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UDP-galactose:ceramide galactosyltransferase (CGT, EC 2.4.1.45) is a key enzyme in the biosynthetic pathway of
galactocerebroside (GalC), the most abundant glycolipid in myelin. Using a GalC expressing cell line, human oligoden-
droglioma (HOG), one which does not express GalC, human neuroblastoma (LAN-5), we previously demonstrated that
the human CGT (hCGT) gene promoter functions in a cell-specific manner. Because the proximal (−292/−256) and distal
(−747/−688) positive domains were shown to be critically involved in regulating the expression of several myelin-specific
genes, we further investigated the functional roles of these two motifs in hCGT expression. Mutation analysis confirmed
that a GC-box (−267/−259) and a CRE (−697/−690) were critical for hCGT expression. Electrophoretic mobility shift
assay (EMSA) demonstrated that these motifs specifically bound to nuclear extracts from both cell lines. Using antibodies
to Sp1, Sp3, pCREB-1, and ATF-1, these proteins were shown to be components of the EMSA complexes. However, the
only difference between the HOG and LAN-5 cells was found in the EMSA profile of the CRE complexes. This difference
may account for the differential transcription of the hCGT gene in the two cell types. Furthermore, the expression levels
of ATF-1 detected were much higher in HOG cells than in LAN-5 cells. Thus, our data suggest that the GC-box and CRE
function cooperatively, and that the CRE regulates the cell-specific expression of the hCGT gene.
Published in 2004.

Keywords: translational regulation, transcription factors, galactocerebroside, UDP-galactose: ceramide galactosyltrans-
ferase

Abbreviations: ATF: activating transcription factors; bHLH: basic helix-loop-helix; bp: base pair(s); BSA: bovine serum
albumin; bZIP: basic leucine zipper; CF1: common factor 1; CGT: UDP-galactose:ceramide galactosyltransferase; CRE:
cAMP response element; CREB: cAMP response element-binding protein; ERE half-site, estrogen response element half-
site; GalC: galactocerebroside; γ-IRE: interferon-γ response element; hCGT: human UDP-galactose:ceramide galactosyl-
transferase; HOG: human oligodendroglioma; kb: kilobase pair(s); LAN-5: human neuroblastoma; Luc: luciferase; MAG:
myelin-associated glycoprotein; MBP: myelin basic protein; MOG: myelin-oligodendrocyte glycoprotein; MyT1: myelin tran-
scription factor 1; NF-I-like: nuclear factor-I-like; NF-IL6: interleukin-6-regulated nuclear factor; P0:protein zero; P2:protein
2; PBS: phosphate-buffered saline; PLP: proteolipid protein; PMP-22: peripheral myelin protein-22; SCIP: suppressed-
cAMP-inducible-protein; SGalC: galactosulfatide; TCF-1: T cell factor-1.

Introduction

A crucial characteristic of the developing vertebrate nervous
system is the ensheathment of axonal processes by myelin, a
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highly organized multilamellar structure formed by the plasma
membranes of oligodendrocytes in the CNS and Schwann
cells in the PNS [1]. The unique composition of myelin, with
about 70% of the dry weight comprised of lipids, reflects
its functional role as an electrical insulator that facilitates
transmission of nerve impulses along the axon by saltatory
conduction [1]. Galactocerebroside (GalC), from which
sulfatide (SGalC) is derived, is the most abundant glycolipid in
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myelin, constituting almost one-third of the myelin lipid [1–4].
Due to their abundance, and in conjunction with the results
of numerous antibody perturbation studies, these galactolipids
have been suggested to play a major role in the formation and
maintenance of the myelin sheath [3,5–13]. GalC synthesis
is catalyzed by the key enzyme UDP-galactose:ceramide
galactosyltransferase (CGT, EC 2.4.1.45) [14–16], which
transfers a galactosyl residue from UDP-galactose to ceramide.
Our previous studies have also suggested that an augmented
accumulation of GalC is likely mediated by an enhanced
CGT activity [17,18]. Depending on whether 2-hydroxylated
or non-hydroxylated ceramide is utilized as a substrate, two
GalC isoforms are generated, suggesting their biosynthesis at
different subcellular compartments [19].

The cloning of the CGT gene has provided powerful tools
for further genetic analyses of galactolipid function [20–26].
The cgt locus spans approximately 70 kb and has been mapped
to the distal region of human chromosome 4 band q26 [24]
and to mouse chromosome 3 bands E3-F1 [25]. The CGT-
deficient mouse models have been shown to highlight strik-
ingly the importance of GalC in maintaining the functional
integrity of myelin since these animals form unstable and dys-
functional myelin sheath [27–34], which has also been char-
acterized by the loss of the rapid saltatory conduction veloc-
ity [31]. Little is currently known about the molecular regula-
tory mechanisms governing the hCGT gene expression. The
expression of CGT gene is both developmentally regulated
and tissue-specific corresponding to the myelination profile.
In the rat CNS, a peak expression of CGT mRNA is ob-
served at about postnatal day 20, concurrent with an active
period of myelination [20–22]. The rat CGT transcript is brain-
specific, expressed in similar regions as myelin basic protein
(MBP), which correlates with white matter-containing struc-
tures [20]. Because the CGT gene expression is highly regulated
and coordinated during myelination, the molecular regulatory
mechanisms controlling both tissue-specific and developmen-
tally regulated expression of this enzyme are of major inter-
est. Understanding the regulation of hCGT gene expression
might assist us in gaining insights into pathological conditions
found in humans with demyelinating disorders such as multiple
sclerosis and might eventually help in developing therapeutic
approaches.

