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Abstract

To investigate the transcriptional regulation of human GM3-synthase, a 5V-flanking fragment of 1379 bp was cloned by a PCR-based

procedure. Analysis of the human genomic sequence showed that the gene consists of seven exons, locates at chromosome 2, and spans over

62 kb. There are a number of potential consensus binding sites in the cloned promoter region, but TATA and CCAAT boxes were not found in

the promoter. Primer extension analysis identified two transcription start sites approximately 11 and 57 bp upstream of the exon 1. The

transcription activity of the promoter was assessed in human HeLa cells by transient transfection. Of the fragments assayed, the proximal 409

bp fragment exhibits the highest transcription activity. Transcription factors that bound to the 409 bp fragment were pulled down by DNA-

coupled magnetic beads. Identities of the pull-down proteins were determined by array analysis. Eight transcription factors were identified,

which might either bind to the proximal region or be recruited as co-activators of the transcription factor complexes.

D 2002 Elsevier Science B.V. All rights reserved.
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Gangliosides are glycosphingolipids that contain sialic

acid as ubiquitous membrane components in mammalian

cells. Ganglioside GM3 is a common precursor for nearly all

of the naturally occurring gangliosides and is suggested to

play important roles in various cellular functions. It induces

monocytic differentiation of human leukemia cell lines HL-

60 and U937 [1–3]. GM3 is known as a modulator of

transmembrane signaling by regulating various receptor

functions. For example, GM3 inhibits phosphorylation of

the receptors of epidermal growth factor (EGF) and platelet-

derived growth factor (PDGF) [4,5], and thus suppresses

cell proliferation. GM3 may also participate in cell adhe-

sion/recognition through glycosphingolipid microdomains

[6]. GM3 is synthesized by GM3-synthase (CMP-NeuA-

c:lactosylceramide a2-3 sialyltransferase, EC 2.4.99.9), a

key regulatory enzyme for initiation of the ganglioside

biosynthesis. The cDNA for the human and mouse GM3-

synthase has been cloned [7–10]. However, transcription

regulation of GM3-synthase has not been examined. On the

other hand, while many of the components of the basal

transcription machinery have been identified, cloned and

studied in varying detail, much less is known about regu-

latory transcription factor complexes [11]. Therefore, in the

present study, we characterized the 5V-flanking fragment of

the gene and demonstrated the basal promoter of the human

GM3-synthase gene. We also identified some transcription

factors that bound to the proximal promoter region directly

or were recruited as components of the regulatory com-

plexes.

A human genome BLAST homology search of the public

database (http://www.ncbi.nlm.nih.gov/genome/guide/

human) was performed using the human GM3-synthase

cDNA (GenBank Accession numbers AB018356 and

AF119415) reported by Ishii et al. [7] and us [9]. The result

showed that the gene is located at chromosome 2 between

p24.1 and p24.3, consists of seven exons, and spans over 62

kb (Fig. 1). The ATG codon is located in exon 2, which is

25 kb downstream of exon 1. Our analysis revealed that the

sizes of the introns, and thus the overall size of the gene,

were larger than those reported by Kim et al. [12]. The

smaller size of the gene probably resulted from the use of

incomplete human genomic contig sequences from the

database. The authors also found that there were four iso-

forms of GM3-synthase mRNA in fetal brain, which differ

in the 5Vuntranslated region and only one of these isoforms

was detected in adult brain [12], indicating that regulation of

GM3-synthase expression may be development-dependent.
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The published cDNA sequences [7,9] showing two sizes of

the exon 1 (Fig. 1) may represent two of such isoforms [12].

In order to understand the regulatory mechanism for the

human GM3 synthesis gene expression, the 5V flanking

untranscribed fragments of the human GM3-synthase gene

were cloned by PCR amplification using the nested primers

designed from the genomic sequence (Fig. 2). The forward

primers were derived from the upstream region of the exon

1. They were F1: 5V-ACATCTGCCCATATATACAAGC
(� 1344 to � 1323); F2: 5-GCAGTGGCGATCTCGGCTC

(� 1256 to � 1238); F3: 5V-CACCTTTTCCTTTG-

CAACGC (� 658 to � 639); and F4: 5V-CTTAAGCT-
TTGTTTCCTTCC (� 286 to � 267) (� 1 represents the

first nucleotide upstream of the exon 1). The nested reverse

primers were derived from the exon 1. They were R1: 5V-
GCCTCGGTCCGCGGCTGCAGG ( + 148 to + 168) and

R2: 5V-GCCTTCGTCCGCATACTAATG ( + 103 to + 123)

