
Mucin Biosynthesis
Identification of the cis-Regulatory Elements of Human C2GnT-M Gene

Shuhua Tan and Pi-Wan Cheng

Department of Biochemistry and Molecular Biology, College of Medicine, and Eppley Institute for Research in Cancer and Allied Diseases,
University of Nebraska Medical Center, Omaha, Nebraska

Mucin glycan is the primary determinant of mucin functions. These
functions are expanded by three branch structures, including core
2, core 4, and blood group I, which are synthesized by core 2
�1,6 N-acetylglucosaminyltransferase-M (C2GnT-M). Alteration of
C2GnT-M gene expression is expected to have a profound effect
on mucin functions, which prompted us to study the regulation of
this gene. Quantitative real-time PCR analysis of the expression of
this gene in 24 human tissues and airway epithelial cells showed
that this gene was expressed primarily in mucus-secretory tissues.
5� Rapid amplification of cDNA ends analysis, coupled with sequence
alignment with human genome database, revealed that this gene
was comprised of three exons and two introns. Northern blotting
using exon 1 probe showed the presence of this exon in all tran-
scripts, suggesting the presence of cis-regulatory elements in the
proximal region upstream of and/or near the transcription initiation
site (�1). Analysis of this DNA region (�417/�187) by a promoter-
reporter transient transfection assay, coupled with serial deletion
and linker scanning mutagenesis, revealed two positive regulatory
regions, including –291/–282, and –62/–43. Further, the promoter
activity was enhanced by all-trans retinoic acid (ATRA) and IL-13.
Thus, the promoter region is specific to hC2GnT-M gene and subject
to regulation by ATRA and IL-13. These cis-regulatory elements may
be useful for construction of a mucus cell–specific vector for therapy
of mucus hypersecretory diseases.
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Mucins are high–molecular weight glycoproteins heavily glycosy-
lated with oligosaccharides linked O-glycosidically to ser/thr in
the protein backbone (1). To date, 13 membrane-tethered and
8 secreted human mucins have been reported (2–4). Membrane-
tethered mucins are involved in cell–cell recognition (4), immune
responses (5), carcinogenesis, and tumor metastasis (5, 6). Se-
creted mucins are the major determinants of the rheologic prop-
erties of mucus, which protects the underlined epithelium by
maintaining hydrated environment, and can serve as the first
line of defense against airborne and ingested pathogens by trap-
ping and then clearing them from the airways and gastrointesti-
nal tract, respectively. The above-mentioned mucin functions
reside primarily in the carbohydrate moieties, which make up
60–90% of the molecules by weight. For membrane-tethered
mucins, some carbohydrates, such as sialyl Lewis X without or
with sulfation at C6 of GlcNAc, can serve as the signal to direct
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CLINICAL RELEVANCE

Identification of the cis-regulatory elements of the hC2GnT-M
gene would afford an opportunity for constructing a mucus
cell-specific vector for gene therapy of mucus hypersecretory
diseases.

leukocyte trafficking during inflammation and leukocyte recircu-
lation, respectively (7–9). Carbohydrate structures in secreted
mucins are more heterogeneous than membrane-tethered mu-
cins (10–13) so that the secreted mucins can fulfill their functional
obligation to bind more variety of pathogens. For example, hun-
dreds of different mucin glycans have been identified from air-
way mucins of a single individual (10, 12), while only a fraction
of them was detected in membrane-tethered mucins found in
leukocytes (14). Understanding regulation of mucin glycan bio-
synthesis is important for understanding the functions of mucins.