In the previous studies, we isolated and initially charac-
terized the TATA-less hCGT gene promoter [35]. We also
demonstrated that the hCGT promoter is highly active in
human oligodendroglioma cells (HOG, GalC+) but not in
human neuroblastoma (LAN-5, GalC−) cells, indicating
that the hCGT promoter functions in a cell-specific manner
[35]. This cell type-specific expression was also previously
shown for the mouse CGT gene-promoter [36]. Three positive
cis-acting regulatory domains were identified in the hCGT
5′-flanking region: (i) a proximal region located at −292/−256
which contains putative regulatory elements such as Ets and
GC-box; (ii) a distal region localized at −747/−688 containing

a number of transcriptional recognition sites such as estrogen
response element (ERE) half-site, nuclear factor I (NF-I)-like,
TGGCA, and cAMP response element (CRE); and (iii) a far
distal region roughly mapped to −1325/−1083 consisting
of several potential binding sites such as nitrogen regulatory
site, T cell factor-1 (TCF-1), TGGCA, interleukin-6-regulated
nuclear factor (NF-IL6), common factor 1 (CF1), basic
helix-loop-helix (bHLH), NF-I-like, GATA, and interferon-γ
response element (γ -IRE) [35]. However, we have never
identified which transcription-factor binding sites located in
these putative regulatory regions are truly involved in the hCGT
transcription.

In the present studies, we focus on the GC-box (−267/−259)
and CRE (−697/−690), two transcriptional elements previ-
ously identified in the proximal and distal positive regulatory
domains of the hCGT gene since these have been shown to
mediate the transcription of several myelin-specific genes [37].
More importantly, the high promoter activity appeared to be
correlated with the presence of these two transcriptional ele-
ments in the hCGT 5′-flanking region, suggesting that GC-box
and CRE are potential candidates for promoting the hCGT tran-
scription [35]. Here, we employed EMSA and mutation analy-
ses in order to investigate the significance of these two positive
regulatory elements. Comparing the GC-box and CRE binding
protein profiles of HOG cells, which express GalC, and LAN-5
cells, which do not, our findings suggest that the differential
expression of hCGT may result from the differences between
the nuclear proteins extracted from these two cell lines.

Materials and methods

Generation of hCGT promoter/luciferase reporter plasmid
constructs

Following the PCR protocol using the 8-kb promoter
region of hCGT cloned into pCRTM II plasmid as a
template [26,35], we produced two plasmid constructs,
phCGT(−826/−554)Luc and phCGT(−826/−554/−332)Luc,
using two primers, −826F/SalI and −554R/MluI tailed with
a SalI and an MluI site, respectively. All oligonucleotides
used in this study are listed in Table 1. The former con-
struct was made by cloning the PCR product directly into the
promoterless luciferase expression vector, pGL3-basic vector
(Promega); therefore, it did not contain the proximal regula-
tory region. The latter one was designed to contain the hCGT
5′-flanking fragment of −826/−554 cloned immediately up-
stream from the proximal promoter in phCGT(−332)Luc. This
construct did not include the native intervening ∼220 bp be-
tween the proximal and distal regions. Instead, the two pos-
itive regulatory domains were separated from each other by
less than 5 bp of the multi-cloning sites in the pGL3-basic
vector.

Furthermore, we created reporter constructs containing
a mutation in the putative control element (either GC box
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Table 1. Oligonucleotide sequences and their locations used to generate promoter fragments of the hCGT gene

Name Oligonucleotide sequencea (5′ → 3′) Positionb, c Construct

−46R/NheI caaaGCTAGCATCACTCGCCTCTGACTG −46
+40R/SmaI caaaCCCGGGCGTGCGGCGAGCACAATC +40
−93F/SmaI CAGCCCGGGGAGCTGGAGGCGCTC −93
−554R/MluI ccg ACGCGTGCCTTAAAAAACGCGAGTTTGG −554
−826F/SacI caaGAGCTCCAATCTACCTCAGGCGCTC −826 phCGT(−826/−554)Luc,

phCGT(−826/−554/−332)Luc
GC mutagenic GAAGAGTGGGAGGGGCCACGTG −273 phCGT(mutated GC)Luc
Deleted GC ccg ACGCGTGACACGCCTCGCAAAGAGGGA −292 phCGT(deleted GC)Luc

AGAGT�CCACGTGCCGTTGTCAGAGTTCGC
AACTCG

Deleted CRE ccg ACGCGTTATGCTGCTGGCAAAGGCA −717 phCGT(deleted CRE)Luc
G�G ATAAAGTCGCCACAGGCTC

−717F/MluI ccg ACGCGTTATGCTGCTGGCAAAGG −717 phCGT(−717)Luc

aLower case denotes additional nucleotides flanking the restriction site for improving the cleavage close to the end of DNA fragments.
The NheI, SmaI, MluI, and SacI sites are indicated as underlined, double-underlined, bold, and italic letters, respectively. The specific
mutated base is indicated as double-underlined. � represents a large deletion for the binding site of either GC-box (GGGCGGG)
or CRE motif (ATTCGTCA).
bNucleotide positions relative to the transcription start site (+1) of the hCGT gene.
cExcept for −46R/NheI, +40R/SmaI, and −554R/MluI, the number designation in each primer corresponds to the DNA location
of the first 5′ nucleotide of the oligonucleotide. F represents a forward primer (sense strand), and R indicates a reverse primer
(antisense strand).

