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IN TR O D U C TIO N

  Tyrosine hydroxylase (TH) catalyzes the rate-lim-
iting step in catecholamine synthesis, by hydroxylating 
tyrosine to dihydroxyphenylalanine (DOPA), which is 
sequentially converted to dopamine, norepinephrine 
and epinephrine (Nagatsu et al., 1964). TH gene is 
tightly regulated in catecholamine-synthesizing and 
secreting cells, including dopaminergic, noradren-

ergic and adrenergic neurons in the central nervous 
system, or sympathetic ganglia and adrenal chrom-
affin cells in the peripheral nervous system.
  Tissue specific expression of the TH gene is the 
consequence of several transcription factors through 
cis-regulatory elements for AP1, AP2 (Fung et al., 
1992; Cambi et al., 1989), dyad (Yoon et al., 1992), 
SP1 (Yang et al.,1998; Cambi et al., 1989), Nurr1 
(Yoon et al., 1992) as well as CRE (Cambi et al., 
1989; Piech-Dumas et al., 1999; Yang et al.,1998). 
In particular, cAMP has been shown to stimulate 
the TH gene expression by activation of PKA-CREB 
pathway. PKA is a tetramer composed of two 
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A B S TR A C T
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regulatory (R) subunits and two catalytic (C) subu-
nits. Binding of cAMP to R subunits leads to 
dissociation of the R2C2 complex, resulting in the 
release of active C-subunits. PKA activity has been 
implicated in cell-type specification in invertebrate 
and vertebrate embryos (Harootunian et al., 1993; 
Meinkoth et al., 1993). Coexpression of the catalytic 
subunit of PKA (PKA/Cα) dramatically increased 
the transcriptional activity of the rat TH gene in a 
dose-dependent manner, while coexpression of the 
specific inhibitor (PKI) blocks cAMP-stimulated 
induction and reduces basal transcriptional activity 
(Kim et al., 1993b). In cell lines including human 
neuroblastoma, SK-N-BE(2)C (Kim et al., 1996; 
Miner et al., 1992), rat adrenal pheochromocytoma, 
PC12, mouse CATH.a (Suri et al., 1993) derived 
from a TH-expressing mouse brainstem tumor, and 
PATH.a (Suri et al., 1993) derived from adrenal 
tumors (Kim et al., 1993a; Kim et al., 1993b; Laza-
roff et al., 1995), CRE was required for induction of 
both basal and cAMP-inducible transcription of the 
rat TH gene. CREB binds to a consensus CRE 
motif located at -38 bp upstream of transcription 
initiation site, and then activates the transcription of 
TH gene (Schimmel et al., 1999). Taken together, 
PKA mediates cAMP-inducible transcription of the 
TH gene via the CRE.
  In vivo studies have shown that in addition to 
CRE element at -38 bp, the AP1 element located 
at -205 bp is also important for normal patterns of 
TH gene expression (Trocme et al., 1998). In 
addition, several putative cis-acting elements such 
as POU/OCT, SP1, and E-box are located between 
-365 and -38 bp (Schimmel et al., 1999).
  A putative E-box, CANNTG, is found at -190 bp. 
It is well known that E-box provides a binding site 
for basic helix loop helix (bHLH) transcription 

factors, including NeuroD and neurogenin. NeuroD 
or neurogenin binds to a ubiquitous bHLH factor, 
E47, and the heterodimers ultimately induce neu-
ronal differentiation or regulate neuroendocrine- 
specific genes. Until now it is not clear whether 
E-box mediates the gene expression of TH.
  In this study, we inquired whether the tissue 
specific expression of TH gene could be regulated 
through E-box using immortalized mouse neural 
stem cells (NSCs), A3B1L6. For this we first veri-
fied the validity of A3B1L6 for the study of TH gene 
expression recapitulating the stimulatory effect of 
cAMP. Then we analyzed the effect of NeuroD and 
neurogenin on the TH promoter.

