt-hChAT-GFP cells and was
comparable with that in GFP alone cells (Fig. 4B). Immuno-
blotting of CHT1 protein expression also revealed that the
level of CHT1 protein expressed in NLS2-(�)-hChAT-GFP
cells was clearly lower than that of wt-hChAT-GFP cells (Fig.
4C). These findings indicated that nuclear translocation of
hChAT is required for transcriptional activation of CHT1.

To exclude the possibility that the catalytic activity of
NLS2-(�)-hChAT-GFP was not sufficient to induce CHT1
expression, we prepared another wt-hChAT-GFP cell with a
moderate catalytic activity (wt-hChAT-GFP-M, 12.6 � 2.27
nmol/mg/min), which was not significantly different from
that of NLS2-(�)-hChAT-GFP (6.6 � 1.05), and then com-
pared CHT1 expression using quantitative RT-PCR. The
CHT1mRNA level in NLS2-(�)-hChAT-GFP cells was again
significantly less than that in wt-hChAT-GFP-M cells. The
CHT1mRNA level in wt-hChAT-GFP-M cells was on the
same level as wt-ChAT-GFP cells (Fig. 6).
ChAT Activity Is Necessary for Up-regulation of CHT1

mRNA Expression—To address the question as to whether
transcriptional activation of CHT1 by hChAT-GFP requires
catalytic activity of ChAT or not, we prepared an enzymati-
cally inactive ChAT-GFP construct harboring a E441K substi-
tution, termed inactive-hChAT-GFP (Fig. 1). This Glu441 cor-
responds to Glu332 of the rat homologue, which is very close
to one of the possible active sites (31). A E441K mutation in
the CHAT gene is the cause of congenital myasthenic syn-
drome and results in the complete abolition of ChAT activity
(1). We confirmed that no significant ChAT activity could be
detected in homogenates of HEK293 cells transiently trans-
fected with inactive hChAT-GFP.
We next established a polyclonal SH-SY5Y cell line stably

expressing inactive hChAT-GFP using a method similar to
that used for establishment of wt-hChAT-GFP cell lines. We
then compared the expression levels of inactive hChAT-GFP
in these cell lines using real time PCR (Fig. 4A). An equivalent
level of CHATmRNA was expressed in wt-hChAT-GFP and
inactive hChAT-GFP cells. Using confocal microscopy and a
biochemical subcellular fractionation assay, we further con-
firmed that the cytoplasmic and nuclear localization of inac-
tive hChAT-GFP was similar to that of wt-hChAT-GFP (Fig.
3A). No ChAT activity was detected in homogenates of inac-
tive hChAT-GFP cells.
Finally, we evaluated CHT1 expression in inactive hChAT-

GFP cells. A real time PCR assay showed that the CHT1
mRNA level in these cells was equivalent to that in GFP alone

FIGURE 4. Both of the nuclear translocation and catalytic activity of
ChAT are required for CHT1 induction by ChAT. A, hChAT mRNA level in
wt-hChAT-GFP (wt-hChAT), NLS2-(�)-hChAT-GFP (NLS2-(�)), inactive
hChAT-GFP (Inactive), GFP alone, and nontransfected SH-SY5Y cells. Total
RNA was extracted from the cultured cells and used as a template for a real
time PCR assay. Values are the mean � S.E. The non-parametric Mann-Whit-
ney test was used for statistical analysis. ns represents no significant differ-
ence. B, real time RT-PCR analysis of CHT1 mRNA expression in wt-hChAT-
GFP (wt-hChAT), NLS2-(�)-hChAT-GFP (NLS2-(�)), inactive hChAT-GFP
(Inactive), GFP alone, and nontransfected SH-SY5Y cells. *, p � 0.05 by the
non-parametric Mann-Whitney test. C, immunoblot of CHT1 protein expres-
sion. Nuclear (N) and cytoplasmic (C) fractions were obtained from each
clone, and subjected to immunoblotting with anti-CHT1 and anti-�-actin
antibodies. Immunoblotted �-actin was used as a loading control.
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cells (Fig. 4B). Western blotting of CHT1 protein levels re-
vealed bands of approximately the same intensity in both in-
active hChAT-GFP cells and GFP alone cells (Fig. 4C). These
findings suggested that ChAT activity is indispensable for
CHT1 induction by hChAT-GFP.
Muscarinic Antagonist Did Not Reverse the Up-regulation of