at −267/−259 or CRE at −697/−690) using different
cloning strategies. Utilizing the transformer site-directed
mutagenesis kit (Clontech), phCGT(mutated GC)Luc was
generated by introducing a specific base change (C→A) into
phCGT(−332)Luc following the manufacturer’s instructions.
Briefly, two mutant oligonucleotide primers were simultane-
ously annealed to one strand of a denatured double-stranded
plasmid template, phCGT(−332)Luc. One primer referred
to as the GC mutagenic primer was used to introduce the
desired mutation. The second primer (the selection primer:
GAGCTCTTGCGCGCGCTAGC) targeting outside the hCGT
fragment was used to change the original unique restriction site
(MluI: ACGCGT) into another unique restriction site (BssHII:
GCGCGC) as indicated by underlined bases. For constructs
containing a large deletion such as phCGT (deleted GC)Luc
and phCGT(deleted CRE)Luc, the specific recognition site was
deleted using the PCR approach primed with a long oligonu-
cleotide primer without either GC-box or CRE in the middle
of the sequence (Table 1) as described previously [38]. Since
the 3′ ends of reporter plasmid constructs generated previ-
ously were terminated at 46 nucleotides upstream from the
transcription start site [35], we extended the 3′ ends of these
reporter constructs to +40 by inserting the 133-bp PCR frag-
ment of hCGT 5′-flanking region, amplified using −93F/SmaI
and +40R/SmaI primers, into the SmaI sites of the original re-
porter plasmid constructs. The integrity and orientation of all
constructs were confirmed by restriction mapping and DNA
sequencing.

Cell culture

HOG cells (a generous gift from Dr. Glyn Dawson, Univer-
sity of Chicago, Chicago, IL) and LAN-5 cells (a generous gift
from Dr. Stephan Ladisch, Children’s National Medical Cen-
ter, Washington, D.C.) were cultured in Dulbecco’s modified
Eagle’s medium and Roswell Park Memorial Institute 1640
medium, respectively, supplemented with 10% fetal bovine
serum. Cells were maintained at 37◦C in a humidified atmo-
sphere at 5% CO2.

Transient transfection assay

Transient transfections were performed using LipofectAMINE
(Gibco) following the manufacturer’s instructions. Briefly,
HOG cells at about 70% confluence (approximately 5 × 105

cells) in a six-well plate were co-transfected with 2 µg of each
reporter construct and 0.2 µg of the pHookTM −2 lacZ vector
(Invitrogen), which constitutively expresses β-galactosidase
under the control of the CMV promoter, to monitor the
transfection efficiency. In each transfection experiment,
untransfected cells were included as controls for background
levels of luciferase and β-galactosidase activities, and cells
transfected with 2 µg of pGL3-basic were used as negative
controls. Forty-eight hours after transfection, cells were lysed
in 200 µl of the lysis buffer (Tropix). The luciferase activities
in the cell lysates were determined using a Luciferase Assay
System (Promega) and normalized to β-galactosidase activities
determined using a Luminescent β-galactosidase Detection Kit
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II (Clontech). Each reporter assay was performed using 20 µl
of lysate in a ninety six-well plate and read using a microplate
luminometer TR717/Winglow (Tropix). The data represent
the mean ± S.D. of three independent experiments. Triplicate
transfections were performed in each experiment. Luciferase
levels were reported as fold elevation in activity over that seen
in transfections with the promoterless pGL3-basic vector.

Preparation of nuclear protein extracts

Nuclear extracts from HOG and LAN-5 cells were prepared as
described previously [39] with minor modifications. Briefly,
cultured cells (5 × 107 to 1 × 108) were placed on ice, the
medium was removed, and cells washed twice with ice-cold
phosphate-buffered saline (PBS). Cells were manually scraped
from the plates in 10 ml of PBS and collected by centrifugation
at 250 × g for 10 min at 4◦C. The cell pellet was resuspended
in 2.5 ml of cell lysis buffer (buffer A; 10 mM HEPES, pH 7.9,
1.5 mM MgCl2,10 mM KCl, 0.5 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl floride, 1 µg/ml aprotinin, 1 µg/ml pep-
statin A, and 1 µg/ml leupeptin), allowed to swell on ice for 10
min, and then centrifuged at 250 × g for 10 min at 4◦C. After
the cell pellet was resuspended in 1.5 ml of cell lysis buffer,
Nonidet P-40 was added to 0.05% and cells were homogenized
with about 10 strokes of a tight-fitting Dounce homogenizer to
release the nuclei. After the nuclei were collected by centrifu-
gation at 250 × g for 10 min at 4◦C, they were resuspended
in 1 ml of nuclear extraction buffer (buffer C; 5 mM HEPES,
pH 7.9, 26% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl floride, 1 µg/ml
aprotinin, 1 µg/ml pepstatin A, and 1 µg/ml leupeptin). The
total volume was measured, and NaCl was added to a final
concentration of 300 mM. The nuclear suspension was stirred
on ice for 30 min, and then centrifuged at 24,000 × g for
20 min at 4◦C. The supernatant was aliquoted, snap-frozen in
dry ice/ethanol, and stored at −70◦C before use.

Protein quantification

Protein concentrations were determined according to the
Bradford method [40] using a protein assay kit (Bio-Rad) and
bovine serum albumin (BSA) as the standard.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described previously [39] with
some modifications. The single-stranded oligonucleotides cor-
responding to the wild-type or mutant sequence of either
GC-box (−267/−259) or CRE motif (−697/−670) were syn-
thesized and annealed to generate double-stranded oligonu-
cleotides with overhanging sequences. A stretch of five T
residues at the 5′ end of the reverse oligonucleotide was
added to increase the labeling efficiency. As shown below,
the binding sequence for the corresponding transcription factor
is designated in bold, and nucleotides carrying specific base
changes (mutated nucleotides) for competition experiments are

underlined.