( + 1 represents the first nucleotide of the exon 1). Human

genomic DNA was prepared from human HeLa cells as

described [13]. The first round of PCR amplification was

carried out using primers F1 and R1, and human genomic

DNA as template. The PCR products were used as templates

in the second round of PCR with the nest primers. Three

PCR fragments of 1379, 781 and 409 bp were obtained

using the primer pairs of F2 +R2, F3 +R2, and F4 +R2,

respectively, and cloned into the pGL-3 Basic reporter, a

promoterless luciferase expression vector (Promega, Madi-

son, WI). DNA sequencing of the cloned promoter frag-

ments showed that the sequences of the fragments were

identical to the human genomic sequence (Fig. 2). Further

computer analysis of the promoter fragments was conducted

to detect putative cis-acting elements using a transcription

factor database (Wisconsin Package Version 10.2, Genetics

Computer Group (GCG), Madison, WI). A number of

putative consensus binding sites for known transcription

factors were identified including, but not limited to SP1,

CREB, C/EBP, CNBP, and NFI, while both TATA and

CCAAT boxes were not found in the promoter (Fig. 2).

Fig. 2. Nucleotide sequence of the 5V-flanking region of the human GM3-

synthase gene. This sequence was originally downloaded from the public

database as described in the text, to which the sequence of the cloned

promoter fragment was identical. The first exon was presented as reported

by Ishii et al. [7]. A smaller exon 1 was identical to + 85 to + 191 as

reported by us [9]. Putative recognition sites for known transcriptional

regulatory factors are underlined. + 1 represents the first nucleotide of the

exon 1. The two transcription initiation sites were marked by ‘‘*’’.

Fig. 1. Structure of the human GM3-synthase gene. The structure of the

human GM3-synthase gene (not drawn to scale) is shown illustrating the

seven exons (1–7) and six introns (I–VI) (top). Number of base pairs of

each exon or intron is presented in the table (bottom). Two sizes (191 and

107 bp) of the exon 1 were reported [7,9].

Fig. 3. Transcriptional activity of the promoter reporters of the human

GM3-synthase gene in HeLa cells. Cells were transfected with 2.0 Ag pGL-

3 promoter constructs (1379, 781 and 409 bp), or pGL-3 Basic vector (0 bp)

per transfection, together with 0.5 Ag of the control vectors for normalizing

the transfection efficiency as described in the text. The values represent

meanF S.D. of at least three independent transfection experiments assayed

in triplicates. The mean value of the highest activity was defined as 100%.
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The promoter activity of the cloned fragments was assayed

for luciferase expression by transfection of the plasmids into

human HeLa cells. Cells were grown in Dulbecco’s Modified

Eagle Medium supplemented with 10% fetal bovine serum

(Invitrogen, Carlsbad, CA). Five hundred thousand cells

cultured in a 35 mm Petri dish were transfected with 2 Ag
of each plasmid, along with 0.5 Ag of either the ph-gal
Control (Clontech, Palo Alto, CA) or the pRL-CMV, a

Renilla luciferase control reporter vector (Promega). After

an overnight transfection in serum-free medium, cells were

allowed to recover for 24 h in serum-containing medium and

lysed for luciferase activity, which was normalized by co-

transfected h-galactosidase activity detected by the Lumines-

cent h-galactosidase Detection Kit II (Clontech) or Renilla

luciferase activity by the Dual Luciferase Reporter Assays kit

(Promega). Results are shown in Fig. 3. All of the three

fragments showed significant luciferase activities in HeLa

cells. The highest promoter activity was present in the 409 bp

fragment (� 286 to + 123).

The transcription initiation site was determined by primer

extension analysis. Primer extension was carried out using a

primer extension system (Promega) as previous described

[13]. An antisense oligonucleotide (5V-ATTCAGCTGGGG-
GCCGCCGCTC), corresponding to positions + 11 to + 32

(Fig. 2) was 5V end-labeled with [g32P]ATP using T4 po-

lynucleotide kinase. Total cellular RNA was isolated from

HeLa cells using the RNeasy Mini Kit (Qiagen, Chatsworth,

CA). The end-labeled primer (f 106 cpm) was added to

20 Ag of total RNA, incubated for 30 min at 60 jC and

then extended with AMV reverse transcriptase for 1 h at 42

jC. The extension products were analyzed on 6% poly-

acrylamide/7 M urea gels. Two bands were identified (Fig.

4, lane B), indicating that there are two transcription ini-

tiation sites of approximately 11 and 57 bp upstream of the

exon 1 (Fig. 2).