Mucin glycans are synthesized in the Golgi apparatus and
are determined primarily by the amounts and Golgi localization
of glycosyltransferases. Biosynthesis of mucin glycans in the Golgi
apparatus is initiated by the transfer of N-acetylgalactosamine
(GalNAc) from UDP-GalNAc to the hydroxyl group of Ser/Thr
in the peptide backbone. After the initial glycosylation step,
mucin carbohydrate can be extended by adding either Gal or
GlcNAc to GalNAc to generate core 1 (Gal�1,3GalNAc) or
core 3 (GlcNAc�1,3GalNAc), respectively. Further expansion
of these two core structures involves extension from the �1,3Gal
or GlcNAc arm, or C6 of GalNAc as shown in Figure 1. Addition
of �1,6GlcNAc to core 1 and core 3 disaccharides at GalNAc
would form core 2 and core 4 branch structures, respectively.
Blood group I is another �1,6GlcNAc branch structure formed
by adding �1,6GlcNAc to Gal of blood group i, GlcNAc�1,3Gal.
The �1,6GlcNAc branch structure on core 2, core 4, and blood
group I allows generation of additional carbohydrate structures
and thus expansion of functional potential of mucins. Changes
of mucin glycan branch structures can affect immune function
and be associated with certain diseases. For example, overexpres-
sion of core 2 branch reduces acquired immunity in an animal
model (15, 16) and exhibits hematologic disorders and cancer
in patients with Wiskott-Aldrich syndrome (17, 18). On the other
hand, ablation of core 2 structure decreases inflammatory response
in a mouse model (19).

To date, three enzymes that exhibit C2GnT activity have
been reported (20). They are C2GnT-1 (or L, leukemia type)
(21), C2GnT-2 (or M, mucus type) (22), and C2GnT-3 (or T,
thymus type) (23), respectively. C2GnT-L is ubiquitously ex-
pressed (21), whereas C2GnT-M and C2GnT-3 are expressed
primarily in mucus-secretory tissues (22) and thymus (23), re-
spectively. C4GnT activity is only expressed by C2GnT-M (20),
while IGnT activities are exhibited by IGnT (24, 25) and
C2GnT-M (22, 23, 26). Therefore, C2GnT-M enzyme is unique
in that it exhibits C2GnT, C4GnT, and blood group I activities.
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Figure 1. Biosynthesis pathway of mucin cores 1, 2, 3, and 4 as
catalyzed by respective branching enzymes.

The multi-acceptor specificity of C2GnT-M was demonstrated by
our group using enzyme purified from bovine tracheal epithelium
(26). This multi-acceptor specificity was later confirmed with
recombinant enzyme generated by cloned cDNA (15). The re-
port also showed that this gene was expressed primarily in mucus
secretory tissues (15). Given the capability of C2GnT-M enzyme
to generate all known mucin �6GlcNAc branch structures, alter-
ation of C2GnT-M activity is expected to have a profound effect
on the branch structure of mucin glycans and thus mucin func-
tions in mucus secretion. Understanding the regulation of the
expression of this gene is thus important for understanding mucin
functions.

To date, tissue-specific expression of mouse (27, 28) and hu-
man (29) C2GnT-L, post-translational mechanism for regulation
of rat C2GnT-L (30), and characterization of 5� untranslated
region of human C2GnT-L (29) have been reported. However,
very little is known about how C2GnT-M gene is regulated.
Recently, we showed that expression of C2GnT-M gene was
inhibited by epidermal growth factor (EGF) (31), but enhanced
by Th2 cytokines and all-trans retinoic acid (ATRA) in airway
epithelial cells (32). Also, it has been shown that C2GnT-M is
down-regulated in colorectal cancer and its re-expression causes
growth inhibition of colon cancer cells (33). However, the molec-
ular mechanism at the level of transcription regulation is still
not available. In this study, we characterize the transcripts of
hC2GnT-M gene and identify its 5�-untranslated regions in vari-
ous mucus-secretory tissues and airway epithelial cells. Further-
more, we identify cis-regulatory elements in the promoter re-
gions, which are critical for promoter activity under basal and
ATRA and Th2 cytokine–treated conditions.