Native GC-box: 5′- GAA GAG TGG GCG GGG CCA -3′

3′- CTT CTC ACC CGC CCC
GGT TTTTT -5′

Mutated GC-box: 5′- GAA GAG TGT TCG GGG CCA -3′

3′- CTT CTC ACA AGC CCC GGT
TTTTT -5′

Consensus GC-box (Promega): 5′- ATT CGA TCG GGG
CGG GGC GAG C -3′

3′- TAA GCT AGC CCC GCC CCG
CTC G -5′

Native CRE: 5′- TGG CAA AGG CAG ATT CGT CAG -3′

3′- ACC GTT TCC GTC TAA GCA GTC
TTTTT -5′

Mutated CRE: 5′- TGG CAA AGG CAG ATT ATT CAG -3′

3′- ACC GTT TCC GTC TAA TAA GTC
TTTTT -5′

Consensus CRE (Promega): 5′- AGA GAT TGC CTG ACG
TCA GAG AGC TAG -3′

3′- TCT CTA ACG GAC TGC AGT CTC
TCG ATC -5′

Approximately 10 pmol of each double-stranded oligonu-
cleotide was labeled using filling-in reaction at the 3′-end with
exo(−) Klenow polymerase (Stratagene) and [α-32P]dATP. La-
beled double-stranded oligonucleotide probes were purified by
passage through a Sephadex G-50 column, then diluted using
STE buffer (100 mM Tris-HCl, pH 8.0, 1 M NaCl, 10 mM
EDTA) to a final concentration of 0.1 pmol/µl.

Typically, the nuclear protein-DNA binding reaction was per-
formed for 20 min at room temperature in a total volume of 30
µl by mixing the binding solution (20 mM HEPES, pH 7.9,
1 mM MgCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, and 4%
Ficoll) with KCl to a final concentration of 50 mM, 2 µg of
poly (dI-dC).poly (dI-dC), 1 µg of salmon sperm DNA, 100
fmol radiolabeled probe, and 2.5–10 µg of nuclear extracts.
In competition experiments, a 50-fold excess of either unla-
beled doubled-stranded wild type or mutant DNA probes was
added to the reaction. In antibody supershift reactions, one of
these polyclonal antibodies directed against Sp1 (sc-59×, Santa
Cruz Biotechnology), Sp3 (sc-644×, Santa Cruz Biotechnol-
ogy), or pCREB-1 (Ser133, cat. #06-504, Upstate Biotechnol-
ogy) was added to nuclear extracts and pre-incubated for about
10 min at room temperature before the addition of radiolabeled
probe. The Santa Cruz Biotechnology’s monoclonal antibodies
directed against CREB-1 (sc-240×) and ATF-1 (C41–5.1×)
were also utilized in supershift reactions using a native CRE
as a probe. Protein-DNA complexes were separated on 5%
non-denaturing polyacrylamide gel in 0.25× Tris-borate EDTA
buffer at 180 V and 4◦C, fixed, dried, and subjected to autora-
diography for at least overnight at −70◦C with an intensifying
screen. Quantitation of DNA-protein complexes was performed
using FluorChemTM Imaging System (Software 2.0, Alpha
Innotech Corporation).
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Western blot analysis

Briefly, twenty-five µg of nuclear extracts were fractionated
by 15% SDS-polyacrylamide electrophoresis and electrotrans-
ferred to a nitrocellulose membrane (Bio-Rad). Transfer was
confirmed by staining the blot with Ponceau S solution before
proceeding with the antibody reaction. The membrane was in-
cubated in blocking solution (4% nonfat dry milk, 0.1% Tween
20 in PBS or 3% BSA, 0.5% Tween 20 in PBS) for either
1 h at room temperature or overnight at 4◦C. The blot was
washed twice for 15 min each in PBS-Tween 20 (0.1%), then
incubated overnight at 4◦C with primary polyclonal antibody
solution (2 µg of antibody/ml in 0.1% Tween 20, 5% BSA
in PBS). The primary antibodies used were polyclonal goat
anti-Sp1 (sc-59, Santa Cruz Biotechnology), polyclonal rabbit
anti-Sp3 (sc-644, Santa Cruz Biotechnology), polyclonal rab-
bit anti-CREB-1 (cat. #06-504, Upstate Biotechnology), poly-
clonal rabbit anti-pCREB-1 (Ser133, cat. #9191S, Cell Signal-
ing Technology), and monoclonal mouse anti-activating tran-
scription factor (ATF)-1 (C41-5.1, Santa Cruz Biotechnol-
ogy). The blot was washed twice for 15 min each in PBS-
Tween 20 (0.1%), then incubated for 1 h at room tempera-
ture with either a 1:5,000 dilution of the polyclonal donkey
anti-mouse IgG coupled to horseradish peroxidase (Jackson
ImmunoResearch), a 1:2,500 dilution of the polyclonal goat
anti-rabbit IgG coupled to horseradish peroxidase (Sigma) or a
1:2,500 dilution of the polyclonal goat anti-mouse IgA cou-
pled to horseradish peroxidase (Zymed Laboratories). After
washing, the immunoreactive protein bands were detected us-
ing ECL Western blot detection system (Amersham Pharmacia
Biotech).