CHT1 by ChAT—Because SH-SY5Y cells are known to be
expressing muscarinic receptors on their cell surface (32, 33),

we investigated whether the muscarinic receptors participate
in the process of the observed CHT1 induction. Nonspecific
muscarinic antagonist treatments did not effect the up-regu-
lation of CHT1 by ChAT overexpression even with the high-
est concentration at 10 �M for 72 h (Fig. 7). Furthermore, the
two tested agonists did not significantly change the level of
CHT1mRNA expression in ether wt-hChAT-GFP cells or
GFP alone cells (data not shown).

FIGURE 5. NLS2-(�)-hChAT-GFP did not accumulate in the nucleus after leptomycin B treatment. The wt-hChAT-GFP (wt-hChAT) and NSL2-(�)-hChAT-
GFP (NLS2-(�)) cells were treated with (�) or without (�) 10 ng/ml of leptomycin B (LMB), a potent inhibitor of nuclear export, for 8 h. GFP fluorescence and
the fluorescence of the nuclear dye Hoechst 33342 were detected using a confocal laser scanning microscope. Bar � 20 �m. The relative intensity curves
were made using ImageJ software.

FIGURE 6. Real time RT-PCR analysis of CHT1 mRNA expression in wt-
hChAT-GFP-M and NLS2-(�)-hChAT-GFP cells. Total RNA was extracted
from wt-hChAT-GFP (wt-hChAT), wt-hChAT-GFP-M (wt-hChAT-M), NLS2-(�)-
hChAT-GFP ((NLS2-(�)), and GFP alone cells and was used as a template for
a real time PCR assay. Values are the mean � S.E. * indicates p � 0.05 signifi-
cant difference by the non-parametric Mann-Whitney test, and ns repre-
sents not significant. Note that the catalytic activity of wt-hChAT-GFP-M
cells was not significantly different from that of NLS2-(�)-hChAT-GFP cells.

FIGURE 7. A muscarinic antagonist, atropine, did not reverse CHT1 in-
duction by ChAT. Real time RT-PCR analysis of CHT1 in wt-hChAT-GFP cells
treated with various concentrations of atropine for 72 h. Total RNA was then
extracted from the cells and the relative level of CHT1 mRNA was evaluated
by a real time PCR assay. Values are the mean � S.E. No significant differ-
ence was detected by using a post hoc Tukey-Kramer test.
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Inhibition of PI3K Reduced the Up-regulation of CHT1 by
ChAT—A previous study showed that CHT1 expression is
induced in primary septal cells by stimulation with nerve
growth factor (NGF) (34). It has also been reported that treat-
ment with an inhibitor of phosphatidylinositol 3-kinase
(PI3K) prevents this effect of NGF on CHT1 expression (34).
To determine whether PI3K inhibition could reverse CHT1
induction by ChAT, we treated wt-hChAT-GFP cells with 10
�M LY294002 in DMSO for 72 h. Although LY294002 treat-
ment reduced the cell number of both wt-hChAT-GFP and
GFP alone cell cultures, the mRNA expression level of CHAT
mRNA in the surviving cells was not significantly different to
that in cells treated with the same amount of control DMSO
(Fig. 8A). The treatment of the wt-hChAT-GFP cells with
LY294002 at 10 �M for 72 h induced a significant reduction in
CHT1mRNA expression (Fig. 8B). To determine whether
PI3K inhibition could reverse CHT1 induction in a dose-re-
sponse manner, we treated wt-hChAT-GFP cells with 1–50
�M LY294002 in DMSO for 24 h. We shortened the duration
of treatment, because at a concentration higher than 25 �M

LY294002, the treated cells did not survive for 2 days. A sig-
nificant correlation between the LY294002 concentration and
reduction of the CHT1mRNA level was observed (Fig. 8C).