MATERIALS AND METHODS

Materials

TaqManUniversal PCR Master Mix 200Reactions was purchased from
Applied Biosystems (ABI, Foster City, CA). Human Sure-Race Multi-
Tissue RACE Panels (10 ng/in 5� well) and human multiple-choice
Northern blot premade membrane were from OriGene Technologies,
Inc. (Rockville, MD). StrataScript First-Strand Synthesis System and
QuickChange II XL site-directed mutagenesis kit were from Stratagene
(La Jolla, CA). Total RNA extraction TRI reagent was from Molecular
Research Center, Inc. (Cincinnati, OH). GeneRacerKit (for full-length,
RNAligase-mediated rapid amplification of 5� and 3� cDNA ends
[RLM-RACE]), DMRIE-C transfection reagent, as well as the cloning
vectors pCRII, were from Invitrogen (Carlsbad, CA). PNA was from
EY Laboratories, Inc. (San Mateo, CA). Oligonucleotide primers were
synthesized by the Molecular Biology Core Lab, the University of
Nebraska Medical Center. [�-32P]dCTP (1 mCi, 6,000Ci/mmol in 50 �L
H2O) and [�-32P]ATP were purchased from MP Biomedical (formerly

ICN Diagnostic, Inc., Solon, OH). RNA Millennium Markers (0.5–9.0 Kb)
was obtained from Ambion (Austin, TX).

Cell Culture

A549 human lung carcinoma cells were grown in F-12 K medium con-
taining 10% fetal bovine serum (FBS); HBE1 human bronchia epithelial
cells were cultured in F-12 medium supplemented with insulin (5 �g/ml),
transferrin (5 �g/ml), EGF (10 ng/ml), dexamethasone (0.1 �M), chol-
era toxin (20 ng/ml), and bovine hypothalamus extract (15–30 �g/ml);
human pancreas duct epithelioid carcinoma cell (PANC-1) and human
colon colorectal adenocarcinoma epithelial cell LS 180 were grown in
MEM medium with 10% FBS. All media were supplemented with 50
U/ml penicillin and 50 �g/ml streptomycin.

Isolation of Total RNA and Polyadenylated RNA

Total RNA from the cultured cells were isolated using TRI reagent.
DNA-free DNase treatment and removal reagents (Ambion Inc.) were
used to remove the trace amount of DNA contaminant in RNA prepara-
tion. Polyadenylated RNA was isolated from the total RNA with Poly-
ATract mRNA Isolation System III.

Quantitative Real-Time PCR Analysis of hC2GnT-M Gene
Expression in Various Tissues and Cell Lines

The cDNAs from 24 human tissues for quantitative real-time PCR were
purchased from Sure-Race Multi-Tissue RACE Panels (10 ng/in 5�
well). Human trachea polyA� RNA from Clontech was reverse-tran-
scribed into cDNA using random primer and StrataScript First-Strand
Synthesis System. Gene-specific primer sets and probes were designed
with Primer Express 2.0 software (ABI) according to the published
gene sequences of hC2GnT-M (22) (Gene Bank Accession No.
AF102542) and human �-actin (Gene Bank Accession No. BC013835).
The primer set and probe for hC2GnT-M were as follow: forward primer,
5-AAAGACACTTATAGCCCAGATGAACA-3; reverse primer, 5-GA
AGTCATGTCTGAGATGTCGTACTTG-3; probe, 6FAM-CTCTGTT
CCCAACCAC-NFQ. The primer set and probe for human �-actin were
as follows: forward primer, 5-GCCGTCTTCCCCTCCAT-3; reverse
primer, 5-CTGACCCATGCCCACCAT-3; probe, 6FAM-ACGCCCTG
GTGCCTG-NFQ. The 20� primers and probe mix (18 �M of each
primer and 5 �M of probe), 2� TaqManUniversal PCR Master Mix,
and cDNA were used to set up the reaction, which contained all reagents
for PCR. The standard curves for hC2GnT-M and �-actin were gener-
ated by serial dilution of cDNA prepared from A549 total RNA. Tripli-
cate reactions from each cDNA were performed for real-time PCR,
which included 1 cycle at 50	C for 2 min; 1 cycle at 95	C for 10 min;
and 40 cycles at 95	C for 10 s, and at 60	C for 1 min. PCR products were
measured continuously with an ABI PRISM 7500 Sequence Detection
System (Applied Biosystems). The relative amounts of the transcripts
were normalized to the amount of human �-actin transcript in the same
cDNA sample.
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5�RACE and 3�RACE