Results

Characterization of the functional hCGT gene promoter

In this study, we analyzed the functional relationship between
the proximal and distal regulatory sequences of the hCGT
gene using two additional mutant reporter constructs. To de-
termine whether the distal regulatory fragment is functionally
dependent on the proximal promoter region, we generated the
phCGT(−826/−554)Luc construct containing only the distal
5′-flanking region, from −826 to −554. Luciferase expression
gained from HOG cells transfected with phCGT(−826)Luc
construct, containing both distal and proximal regulatory frag-
ments, was about 33-fold greater than that of the promoterless
pGL3-basic vector; whereas, the distal region by itself evalu-
ated in HOG cells transfected with phCGT(−826/−554)Luc
was nonfunctional (Figure 1). To determine if the ∼220
bp spacer (from −553 to −333) located between the dis-
tal and proximal regulatory regions is crucial for the com-
bined transactivation potential, we synthesized the construct,
phCGT(−826/−554/−332)Luc that contained both distal and
proximal cis-regulatory regions but not the intervening ∼220
bp. As shown in Figure 1, the transcription activity gained from

Figure 1. Functional relationship between the proximal and dis-
tal promoter regions. (A) A schematic representation of the con-
structs that contain the positive regulatory region(s) of hCGT
gene inserted upstream of the luciferase coding region (indi-
cated as a black arrow) in the pGL3-basic vector (Promega).
phCGT(−826/554)Luc contains only the distal cis-region, but
phCGT(−826/554/−332)Luc contains both distal and proximal
positive cis-regions without the ∼220 bp spacer between them.
The numbers in relation to the transcription start site (+1) indi-
cate the position of the 5′ ends of the hCGT promoter/luciferase
reporter constructs. Location of the positive regulatory regions
is indicated by a gray box, whereas location of the deleted se-
quence is represented by a dotted line. (B) Functional activity of
the promoter constructs in HOG cells. Each construct was co-
transfected into the cells with pHookTM-2 lacZ (Invitrogen). The
luciferase activities of each deletion construct were normalized
to the β-galactosidase activities. Activities are expressed as fold
induction over pGL3-basic vector. Each value represents the
mean ± S.D. of at least three independent sets of transfection
experiments. Each set was performed in triplicate.

this construct was significantly diminished (P < 0.05), sug-
gesting that this ∼220 bp spacer is crucial for transactivation.

Mutation analysis of putative cis-acting transcriptional
elements

The presence of proximal (−292/−256) and distal
(−747/−688) positive regulatory domains in the hCGT
5′-flanking region was shown to enhance the promoter activity
[35], and the GC-box (−267/−259) and CRE (−697/−690)
located in these two domains are potential candidates for
promoting the hCGT transcription because they have also been
shown to regulate the expression of a number of myelin-specific
genes [37]. To investigate whether these putative cis-acting
elements and their cognate transcription factors are involved in
the hCGT gene expression, the GC-box and CRE were further
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characterized. In order to confirm the specificity of the two
sequences in hCGT expression, we performed mutagenesis
on the GC-box and CRE in the luciferase reporter plasmids,
and the corresponding promoter activities were determined
upon transient transfection into HOG cells. In assessing the
proximal region of −292/−256, the 37-bp regulatory sequence
that contains the GC-box (−267 TGGGCGGGG −259) is a
potential candidate to explain the regulation of hCGT tran-
scription. Two mutant reporter constructs containing disrupted
GC-box were prepared: phCGT(mutated GC)Luc, containing a
specific base change at position −263 (changing the consensus
GC-box to TGGGAGGGG), and phCGT(deleted GC)Luc
which is missing 7 bp (GGGCGGGG) of the GC-box sequence
(Figure 2A). After transient transfection into HOG cells,
the transcription activity conferred by these mutant GC-box
constructs was significantly lower than that conferred by
phCGT(−332)Luc construct (P < 0.05), validating the crucial
regulatory role of this GC-box (Figure 2B).

Within the 60-bp distal regulatory sequence (from −747 to
−688), the CRE site (−697 ATTCGTCA −670) is a potential
candidate for cell-specific regulation of hCGT. To determine if
this CRE sequence is crucial for the transcription of hCGT gene,
we created the mutant construct, phCGT(deleted CRE)Luc
which did not contain the CRE site (Figure 3A). As shown in
Figure 3B, the promoter activity obtained from phCGT(deleted
CRE)Luc was significantly reduced to less than half of that seen
with the wild-type construct, phCGT(−717)Luc (P < 0.05),
suggesting that this CRE motif is essential for enhanced hCGT
transcription.

Analysis of the specific interactions between the putative
transcriptional elements and nuclear proteins

Having determined that both GC-box and CRE motifs were
necessary for high promoter activity in HOG cells, we then
investigated the interaction of these regulatory elements with
nuclear proteins. We utilized nuclear extracts from both HOG
and LAN-5 cells since we expected to determine if the cell-
specific expression of the hCGT gene was controlled by any of
these transcriptional elements. Two double-stranded synthetic
oligonucleotides spanning either of these regulatory regions
were analyzed by EMSA to compare the trans-acting factors
from the two cell lines.

Using radiolabeled “native GC” probe, a simple EMSA
pattern was displayed (Figure 4). The left and right panels
show the EMSA results were run in the same gel in order
to compare the mobility and intensity of each complex
between the two nuclear extracts. The same three protein-DNA
complexes were present in nuclear extracts from both cell lines
(lane 1), indicating that the corresponding EMSA complexes
were formed with equivalent nuclear proteins and similar
affinity. Our competition experiments indicated that all three
protein-DNA complexes were sequence-specific, since the
presence of a 50-fold molar excess of the unlabeled “native
GC” probe competed out the complex formation (lane 2).