M A TE R IA LS  A N D  M E TH O D S

  PC 12 cell d ifferentiation by Fsk
  PC12 was obtained from Korean Cell Line Bank 
(KCL, No. 21721) and plated in a density of 6× 
105/60 mm-diameter culture dishes coated with 
poly-L-ornithine (Sigma, USA) in the presence of 
RPMI 1640 (Hyclone, USA) containing 10% horse 
serum (HS; Gibco-Invitrogen, USA) and 5% FBS, 
100 unit/mL penicillin, and 100μg/mL streptomycin. 
To determine the effect of cAMP, the medium was 
replaced with low-serum medium containing 0.5% 
FBS for 6 hours and then forskolin (TOCRIS, UK) 
was added to a final concentration of 30μM for the 
indicated times.

  TH  m R N A  expression w ith  R T-PC R
  The growth medium (15% serum) was replaced 
with low-serum medium (0.5%). Total RNA was 
isolated cells using RNAzol (TelTest Inc., USA) and 
cDNA was made using First strand cDNA synthesis 
kit for RT-PCR (Roche, Germany). PCR was carried 

Table 1.

Genes Sequences (5' → 3') PCR Product sizes

TH (R) GCATAGAGGCCCTTCAGCGTG (94oC, 30 sec; 62oC, 30 sec; 72oC, 1 min), 490 bp

(F) GTTCTCAACCTGCTCTTCTCC 26 cycles

NFH (R) GGGACTTGGCCTCTTCTTTT (94oC, 30 sec; 58oC, 30 sec; 72oC, 1 min), 349 bp

(F) GAGTGTCGGATTGGCTTTGG 35 cycles

GAPDH (R) GTTGCTGTTGAAGTCACAGGAGAC (94oC, 30 sec; 55oC, 30 sec; 72oC, 1 min), 340 bp
(F) TCCATGACAACTTTGGCATCGTGG 25 cycles
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using specific primers for TH, NFH, and GAPDH 
(Table 1).

  T ransfection and C hloram phenicol acetyl-
transferase (C A T) assay

  A3B1L6 was previously described (Kim et al., 
2003). HAD was established by introducing v-myc 
and maintained in Dulbecco’s modified Eagle's 
medium with high glucose (DMEM; Gibco-Invitrogen, 
USA) supplemented with 10% fetal bovine serum 
(FBS; Hyclone, USA), 100 unit/mL penicillin (Gibco- 
Invitrogen, USA), and 100μg/ml streptomycin (Gibco- 
Invitrogen, USA). Transfection was performed by 
the calcium phosphate method (Graham et al., 
1973). When cells reached to 50% confluence, 1μg 
of reporter plasmids were used with and without 0.2
μg of expression vector for the catalytic subunit of 
PKA. To investigate the efficacy of E-box mediated 
on TH promoter, 0.3μg of reporter plasmids were 
used. Expression vectors for NeuroD, neurogenin 1, 
E47 were used 0.3μg each for transfection. The 
total amount of DNA per transfection was kept 
constant with pUC19. In all experiments, pCMV-β
-gal plasmid was included as an internal control for 
normalizing the transfection efficiencies between 
experiments. Forty eight hours after incubation, 
cells were harvested in phosphate- buffered saline 
(PBS). Extracts were prepared by resuspending 
cells in 0.25 M Tric-HCl (pH 8.0), subject freezing- 
and-thawing 3 times, and then heated at 65oC for 
10 min to inactivate endogenous acetylase. CAT 
reaction was carried out using cell extracts 35μg 
protein with 0.5μCi of [3H] chloramphenicol (NEN, 
USA) and n-butyryl coenzyme A (Sigma, USA) at 
37oC for 30 min. Then, [3H]-butyryl chloramphenicol 
was extracted with Xylene：TMPD (1：1) (Sigma, 
USA) and then CAT activity was measured with β
-counter. Co-transfection of pCMV-β-gal plasmid was 
performed to correct for any variation in transfection 
efficiency. 

  Luciferase assay
  A3B1L6 cells were transfected with pFA-CREB 
and pFR-luc (Stratagene, CA); and pPKA/Cα (Ghil 
et al., 2000), using lipofectamine method (Gibco- 
Invitrogen, USA). At 48 hours after transfection, cell 
extracts were prepared with lysis buffer and 
assayed following the manufacturer's instruction 

(Promega, USA). The CREB activity was deter-
mined using a luminometer. Simultaneously, the 
activity of β-galactosidase was also assayed to 
correct for any variation in transfection efficiency.