DISCUSSION

Here we showed that overexpressed ChAT enhanced tran-
scriptional activation of the CHT1 gene in human neuronal
cell lines. This induction required nuclear translocation and
the catalytic activity of ChAT. Our data are consistent with a
previous paper by De Jaco et al. (35) who reported that an FB5
subclone of N18TG2 murine neuroblastoma cells in which a
rat ChAT homologue was overexpressed showed a higher
level of high affinity choline uptake compared with that in a
ChAT-negative clone. Choline uptake, mediated by high af-

finity choline transporters, was assayed in that study rather
than CHT1 expression because CHT1 had not yet been cloned
at the time of the study. To our knowledge, the present study
is the first report demonstrating that nuclear ChAT acts as a
transcriptional activator of selected target genes.
The underlying mechanism by which CHT1 gene expres-

sion is regulated remains unresolved. The CHT1 gene is lo-
cated on chromosome 2; 2q12 (GenBank accession number
NC_000002; region 107969427.107996876), whereas CHAT
and VACHT are encoded by the cholinergic gene locus on
chromosome 10; 10q11.2 (36). Many reports have demon-
strated that the two genes encoding CHAT and VACHT are
coordinately regulated by extracellular stimuli such as NGF,
retinoic acids (RAs), and cytokines of the bone morphoge-
netic protein family (37–40). Synergic up-regulation of CHT1
and ChAT is also observed when superior cervical ganglia are
treated with leukemia inhibitory factor (41). It has been
shown that simultaneous up-regulation of CHT1 and VACHT
is induced when primary septal cells are stimulated with NGF
(34). The effects of NGF on cholinergic gene expression are
known to be dependent on PI3K signaling (42), and treatment
with an inhibitor of PI3K inhibits the effect of NGF on CHT1
expression (34). Madziar et al. (43) also revealed that NGF
regulates the expression of the cholinergic locus and CHT1
via the Akt/protein kinase B signaling pathway in pheochro-
mocytoma 12 cells and mouse primary septal cells. On the
other hand, it has been reported that regulation of CHT1 ex-
pression is independent of the cholinergic gene locus under
some conditions. Treatment of superior cervical ganglia neu-
rons with RA up-regulated ChAT expression but down-regu-
lated CHT1mRNA expression (41). Berse et al. (34) also re-
ported that all-trans-RA treatment increased VACHT
expression in cultured mouse septal neurons, but that CHT1