Figure 2. Mutation analysis of the GC-box (−267
TGGGGCGGGG −259) within the hCGT proximal cis-region .
(A) A schematic representation of the hCGT proximal promoter
constructs which contain either functional or disrupted GC-box
inserted upstream of the luciferase coding region (indicated as
a black arrow) in the pGL3-basic vector. The mutant reporter
constructs were generated using either point mutation (C→A)
or 7-bp deletion as indicated. Location of the positive regulatory
region is included in the two gray boxes. The recognition site for
the GC-box is indicated by the sense strand of DNA only. The
sequence of deleted nucleotides is represented by a dotted
line. (B) Functional activity of these reporter constructs in
HOG cells. The luciferase activities of each deletion construct
were normalized to the β-galactosidase activities. Activities
are expressed as fold induction over pGL3-basic vector. Each
value represents the mean ± S.D. of at least three independent
sets of transfection experiments. Each set was performed in
triplicate.

Consistently, the presence of a 50-fold molar excess of
unlabeled “consensus GC” probe was also able to compete
with these EMSA complexes (lane 3), whereas competition
was not observed using a 50-fold molar excess of unlabeled
“mutated GC” probe which did not alter the complex formation
(lane 4). The identity of these EMSA complexes was identified
by adding antibodies against specific transcription factors to
the binding reaction. The GC-box binding proteins included
at least four distinct but closely related transcription factors,
Sp1-Sp4 [39,40]. Therefore, we performed EMSA using two
polyclonal antibodies, anti-Sp1 and anti-Sp3. As verified by
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Figure 3. Mutation analysis of the CRE motif (−697
ATTCGTCA −690) within the hCGT distal cis-region. (A) A
schematic representation of the hCGT distal promoter con-
structs which contain either functional or deleted CRE motif in-
serted upstream of the luciferase coding region (indicated as
a black arrow) in the pGL3-basic vector. Locations of the posi-
tive regulatory regions are indicated within the gray boxes. The
recognition site for CRE is indicated by the sense strand of DNA
sequence only. The sequence of deleted nucleotides is repre-
sented by a dotted line. (B) Functional activities of these reporter
constructs in HOG cells. The luciferase activities of each dele-
tion construct were normalized to the β-galactosidase activities.
Activities are expressed as fold induction over pGL3-basic vec-
tor. Each value represents the mean ± S.D. of at least three
independent sets of transfection experiments. Each set was per-
formed in triplicate.

quantitating the EMSA complexes, anti-Sp1 antibody caused
the super-shift of the slowest and moderate DNA-protein com-
plexes to a position of lower mobility (lanes 5 and 6); whereas,
the addition of anti-Sp3 antibody resulted in the super-shift of
the moderate and fastest migrating complexes, corresponding
to their different isoforms (lanes 7 and 8) [41–43]. Thus, this
EMSA profile revealed the binding pattern, consistent with
the previous finding that Sp1 and Sp3 proteins were major
components of these DNA-protein complexes [41,42].

In EMSA using the labeled “native CRE” probe, a different
binding profile was observed: two complexes (I and II) were
detected with the HOG nuclear extract (Figure 5, lane 1 of left
panel), but only one complex (I) was detected with the LAN-5
nuclear extract (Figure 5, lane 1 of right panel). Although
complex I was common between the two cell lines, differences
in band intensity and degree of competition were noticed.
Complex I formed was more intense using nuclear extracts
from LAN-5 cells than HOG cells (lane 1). However, it was
easier to compete out this complex using unlabeled competitors
in LAN-5 than HOG nuclear extract (lanes 2 and 3). Our

competition experiments demonstrated that the protein-DNA
complexes shown in both panels were sequence-specific,
since the presence of a 50-fold molar excess of the unlabeled
“native CRE” probe and unlabeled “consensus CRE” probe
was able to compete with these EMSA complexes (lanes 2
and 3, respectively). However, a slight competition was also
observed using a 50-fold molar excess of unlabeled “mutated
CRE” probe (lane 4). Since there are multiple members in
the ATF/CREB transcription factor family [44], we wanted to
determine whether the transcription factors in this family were
truly involved in the EMSA complexes. It was unclear from
supershift assays using CREB-1 monoclonal antibody since we
only observed the slight reduction of DNA-protein complexes
without obvious supershifted bands (data not shown). However,
we clearly observed three supershifted bands (shown by arrow
heads) using pCREB-1 polyclonal antibody in nuclear extracts
from both cell types (lane 5). The ATF-1 monoclonal antibody
also caused the formation of two noticeable supershifted bands
at the similar positions as the supershifts generated by pCREB-
1 antibody in both nuclear extracts (lane 6). Furthermore, the
intensities of the DNA-protein complexes were dramatically
reduced upon incubation with either pCREB-1 or ATF-1 anti-
bodies. Although a similar supershifted profile was observed
using nuclear extracts from both cell types, the supershifted
bands produced were more intense in HOG cells than LAN-5
cells as confirmed by quantitating the band intensities.

The nuclear levels of Sp1, Sp3, CREB-1, pCREB-1,
and ATF-1 proteins in HOG and LAN-5 cells