R E SU LTS

  Transactivation  of the TH  prom oter by PK A  in  
im m ortalized  neural stem  cell and adrenal 
chrom affin  cell lines 

  Previous studies have demonstrated that the 2.4 
kb of rat TH promoter sequence is sufficient to 
recapitulate the temporal, spatial, and inducible 
expression pattern of endogenous TH. The 2.4 kb 
promoter region of the rat TH gene contains DNA 
elements for many transcription factors including 
AP2, AP1, E-box, POU/Oct, and CREB, putative 
transcriptional regulatory elements are found 
between -365 bp and -38 bp (Fig. 1A). In partic-
ular, CREB was reported to mediate basal and 
cAMP- induced TH transcription in various cultured 
cells. Activation of CREB by phosphorylation on 
Ser133 has been shown to mediate PKA-dependent 
or -independent induction of TH transcription 
(Patankar et al., 1997; Kim et al., 1993b). A rat 
pheochromocytoma cell line, PC12, express TH 
gene. Activation of PKA induces neuronal differen-
tiation in PC12 cells (Sanchez et al., 2004). Thus, 
we added 30μM Fsk to PC12 cells and determined 
TH gene expression. The cells in the presence of 
15% serum had refractile cell bodies with very short 
processes. In the presence of 0.5% FBS the cells 
tended to stop growing and exhibited neurites 
extended from the cell body after 96 hours (Fig. 
1B). The expression level of TH was determined by 
RT-PCR. The level of TH mRNA transcript was 
higher in low serum medium, which was not signif-
icantly altered by addition of Fsk (Fig. 1C). The 
expression of neurofilament heavy chain (NFH), a 
neuronal marker, was increased in the presence of 
Fsk (Fig. 1C). The results suggest that PC12 are 
already specified to express TH and activation of 
PKA further increase it. 
  In order to verify the validity of in vitro system, 
we first compared immortalized mouse NSCs, 
A3B1L6, and human adrenal chromaffin cells, HAD. 
A3B1L6 has been shown to possess the ability to 
differentiate into neurons, astrocytes, and oligoden-
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Fig. 1. PKA leads to increased activity of TH promoter in immortalized neural stem cells, A3B1L6, as well as adrenal chromaffin
cells, HAD and PC12. (A) A schematic presentation of TH reporter genes. CRE, a putative E-box, and cis-domains such as AP2
and 1, and POU/Oct are located between -365 bp and -38 bp from the transcription initiation site. (B) The effect of forskolin 
in PC12 cells. PC12 cells grown in the presence of 15% serum (left). PC12 cells in low serum medium stopped growth (right).
The processes were extended from PC12 following the treatment with 30μM forskolin for 4 days (middle). Scale bar, 50μm. (C)
Expression of endogenous TH was increased with in 0.5% low-serum using RT-PCR. (D) Promoter activity of TH2400 was 
increased by PKA and in PC12 cells, immortalized neural stem cells (A3B1L6) and HAD.
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drocytes in vitro (Kim et al., 2003). Reporter genes 
containing various length of the TH promoter 
sequence were transiently transfected with the 
expression vector for the catalytic subunit, PKA/Cα. 
The CAT activity was determined using [3H] chlor-
amphenicol and butyryl-CoA as substrates. The 
CAT activity was significantly increased by coexpres-
sion of PKA (Fig. 1D). The results showed that 
immortalized cell lines provide useful system for the 
study of the TH gene regulation. Because of its 
high transfection efficiency, A3B1L6 was used for 
the subsequent experiments.
  We next investigated whether CRE would be 
essential for TH gene induction by PKA/Cα in 
NSCs as previously reported (Trocme et al., 1998). 
We used reporter genes carrying various length of 
the TH promoter. Promoter activities of TH2400 and 
TH365 were dramatically increased by PKA/Cα. In 
contrast, the promoter activity of TH40 was not 
increase by PKA/Cα (Fig. 2A). In the same con-
dition, PKA also increased the luciferase activity by 
phosphorylating CREB (Fig. 2B). Thus, it is very 
reasonable to conclude that PKA enhanced the TH 
promoter activity through CRE site in A3B1L6 and 
deletion of CRE abolished the effect of PKA. The 
results also suggest that A3B1L6 might be useful 
for the study of the TH gene regulation.