For 5�RACE and 3�RACE in A549 and HBE cells, GeneRacerKit was
used. This 5�RACE technique was based on RNA ligase-mediated
(RLM-RACE) and oligo-capping amplification of cDNA ends (RACE)
method, which produced the selective ligation of an RNA oligonucleo-
tide to the 5� ends of decapped mRNA using T4 RNA ligase. For
5�RACE, total RNA was treated with calf intestinal phosphatase to
remove the 5� phosphates, then treated with tobacco acid pyrophospha-
tase to remove the 5� cap structure from intact, full-length mRNA, and
leave a 5�phosphate to ligate with the 3�end of the GeneRacer RNA
Oligo. Subsequently, the ligated mRNA was reverse-transcribed into
RACE-ready first-strand cDNA using random primer, and amplified
with Gene Racer 5� Primer (5-CGACTGGAGCACGAGGACACTG
A-3) as well as gene-specific primer (GSP) 1 (hC2GnT-M-Exon 2-GSP 1:
5-G CGGTGTTCCGTGGCAGCAAATGTGAA-3) for the first round
PCR reaction; the condition was 94	C 2 min; 94	C 30 s, 72	C 3 min
(5 cycles); 94	C 30 s, 70	C 3 min (5 cycles); 94	C 30 s, 68	C 30 s, 72	C
3 min (30 cycles); 72	C 10 min. The product generated was used as the
template for the second round nested PCR reaction with Gene Racer
5� nested primer (5-GGACACTGACATGGACTGAAGGAGTA-3)
and gene-specific primer 2 (hC2GnT-M-Exon 2-GSP 2: 5-GAGGG
CAGCAGGTGGCTCCATCACTCTC-3); the condition for the sec-
ond round nested PCR was 94	C 5 s, 60	C 30 s, 72	C 3 min (30 cycles);
72	C 10 min. The PCR products were cloned into pCRII 2.1 vector for
DNA sequencing.

For 3�RACE, hC2GnT-M-3RACE-GSP 1 outer primer (5-GCC
TTGCAAATTGCTGCCTGGGTGA-3) and Gene Racer 3� reverse
primer (5-GCTGTCAACGATACGCTACGTAACG-3) were used for
the first-round PCR; hC2GnT-M-3RACE-GSP 2 inner primer (5-TG
CTGCCTGGGTGAATGCTGCTTGTTC-3) and Gene Racer 3� nested
primer (5-CGCTACGTAACGGCATGACAGTG-3) were used for
the second-round PCR. The condition for two rounds of nested PCR
was the same as that used for the 5�RACE experiment. For 5�RACE
in 24 different human tissues, Sure-Race Multi-Tissue RACE Panel
(OriGene Technologies, Inc.), which contained cDNAs prepared from
22 individual adult human tissues and 2 human fetal tissues (fetal brain
and liver), were used as the templates for another round of 5�RACE
analysis. The RACE was also performed by two rounds of touch-down
PCR reaction to reduce the background and nonspecific reaction. The
first round of PCR was performed in 20 �l of reaction system using a
sealed 48-well plate containing 24 human RACE-ready cDNAs with
outer adapter primer1 (ADP1, 5� CGGAATTCGTCACTCAGCG 3�
10 �M) and hC2GnT-M-Exon 2-GSP 1 primer to enrich the specific
cDNAs; the condition was 94 	C 3 min; 10 cycles of 94	C 30 s, 68	C
30 s; 15 cycles of 94	C 30 s, 62	C 30 s, 72	C 3 min; then extension at
72	C for 6 min. The second round of nested PCR was performed by
using 1 �l of 1:10 diluted reaction product as the template with inner
adapter primer 2 (ADP2, 5� AGCGCGTGAATCAGATCG 3�) and
hC2GnT-M-Exon 2-GSP 2 primer to complete the 5�RACE reaction,
the condition was 94 	C 3 min; 5 cycles of 94	C 30 s, 65	C 30 s, 72	C
3 min; 5 cycles of 94	C 30 s, 62	C 30 s, 72	C 3 min; 25 cycles of 94	C
30 s, 60	C 30 s, 72	C 3 min; then extension at 72	C for 6 min. The
RACE products were analyzed on 1.2% agarose gel and the target
bands were recovered and cloned into pCRII 2.1vector for DNA se-
quencing analysis.