Since we found that GC-box and CRE sequences were impor-
tant for the transcriptional activity of hCGT promoter in HOG
cells to a much higher degree than in LAN-5 cells, the differ-
ential transactivation may be contributed to the difference in
expression levels of their cognate transcription factors. To test
this possibility, we determined the levels of Sp1, Sp3, CREB-1,
pCREB-1, and ATF-1 in nuclear extracts from both cell types
using Western blot analysis, employing specific antibodies (see
“Materials and methods”). We found that the levels of Sp1
and Sp3 in the nucleus of HOG and LAN-5 cells were com-
parable (data not shown), suggesting that the differential pro-
moter activity between the two cell types is unlikely due to the
levels of these transcription factors in the nucleus. To deter-
mine the expression levels of the transcription factors in the
ATF/CREB family, we first probed the blot with a polyclonal
antibody specific for CREB-1, and we observed that CREB-
1 was expressed in both cell lines in a comparable level as
shown in Figure 6. Next, we probed the blot with a peptide-
directed polyclonal antibody against pCREB-1. This antibody
also recognizes phosphorylated forms of other ATF/CREB fam-
ily members, including ATF-1 and CREM. Two bands with dif-
ferent intensities were seen in HOG and LAN-5 cells. The pro-
tein corresponding to the slower migrating band equivalently
expressed in both cell types was a molecular size of approx-
imately 43 kDa, suggesting it may correspond to CREB-1.
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Figure 4. Detection of nuclear proteins from HOG and LAN-5 cells that bind to the GC-box (−267/−259) by EMSA. The experiments
were performed using 5 µg of nuclear extracts, prepared from either HOG (left panel) or LAN-5 (right panel) cells, and radiolabeled
“native GC” probe (N). The reaction without any nuclear extract added was also included to serve as a negative control (lane 0).
Incubations were conducted in the absence (lanes 0, 1, 5–8) or presence [lane 2, native GC; lane 3, consensus GC (C); lane 4,
mutated GC (M)] of 50-fold molar excess of unlabeled competitors. Binding reactions were further analyzed by including either
anti-Sp1 antibody (lane 5, 4 µg; lane 6, 8 µg) or anti-Sp3 (lane 7, 4 µg; lane 8, 8 µg). Arrows indicate positions of the specific bands
of Sp1 and Sp3 proteins. The supershifted bands of Sp1 (SS Sp1) and Sp3 (SS Sp3) are also observed.

Figure 5. Detection of nuclear proteins from HOG and LAN-5 cells that bind to the CRE motif (−697/−690) by EMSA. The
experiments were performed using 5 µg of nuclear extracts (lanes 1–6), prepared from either HOG (left panel) or LAN-5 (right
panel) cells, and radiolabeled “native CRE” probe (N). The reaction without any nuclear extract added was also included to serve as
a negative control (lane 0). Incubations were conducted in the absence (lanes 0, 1, 5, and 6) or presence [lane 2, native CRE; lane
3, consensus CRE (C); lane 4, mutated CRE (M)] of 50-fold molar excess of unlabeled competitors. Binding reactions were further
analyzed by including either anti-pCREB-1 antibody (lane 5, 8 µg) or anti-ATF-1 antibody (lane 6, 8 µg). Arrows indicate positions
of the specific bands of supershifted pCREB-1 (SS CREB-1) and ATF-1.

In contrast, the protein corresponding to the faster migrating
band was expressed at much higher levels in HOG cells than
in LAN-5 cells. The molecular size of the lower band sug-
gested it might be ATF-1 which was confirmed by probing

the blot with a monoclonal antibody specific for ATF-1. Thus,
ATF-1 is clearly a strong candidate to explain the differen-
tial expression of hCGT transcripts between HOG and LAN-5
cells.
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Figure 6. Expression of CREB-1, pCREB-1, and ATF-1 proteins in the nuclear extracts of HOG and LAN-5 cells. Twenty-five
µg of nuclear extracts from either the HOG or the LAN-5 cells together with the molecular size makers were fractionated by
SDS-polyacrylamide gel electrophoresis and electrotransferred to a nitrocellulose membrane. The blots were probed using either
polyclonal (PAb) or monoclonal (MAb) antibodies as indicated. The specific proteins were detected using the chemiluminescence
system. The positions of molecular size makers are shown on the left. Immunoblotting was performed using anti-CREB-1, anti-
pCREB-1, and anti-ATF-1 antibodies.

Discussion

Recently, we reported the cloning and characterization of the
hCGT gene promoter [35]. While the 5′-flanking regions of hu-
man [35] and mouse CGT [34] genes demonstrated significant
sequence divergence, several putative transcriptional regulatory
motifs were conserved. For instance, a GC-box motif was iden-
tified in the CGT promoters of both mouse and human genes. In
addition, putative binding sites for cAMP-dependent transcrip-
tion factors were also identified in the 5′-flanking regions of
these genes; the binding site for suppressed-cAMP-inducible-
protein (SCIP) was found in the mouse CGT gene, while that
for CREB was identified in the human gene. A notable dif-
ference between the two promoters is the absence of myelin
transcription factor 1 (MyT1) and Krox20/24 in the hCGT gene-
promoter. These two regulatory elements have been shown to
be unique and specific to myelinating glia [37,45]; however, it is
not known to date whether their presence in the mouse CGT pro-
moter contributes to the promoter activity. In the present study,
we have further identified and characterized cis-elements and
cognate trans-acting factors that regulate the expression of the
hCGT gene.

Since the region located between the proximal and distal
promoter regions of the hCGT gene is also essential for the
high promoter activity, this distance-dependent characteristic
may be responsible for the cooperative interactions between
transcription factors bound to both positive proximal and distal
regions. These protein-protein interactions are commonly
known to be mediated by transcription factors bound to dif-
ferent regulatory regions of the gene, and the optimal distance
between these regions is responsible for providing appropriate
contacts. The deletion of the proximal region, while the
distal region is still intact, eliminates the hCGT promoter

activity. This result indicates that the distal regulatory region is
functionally dependent on the proximal promoter region, which
also implicates that the presence of the proximal core promoter
is definitively required for transcription initiation.

The proximal (−292/−256) and distal (−747/−688) posi-
tive domains of hCGT gene are of particular interest because
they contain the potential transcriptional elements, GC-box and
CRE, respectively, and because they are sufficient to induce pro-
moter activity by about 33-fold over pGL3-basic vector in HOG
cells. Our results were also consistent with evidence that these
two elements have been shown to regulate the expression of a
number of myelin-specific genes [37]. Thus, our current inves-
tigation points to the significance of these two cis-elements in
regulating the hCGT gene transcription.