Fig. 4. Mapping of the transcription initiation site by primer extension

analysis. An antisense oligonucleotide primer derived form + 11 to 32 of

the exon 1 (Fig. 2) was annealed to 20 Ag of total RNA prepared from HeLa

cells and extended with AMV reverse transcriptase. Lane A contains 32P

labeled dephosphorylated fx 174 HinfI markers. Lane B contains the

extension products from a reaction that included the 32P labeled primer and

total RNA from Hela cells. The extension products (about 43 and 89 bp) are

marked by arrows on the right. This experiment was repeated three times

and the same extension products were obtained.

Table 1

Identities of the binding proteins on the 409 bp fragmenta

a The 54 transcription factors spotted on the array membrane were listed. Each factor was present in four spots in two rows and two columns. The first row

(either A, C, E, G, I, K, and M) was DNA spotted normally. The second row (either B, D, F, H, J, L, and N) was DNA diluted 1:10. Columns 17 and 18 were

spotted with the second consensus sequences of the transcription factors. The transcription factors with strong hybridization signals were indicated in bold in

clear areas while those with slight or no hybridization signals were shown in shadowed areas.
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Then, we attempted to define the transcription factors

that were actually involved in activation of the 409 bp basal

promoter fragment. The proteins bound to the 409 bp

fragment were purified by the DNA pull-down assay

according to the procedure described previously [14]. The

409 bp fragment of the pGL-3 Basic vector was cut out with

restriction enzymes XhoI and NcoI. The reaction mixture

was further incubated with restriction enzyme ScaI to

eliminate the XhoI site at the 3Vend of the vector fragment.

The 409 bp fragment with the XhoI site at the 5V end was

then labeled with biotin using Bio-16-dUTP (Roche, Man-

nheim, Germany) and the Klenow fragment of DNA poly-

merase I (Invitrogen). Briefly, 0.2 nmol of the digested

DNA fragment was labeled with 3 nmol Bio-16-dUTP, 125

units of Klenow I in labeling buffer (10 mM Tris–HCl, 10

mM MgCl2, 50 mM NaCl and 1 mM DTT, pH 8.0) and

incubated at 15 jC for 2 h. Unincorporated Bio-16-dUTP

was removed by a spin column and the labeling efficiency

was determined by gel electrophoresis of the biotin-labeled

fragment compared to the nonlabeled fragment. The biotin-

labeled DNA fragment was then coupled to the M-280

Streptavidin magnetic beads (Dynal Biotech, Oslo, Norway)

under the conditions described by the manufacturer. Nuclear

extracts were prepared from HeLa cells using a slightly

modified procedure [15], initially described by Ausubel et

al. [16]. Protein concentrations of the extracts were meas-

ured by the Lowry method [17] using bovine serum albumin

as a standard. The DNA coupled magnetic beads were in-

cubated with 500 Ag HeLa nuclear extracts for 2 h at 4 jC in

the presence of an excess amount of dC–dI for competition

of nonspecific binding. After several washes, binding pro-

teins were disassociated from the DNA-coupled beads to a

buffer containing 2 M NaCl.

The identities of the DNA pull-down proteins were

determined by a novel procedure using the TranSignal

Protein/DNA Array kit (Panomics, Redwood, CA). This

array-based technology is a significant improvement over

gel mobility-shift assays, and allows the functional analysis

of dozens of eukaryotic transcription factors at a time.

According to the manufacturer’s instruction, the binding

proteins pulled down from the 409 bp promoter region were

incubated with the TranSignal probe mix (a set of 54 biotin-

labeled DNA binding oligonucleotides corresponding to the

consensus sequences of 54 transcription factors, respec-

tively) to allow the formation of DNA/protein complexes,

which were then separated from the free probes by agarose

gel electrophoresis. The probes in the complexes were

Fig. 5. Hybridization signals of the transcription factors bound to the 409 bp

promoter fragment. The proteins from nuclear extracts of HeLa cells, which

bound to the 409 bp ( + 123 to � 286) fragment of the human GM3-

synthase promoter were pulled down and their identities were determined

using the TranSignal Protein/DNA Array (Panomics) as described in the

text. The identities of the transcription factors with strong hybridization

signals are indicated in Table 1.
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extracted from the gel, dissociated from the DNA/protein

complexes, and used to hybridize the TranSignal Array that

had been spotted with the consensus-binding sequences of

the 54 transcription factors (Table 1) (Panomics). Hybrid-

ization signals were visible by chemiluminescent imaging

system and exposed to X-film. Array hybridization was

repeated once using the nuclear extracts prepared separately

and the same results were obtained. Fig. 5 shows one of the

results from hybridization. As indicated in Table 1, tran-

scription factors CREB, c-Myb, MEF1, MEF2, Pax-5,

PPAR, Smad3/4 and Stat6 showed strong signals. There

were also slight signals in the spots of about 20 transcription

factors, probably due to nonspecific hybridization of the

oligonucleotides (Fig. 5).