Northern Blot Analysis

Total RNA (25–35 �g/lane) and RNA marker were fractionated on
2.2 M formaldehyde containing agarose gel (1%) (wt/vol) electrophore-
sis and transferred to a Nytran membrane using Turboblotter system
(Schleicher and Schuell Bioscience, Keene, NH) and ultraviolet-
crosslinked. The membrane was prehybridized in a solution containing
50% formamide, 5� standard saline citrate (SSC), 5� Denhardt’s solu-
tion, 5 mM EDTA, 0.1% SDS, and 100 �g/ml denatured salmon sperm
DNA at 42	C for 4 h. The membrane was hybridized with [�-32P]-
labeled probes in the prehybridization solution supplemented with 10%
dextran sulfate (MW � 500,000 Da) at 42	C for 18 h. The membrane
was washed with 0.1% SDS in 1� SSC at 55	C for 30 min once, then
washed with 0.1% SDS in 0.25� SSC at 55	C for 30 min twice and
exposed to Kodak BioMax MR film with intensifying screen at 
80	C
for 48–72 h.

In addition, Multiple-Choice Northern Blot premade membrane
(OriGenes) was used for Northern blot analysis of 11 human tissues.
For preparation of 120-bp exon 1 probe, DNA template was first ampli-
fied from A549 cDNA using the following primers: forward primer
(5-CTGGGAAGCCCTGGGATTCTGCTAATACCTATCACTGTAGG
TGC-3) and reverse primer (5-CTTTGCCAGGCGTCAGCTTGGTC-3).
Subsequently, these probes were labeled with [�-32P] dCTP by hot asym-
metric PCR with the reverse primer, which only make the antisense strand
alone. Fifty-microliter PCR labeling reaction was set up as follows: 10�
PCR buffer (minus Mg2�) 5 �l, dNTP (10 mM dATP, dGTP, and dTTP,
and 60 �M dCTP) 1 �l, 50 mM MgCl2 1.5 �l, [�-32P]dCTP (1 mCi, 6,000
Ci/mmol in 50 �l H2O) 12 �l, 10 �M reverse primer 1 �l, 10 ng/�l DNA
template 1 �l, Taq DNA polymerase 1 �l (2.5 units), and H2O to 50 �l.
PCR was performed at 94	C, 30 s; 50	C, 30 s; 70	C, 1 min for 35 cycles.

Creation of Promoter–Reporter Constructs

The pGL3-basic vector (Promega, Madison, WI), which was promoterless
and enhancerless, was used to create the promoter–reporter constructs.
Briefly, various lengths of nest-deleted DNA fragments upstream of the
transcription initiation site were PCR-amplified from A549 genomic DNA
with multiple Bgl II–tailed forward primers and one common Hind III–
tailed reverse primer (Table 1). The PCR products were cloned into the
PCR2.1 cloning vector and confirmed by DNA sequencing with T7 promoter
primer. Subsequently, the DNA fragments were cut out and subcloned into
luciferase reporter vector pGL3-Basic at Bgl II/Hind III restriction sites.

Generation of the Linker-Scanning Mutants

The QuickChange II XL site-directed mutagenesis kit (Stratagene, La
Jolla, CA) was used to generate a series of linker-scanning mutants, and
each mutant contained the 10-bp sequence 5�-GCAGATCCGC-3� not
known to cover any important cis-regulatory elements (34). All mutants
were confirmed by sequence analysis. Seven linker-scanning mutant con-
structs were created from the template construct p508, and spanning a
70-bp region of the hC2GnT-M promoter from 
321 to 
252, relative to
the transcription initiation site. Three linker-scanning mutant constructs
were generated from the template construct p259, and spanning a 30-bp
region of the hC2GnT-M promoter from 
72 to 
43. Primers used to
create the linker-scanning mutants are listed in Table 2.