Firstly, we demonstrated that a consensus GC-box (−267
TGGGCGGGG −259), known to be recognized by the Sp fam-
ily of transcription factors, was definitively required to promote
the hCGT transcription in HOG cells, as confirmed by mutation
analysis. This element may enhance transcription activity from
a distance through DNA looping mediated by protein-protein
interactions [46]. Sp1 has also been shown to be involved in the
basal transcription complex of several myelin-specific genes,
such as myelin-associated glycoprotein (MAG), MBP, protein
zero (P0), and peripheral myelin protein-22 (PMP-22) [37]. The
promoter activity driven by this GC-box is unlikely to be cell
type-specific, since the same construct promotes expression of
the reporter gene in LAN-5 cells to some extent [35]. This as-
sumption is consistent with the results of EMSA and Western
blot analysis, which showed that there is no notable difference
between the binding and expression patterns of the correspond-
ing nuclear proteins from HOG and LAN-5 cells. Using anti-
bodies against Sp1 and Sp3 proteins, we showed that these two
proteins were components of the respective EMSA complexes
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that have also been described previously [41–43]. Previous re-
ports have documented that Sp1 and Sp3 can interact with each
other to either synergize or antagonize each other’s activity at
any given DNA-binding site [47–49]. Sp1 has been primarily
shown to act as a positive transactivating factor [42]. Sp3 exists
in three isoforms, generated by different translation start sites
[43], all of which can act, to varying degrees, as activators or re-
pressors of transcription, depending on the type of cells cell and
promoter context [41,42,47,48,50]. In particular, two internally
initiated Sp3 proteins can bind to the GC-box and function as
potent inhibitors of Sp1/Sp3 mediated transcription. Thus, Sp1,
in combination with the one long and two short isoforms of Sp3,
may exert positive or negative effects on the transactivation of
the hCGT promoter, apparently by competing for the same cis-
element. It should be noted that our finding is the first ever to
report the potential involvement of Sp3 in myelin-specific gene
regulation.

Secondly, in contrast to the GC-box, there is a significant dif-
ference in the CRE-dependent promoter activity between HOG
and LAN-5 cells [35]. EMSA and mutation analysis further
confirmed the vital role of the CRE motif (−697 ATTCGTCA
−690). However, there was a difference in EMSA profiles be-
tween HOG and LAN-5 cells, which may account for the differ-
ential transcription of the hCGT gene in the two cell types. The
EMSA competition assay also demonstrated the higher bind-
ing affinity between “native CRE” probe and nuclear proteins
of HOG cells than with LAN-5 cells. Although pCREB-1 and
ATF-1 were components of the EMSA complexes of nuclear
extracts from both cell types, the supershifted bands formed
were more intense in HOG cells than LAN-5 cells as mea-
sured quantitatively. Thus, the CRE motif has been shown not
only to enhance the promoter activity in HOG cells, but also
to contribute to the cell-specific expression of hCGT gene. The
differential transcriptional activity of the hCGT gene may be
due to the fact that the CRE motif is generally recognized by
multiple ATF/CREB isoforms; some of these act as activators
and others as repressors of transcription [44]. Since many tran-
scription factors in the basic leucine zipper (bZIP) family bind
to the CRE sequence as dimers [51], various combinations of
homodimeric [52–54] or heterodimeric [53–59] forms with dis-
tinct binding specificities and transactivation abilities [60] can
result in different levels of promoter activity. In conjunction
with the difference in transcription activity and EMSA profile,
we did detect the difference in nuclear levels of ATF-1 in the
two cell lines as Western blot analysis revealed that the nuclear
levels of ATF-1 is obviously higher in HOG cells than in LAN-
5 cells. Therefore, ATF-1 is likely the major candidate at the
present time to explain the difference in hCGT gene expression
between HOG cells and LAN-5 cells. Further studies of the
functional roles of ATF-1 involved in the hCGT transcription
are being investigated.

The presence of this CRE site suggests that hCGT transcrip-
tion is regulated by the cAMP second messenger pathway.
An increase in CGT mRNA after 48 h of cAMP treatment

and a 2-fold increase in the synthesis of GalC and SGalC
have been observed in the N20.1 mouse oligodendroglial cell
line [61]. cAMP analogues increase the synthesis of GalC in
cultured oligodendrocytes [62], which is consistent with the
studies of McMorris and co-workers [63–65]. Implication of
cAMP in the expression of several myelin genes such as MBP,
protein P2 (P2), P0, proteolipid protein (PLP), MAG, myelin-
oligodendrocyte glycoprotein (MOG), and PMP-22 has also
been described [66–73]. Furthermore, substantial evidence for
the involvement of CREB-1 in gene expression has been demon-
strated in both oligodendrocytes [74–78] and Schwann cells
[79–81].

In summary, this study has established the indispensable
functional roles of the GC-box and CRE motifs in governing
the hCGT gene expression. We have also shown that the CRE
site is responsible for the cell-specific expression of the hCGT
gene in HOG and LAN-5 cells. Further upstream sequences
may play important roles in the enhancement of basal expres-
sion, but these regions of DNA have not been examined to date.
Therefore, it will be important to identify additional essential
regulatory elements, possibly further than −2.3 kb upstream
from the transcription start site in order to determine the exact
regulatory mechanisms of its cell-specific and developmental
regulation in myelinating glia. Our investigation on the hCGT
gene promoter regions along with identification of the potential
transcription factors involved in this highly regulated and coor-
dinated expression offers the opportunity for future studies in
defining the transcriptional regulation of the hCGT gene at the
molecular level.
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