For the past decade, most of the genes coding for

glycosyltransferases involved in the biosynthesis of the

major gangliosides have been cloned [18]. However, pro-

moters for sialyltransferases involved in ganglioside syn-

thases have not yet been examined except that of the rat and

mouse GD3-synthase genes [13,19]. In the present study, we

report the promoter sequence for the human GM3-synthase

gene. We found that the proximal promoter region of � 1 to

� 286 was sufficient for transcription of the gene (Fig. 3).

As a preliminary attempt, we identified eight binding

proteins in this region, which were determined by the arrays

of 54 known transcription factors (Fig. 5 and Table 1).

However, only CREB has the consensus sequence in this

region (Fig. 2). CREB, the cAMP response element-binding

protein [20], is one of the best characterized stimulus-

induced transcription factors, which activates transcription

of many target genes [21]. Although phosphorylation of

CREB is enough to induce cellular gene expression in

response to cAMP, additional promoter-bound factors are

required for target gene activation [21]. Many transcription

activators have been suggested to associate with CREB and

CREB-binding protein (CBP) [21–23]. The other seven

factors without consensus binding sites could be recruited

as co-factors in the regulatory complexes, although we do

not know whether they are associate with CREB. On the

other hand, there were three Sp1 binding sites on the

fragment (Fig. 2) but Sp1 was not pulled-down by the

409 bp fragment. Sp1 is a ubiquitous transcription factor

that has been implicated in the activation of a large number

of genes. Sp1 associates directly with members of the basal

transcription machinery, involving the TATA box binding

protein [24]. We showed here that Sp1 might not be

involved in this TATA-less promoter. It should also be noted

that there are consensus sites for transcription factors NFI

and CNBP in the 409 bp region (Fig. 2). Because the

TranSignal Array (Panomics) used in this analysis did not

include these factors, the presence of the two factors in the

pull-down samples could not be concluded in this report.

Therefore, whether transcription factors Sp1, NFI and

CNBP are involved in activation of the basal transcription

of human GM3-synthase gene, as well as how the identified

factors/co-factors function in the complex of processes

during transcription activation, remain a major topic for

future studies.

Acknowledgements

This study was supported by NIH Grant R01NS11853.

References

[1] H. Nojiri, F. Takaku, Y. Terui, Y. Miura, M. Saito, Ganglioside GM3:

an acidic membrane component that increases during macrophage-

like cell differentiation can induce monocytic differentiation of human

myeloid and monocytoid leukemic cell lines HL-60 and U937, Proc.

Natl. Acad. Sci. U. S. A. 83 (1986) 782–786.

[2] X.J. Xia, X.B. Gu, A.C. Sartorelli, R.K. Yu, A.C. Santorelli, Effects

of inducers of differentiation on protein kinase C and CMP-N-acetyl-

neuraminic acid:lactosylceramide sialyltransferase activities of HL-60

leukemia cells, J. Lipid Res. 30 (1989) 181–188.

[3] G. Zeng, T. Ariga, X.B. Gu, R.K. Yu, Regulation of glycolipid syn-

thesis in HL-60 cells by antisense oligodeoxynucleotides to glycosyl-

transferase sequences: effect on cellular differentiation, Proc. Natl.

Acad. Sci. U. S. A. 92 (1995) 8670–8674.

[4] E.G. Bremer, S. Hakomori, D.F. Bowen-Pope, E. Raines, R. Ross,

Ganglioside-mediated modulation of cell growth, growth factor

binding, and receptor phosphorylation, J. Biol. Chem. 259 (1984)

6818–6825.

[5] N. Hanai, G.A. Nores, C. MacLeod, C.R. Torres-Mendez, S. Hako-

mori, Ganglioside-mediated modulation of cell growth. Specific

effects of GM3 and lyso-GM3 in tyrosine phosphorylation of

the epidermal growth factor receptor, J. Biol. Chem. 263 (1988)

10915–10921.

[6] S.I. Hakomori, Cell adhesion/recognition and signal transduction

through glycosphingolipid microdomain, Glycoconj. J. 17 (2000)

143–151.