FIGURE 8. Inhibition of PI3K reduced CHT1 induction by ChAT. A, real time RT-PCR analysis of hChAT in wt-hChAT-GFP (wt-hChAT) and GFP alone cells
treated with either the PI3K inhibitor LY294002 in DMSO or with DMSO alone for 48 h. Total RNA was then extracted from the cells and the relative level of
hChAT mRNA evaluated by a real time PCR assay. Values are expressed as the mean � S.E. A post hoc Tukey-Kramer test and the non-parametric Mann-
Whitney test were used for statistical analysis. ns represents no significant difference. B, real time RT-PCR analysis of CHT1 in wt-hChAT-GFP and GFP alone
cells treated with either LY294002 in DMSO or with DMSO alone for 48 h. Total RNA was then extracted from the cells and the relative level of CHT1 mRNA
was evaluated by a real time PCR assay. Values are expressed as the mean � S.E. A post hoc Tukey-Kramer test and the non-parametric Mann-Whitney test
were used for statistical analysis. ns represents no significant difference. *, p � 0.05 by the non-parametric Mann-Whitney test. wt-hChAT-GFP cells treated
with LY294002 continued to express CHT1 mRNA at a level that was �8-fold higher than that of GFP alone cells. Activation of CHT1 transcription was par-
tially reduced in LY294002-treated wt-hChAT-GFP cells compared with DMSO alone-treated wt-hChAT-GFP cells. C, dose-response curves obtained by using
real time RT-PCR analysis of CHT1 in wt-hChAT-GFP and GFP alone cells with 0 nM to 50 �M LY294002 in DMSO for 24 h. Squares indicate values of wt-hChAT
cells, and triangles represent values of GFP alone cells. There is an approximate straight line relationship between the reduction of CHT1 induction in wt-
hChAT-GFP and the dose of LY294002. y � �0.0536x � 2.7265, R2 � 0.8573.
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expression was unaffected. Brock et al. (44) showed a differ-
ential regulation of CHT1 and the cholinergic locus by cAMP
signaling pathways in NSC-19 cells. Up-regulated CHT1 ex-
pression in vivo has been reported to compensate for cholin-
ergic dysfunction due to ChAT haploinsufficiency in mutant
mice (45). In the present report, we showed that ChAT itself
could induce the expression of CHT1, suggesting that ChAT
might act in a positive feedback loop to maintain cholinergic
phenotypes during neuronal differentiation. Our results fur-
ther suggest that activation of CHT1 transcription by ChAT
depends on PI3K signaling. The reduction of ChAT-induced
CHT1 transcription was significantly correlated with the con-
centration of LY294002 used for the treatment. A previous
report showed that LY294002 treatment reduces endogenous
CHT1 expression in mouse primary septal culture as well as
NGF-induced CHT1 expression (34). Our observation of re-
duction in CHT expression by LY294002 appears to be con-
sistent with the LY294002 effect on endogenous CHT1 ex-
pression. The expression of CHT1 in non-neuronal tissues has
also been reported (46–51). However, because we did not
detect this positive feedback loop in non-neuronal HEK293
cells, the regulation of CHT1 expression might differ between
neuronal and non-neuronal cells. We speculated that one of
the following two potential molecular mechanisms might un-
derlie CHT1 induction by ChAT: 1) ChAT enhances the pro-
duction of ACh, which acts on ACh receptors on the cell sur-
face via an autocrine loop and results in induction of CHT1
expression, or 2) nuclear ChAT directly activates the tran-
scriptional machinery important for CHT1 gene
transcription.
Our result that enzymatically active but exclusively cyto-

plasmic NLS2-(�)-hChAT could not induce CHT1 expres-
sion indicated that the former mechanism may be implausi-
ble. The fact that wt-ChAT-GFP-M cells, which have the
same level of enzymatic activity as NLS2-(�)-hChAT, in-
duced CHT1mRNA expression indicates that NLS2-(�)-
hChAT may satisfy the conditions for the induction of CHT1
in terms of enzymatic activity. In the opposite situation, inac-
tive nuclear hChAT also could not enhance CHT1 transcrip-
tion at all. These results suggested that nuclear ChAT activity
is required for up-regulation of CHT1 transcription, although
we cannot exclude the possibility that Glu441 is critical for
both ChAT activity and CHT1 transcriptional induction.
SH-SY5Y cells are reported to be expressing muscarinic

receptors (32, 33). To clarify whether ACh receptors on the
cell surface did not participate in the CHT1mRNA induction
by ChAT overexpression, we performed the pharmacologic
study using a muscarinic antagonist and muscarinic agonists.
Atropine up to 10 �M could not reverse the up-regulation of
CHT1 expression by ChAT, and either pilocarpine or carba-
chol up to 1 mM did not enhance the induction of CHT1.
These results indicate that cell surface ACh receptors do not
modulate this induction.
If this is the case, then, how is it possible that nuclear