  Sequence analysis ind icated  putative E -box at 
-190 bp of TH  5 ' upstream  region

  It is well known that E-boxes serve as binding 
sites for neurogenic bHLH proteins such as NeuroD 
and neurogenin. Heterodimers of NeuroD/E47 or 
neurogenin/E47 induce neuronal differentiation. A 
putative E box was found at -190 bp by sequence 
analysis. Therefore, the TH365CAT plasmid was 
cotransfected with expression vectors for NeuroD, 
neurogenin 1, and E47. Simultaneously, RIPE(3+), 
a reporter gene containing three copies of E-box of 
the rat insulin gene, was used as a positive control 
as shown previously (Cho et al, 2001). Both NeuroD 
and neurogenin 1 increased promoter activity of 
TH365CAT by 7.5- or 4-fold, respectively (Fig. 3). 
The result indicates that neurogenic bHLH transcrip-
tion factor may be involved in expression of the TH 
gene in dopaminergic neurons or adrenal chromaffin 
cells.

D ISC U SS IO N

  In this study, we show that NeuroD or neuro-
genin 1 with a ubiquitous bHLH partner E47 trans-

Fig. 2. Transactivation of TH promoter by PKA in A3B1L6 
cells. (A) In A3B1L6 cells, both TH2400 and TH365 promoters
were transactivated by PKA/Cα, but TH lacking CRE. (B) The
transactivation by PKA was mediated by CREB as determined
by pFR-luc and pGAL4-DBD.
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factor, RIPE(3+) was used as a positive control which con-
tained three copies of E-box. 

-
-
-

+
+

+  

+  -
-  

-  
-  
-  

+  
+  

+

+-  
-

T H  R IP E ( 3 + )  

0

5

10

50

60

70

80

Fo
ld

 in
du

ct
io

n 
of

 T
H

36
5 

pr
om

ot
er

 

E 4 7
N e u r o D

N g n 1



46   Il-Sun Kwon, et al.

activated the activities of TH promoter probably 
through the E-box at -190. TH can first be 
detected at embryonic day (E) 8.5 in the mouse 
(Thomas et al., 1995), and then express in the 
neural tube and the somites at E10.5, prosen-
cephalon and mesencephalon at E11.5, and the 
dorsal root ganglia of thoracic level at E13.5 
(Schimmel et al., 1999). During the similar periods, 
neurogenin 1 and 2 become strongly expressed in 
regions, almost consistent with expressing TH 
(Schimmel et al., 1999). In contrast, NeuroD ex-
pression is widely distributed in essentially all of the 
brain areas, peripheral ganglia, and sense organs 
that express neurogenin 1, 2, or 3 (Sommer et al., 
1996). The similar localizations of TH, NeuroD, or 
neurogenin in embryo brain region provide us with 
the possibility that NeuroD or neurogenin 1 may be 
one of the transcriptional regulators of the TH gene 
and is supported by the colocalization of these bHLH 
proteins in the future dopaminergic area using in vitro 
NSC culture system.
  Many of in vivo studies (Baker et al, 1993; 
Hiremagalur et al., 1993; Sabban et al., 1998) and 
in vitro studies using PC12 (Kilbourne et al., 1990; 
Lewis et al., 1983; Lewis-Tuffin et al., 2004) have 
repoted the transcriptional induction of TH by various 
stimuli including cAMP, depolarization, and hypoxia. 
The stress-activated protein kinases (SAPKs), in 
general, are activated by noxious environmental 
stimuli such as ultraviolet light, osmotic stress, inflam-
matory cytokines, and inhibition of protein synthesis 
(Conrad, 2001; Derijard et al., 1994; Han et al., 
1994; Hibi et al., 1993) and then induced TH gene 
transcription, following to induction of transcription 
factors, hypoxia response element (HRE) or CREB 
(reviewed by Conrad, 2001; Lewis-Tuffin et al., 
2004). Therefore, as shown in Fig. 1C, we suggest 
possibility that the higher expression of TH mRNA 
transcript in low serum medium may result from 
SAPK activation by environmental stress during 
prolonged period (4 days) and then leading to 
phosphorylation of CREB.
  In conclusion, our study investigated a possibility 
that bHLH transcription factors are related to TH 
gene expression. Further studies are necessary to 
verify the E-box.
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