[7] A. Ishii, M. Ohta, Y. Watanabe, K. Matsuda, K. Ishiyama, K. Sakoe,

M. Nakamura, J. Inokuchi, Y. Sanai, M. Saito, Expression cloning and

functional characterization of human cDNA for ganglioside GM3

synthase, J. Biol. Chem. 273 (1998) 31652–31655.

[8] M. Kono, S. Takashima, H. Liu, M. Inoue, N. Kojima, Y.C. Lee, T.

Hamamoto, S. Tsuji, Molecular cloning and functional expression of a

fifth-type alpha 2,3-sialyltransferase (mST3Gal V: GM3 synthase),

Biochem. Biophys. Res. Commun. 253 (1998) 170–175.

[9] D. Kapitonov, E. Bieberich, R.K. Yu, Combinatorial PCR approach to

homology-based cloning: cloning and expression of mouse and hu-

man GM3-synthase, Glycoconj. J. 16 (1999) 337–350.

[10] S. Fukumoto, H. Miyazaki, G. Goto, T. Urano, K. Furukawa, Expres-

sion cloning of mouse cDNA of CMP-NeuAc:Lactosylceramide al-

pha2,3-sialyltransferase, an enzyme that initiates the synthesis of

gangliosides, J. Biol. Chem. 274 (1999) 9271–9276.

[11] A.M. Naar, B.D. Lemon, R. Tjian, Transcriptional coactivator com-

plexes, Annu. Rev. Biochem. 70 (2001) 475–501.

[12] K.W. Kim, S.W. Kim, K.S. Min, C.H. Kim, Y.C. Lee, Genomic

structure of human GM3 synthase gene (hST3Gal V) and identifica-

tion of mRNA isoforms in the 5V-untranslated region, Gene 273

(2001) 163–171.

[13] G. Zeng, L. Gao, R.K. Yu, Isolation and functional analysis of the

promoter of the rat CMP-NeuAc:GM3 alpha2,8 sialyltransferase

gene, Biochim. Biophys. Acta 1397 (1998) 126–130.

[14] O.S. Gabrielsen, J. Huet, Magnetic DNA affinity purification of yeast

transcription factor, Methods Enzymol. 218 (1993) 508–525.

[15] G. Zeng, J.R. Dave, P.K. Chiang, Induction of proto-oncogenes

during 3-deazaadenosine-stimulated differentiation of 3T3-L1 fibro-

blasts to adipocytes: mimicry of insulin action, Oncol. Res. 9 (1997)

205–211.

G. Zeng et al. / Biochimica et Biophysica Acta 1625 (2003) 30–3534



[16] F.M. Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.A. Smith, J.G.

Seidman, K. Struhl, Current Protocols in Molecular Biology, Wiley,

New York, 1987.

[17] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein

measurement with Folin phenol reagents, J. Biol. Chem. 193 (1951)

265–275.

[18] K. Furukawa, Recent progress in the analysis of gangliosides biosyn-

thesis, Nagoya J. Med. Sci. 61 (1998) 27–35.

[19] S. Takashima, M. Kono, N. Kurosawa, Y. Yoshida, Y. Tachida, M.

Inoue, T. Kanematsu, S. Tsuji, Genomic organization and transcrip-

tional regulation of the mouse GD3 synthase gene (ST8Sia I): com-

parison of genomic organization of the mouse sialyltransferase genes,

J. Biochem. 128 (2000) 1033–1043.

[20] J.P. Hoeffler, T.E. Meyer, Y. Yun, J.L. Jameson, J.F. Habener, Cyclic

AMP-responsive DNA-binding protein: structure based on a cloned

placental cDNA, Science 242 (1988) 1430–1433.

[21] A.J. Shaywitz, M.E. Greenberg, CREB: a stimulus-induced transcrip-

tion factor activated by a diverse array of extracellular signals, Annu.

Rev. Biochem. 68 (1999) 821–861.

[22] N. Vo, R.H. Goodman, CREB-binding protein and p300 in transcrip-

tional regulation, J. Biol. Chem. 276 (2001) 13505–13508.

[23] B. Mayr, M. Montminy, Transcriptional regulation by the phosphor-

ylation-dependent factor CREB, Nat. Rev., Mol. Cell Biol. 2 (2001)

599–609.

[24] A. Emili, J. Greenblatt, C.J. Ingles, Species-specific interaction of the

glutamine-rich activation domains of Sp1 with the TATA box-binding

protein, Mol. Cell. Biol. 14 (1994) 1582–1593.

G. Zeng et al. / Biochimica et Biophysica Acta 1625 (2003) 30–35 35


	Acknowledgements
	References