ChAT activates CHT1 transcription? One possible mecha-
nism is that ACh generated by ChAT acts via acetylcholine
receptors existing inside of the cells. G-protein-coupled mus-
carinic ACh receptors have been detected in the nuclear enve-

lope by use of specific substrate binding assays (52–54). Nico-
tinic ACh receptors have been also detected in the nuclear
envelope using immunoelectron microscopy (55, 56). How-
ever, even if ACh receptors reside on the inner membrane of
the nuclear envelope, ACh binding sites are predicted to face
to the luminal side. Therefore, ACh cannot access these bind-
ing sites. ACh receptor-independent functions of ACh have
not been described.
A second possibility is that the intranuclear ChAT may

acetylate novel substrates other than choline in the nuclei.
Possible acetylation of chromosome-associated proteins or
transcriptional regulators could influence gene transcription.
Another possible mechanism is that ChAT might directly
bind to certain domains of genomic DNA and function di-
rectly as a transcriptional factor. This possibility is supported
by data obtained by three-dimensional structure analysis,
which suggested that the periodic basic patches along the
ChAT surface ridges might interact with two turns of DNA
strands (57). However, direct binding of ChAT to DNA has
not been examined to date. We are currently planning to
screen for ChAT-binding genomic domains using a chroma-
tin immunoprecipitation assay.
A third possible explanation is that ChAT, overexpressed in

the nucleus, may utilize significant amounts of nuclear acetyl-
CoA, thus reducing its pool used by nuclear protein acetyl-
transferases. This could alter the acetylation state of key pro-
teins (e.g. histones) and modulate gene transcription.
In the present study, we demonstrated a possible function

of intranuclear ChAT. Our findings support the notion that
ACh and/or ChAT may be a modulator of neuronal differen-
tiation (58). We predict that ChAT might regulate the tran-
scription of a selected gene population other than the CHT1
gene in neuronal and non-neuronal cells. Future studies are
needed to elucidate the overall functions of ACh and/or
ChAT, especially in cell bodies.
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Gobeske, K., Lortie, M., López-Coviella, I., Berse, B., Thal, L. J., Gage,
F. H., and Blusztajn, J. K. (2004) J. Neurosci. 24, 5459–5466

46. Fujii, T., Okuda, T., Haga, T., and Kawashima, K. (2003) Life Sci. 72,
2131–2134

47. Haberberger, R. V., Pfeil, U., Lips, K. S., and Kummer, W. (2002) J. In-
vest. Dermatol. 119, 943–948

48. Hanna-Mitchell, A. T., Beckel, J. M., Barbadora, S., Kanai, A. J., de
Groat, W. C., and Birder, L. A. (2007) Life Sci. 80, 2298–2302

49. Lips, K. S., Pfeil, U., Haberberger, R. V., and Kummer, W. (2002) Cell
Tissue Res. 307, 275–280

50. Lips, K. S., Pfeil, U., Reiners, K., Rimasch, C., Kuchelmeister, K., Braun-
Dullaeus, R. C., Haberberger, R. V., Schmidt, R., and Kummer, W. (2003)
J. Histochem. Cytochem. 51, 1645–1654

51. Pfeil, U., Haberberger, R. V., Lips, K. S., Eberling, L., Grau, V., and Kum-
mer, W. (2003) Life Sci. 72, 2087–2090

52. Lind, G. J., and Cavanagh, H. D. (1993) Invest. Ophthalmol. Vis. Sci. 34,
2943–2952

53. Lind, G. J., and Cavanagh, H. D. (1995) Invest. Ophthalmol. Vis. Sci. 36,
1492–1507

54. Gobeil, F., Fortier, A., Zhu, T., Bossolasco, M., Leduc, M., Grandbois,
M., Heveker, N., Bkaily, G., Chemtob, S., and Barbaz, D. (2006) Can.
J. Physiol. Pharmacol. 84, 287–297

55. Okuda, H., Shioda, S., Nakai, Y., Nakayama, H., Okamoto, M., and Na-
kashima, T. (1993) Brain Res. 625, 145–151

56. Jacob, M. H., Lindstrom, J. M., and Berg, D. K. (1986) J. Cell Biol. 103,
205–214

57. Cai, Y., Cronin, C. N., Engel, A. G., Ohno, K., Hersh, L. B., and Rodgers,
D. W. (2004) EMBO J. 23, 2047–2058

58. Augusti-Tocco, G., Biagioni, S., and Tata, A. M. (2006) J. Mol. Neurosci.
30, 45–48

Nuclear ChAT Induces CHT1

FEBRUARY 18, 2011 • VOLUME 286 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5845