Transient Transfection and Luciferase Assay

A previously described transfection method (35) was modified and used
in this experiment. The confluent A549 cells in 48-well culture plate were
rinsed once with 500 �l of N-2-hydroxyethylpiperazine-N9–2-ethanesulfonic
acid (HEPES)-buffered saline (HBS) (20 mM HEPES [pH 7.2] containing
100 mM NaCl). These cells were then exposed to 500 �l transfection
solution that had been prepared as described below. In 12- � 75-mm
polystyrene tubes (Becton Dickinson, Lincoln Park, NJ), the following
reagents were sequentially added, gently mixed, and subsequently incu-
bated for 15 min at room temperature after each addition: 100 �l HBS
containing 5 �g PNA and 2.75 �l of 2 mg/ml DMRIE-C reagent,100 �l
HBS containing 0.8 �g construct, and 0.2 �g pSV-�-galactosidase control
plasmid. The 200-�l mixture was transferred to each well, which contained
300 �l plain medium (serum-free) without antibiotics, and was then gently
mixed. The plate was incubated for 6–8 h at 37	C under a water-saturated
environment in the presence of 5% CO2. The conditioned media were
then replaced with 1.0 ml of complete medium containing 10% FBS and
antibiotics (50 U/ml penicillin and 50 mg/ml streptomycin). After incuba-
tion for 40 h, cells were lysed with 1� passive lysis buffer (100 �l/well
for 48-well plate) and the supernatants were isolated after a brief cen-
trifugation. A 20-�l aliquot of the cell lysates was mixed with 100 �l
luciferase assay reagent, and then the light produced was measured with
a luminometer. For transfection of LS180, Panc1 and HBE cells, 5 �g
MAA, 0.05 �g HSA, and 10 �g transferrin instead of 5 �g PNA was used,
respectively.

�-Galactosidase Assay

For quantitative �-galactosidase assay, 20 �l of the same cell lysate as that
used for luciferase assay was added to each well of a 96-well plate. The
sample volume was brought to 50 �l with H2O, and 50 �l of H2O was
used as the blank. Next, 100 �l of �-galactosidase assay reagent (Pierce,
Rockford, IL) was added to each well. After incubation at 37	C for 30 min,
100 �l of 0.5 M Na2CO3 was added to each well to stop the reaction. The
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TABLE 1. SEQUENCES OF THE OLIGONUCLEOTIDES USED FOR PCR TO PRODUCE 5�- TO 3� SERIAL
TRUNCATION OF hC2GnT-M PROMOTER-LUCIFERASE CONSTRUCTS

Primer Sequences Orientation Product Regions

5-tagatctAATCTCTTTTCTCTTCCACTCCAG-3 F 
417/�187
5-tgaattagaTCTAGAGCAAGGGGGAACTTTGAG-3 F 
364/�187
5-tgaattagaTCTAAGGAGGAACCTACAGGCTGTC-3 F 
321/�187
5-tgaattagaTCTGATTAGAAACCAGTTTGATCAC-3 F 
249/�187
5- tgaattagaTCTAGAACATTTATTTAATGTTAGA-3 F 
158/�187
5-tgaattagaTCTAGCTCCAGCCTAATAAGTAACAC-3 F 
72/�187
5-tgaattagaTCTGGGTTTTCCTATTTATCTATCC-3 F 
42/�187
5- tgaattagaTCTCTCGCATTACTTCTCTGAGTCA-3 F 
19/�187
5- tgaattagaTCTAAGTCACGGGAACTGCCCTTG-3 F �18/�187
5-tgaagtaagcttGTCAGCTTGGTCTTCTCATTGAC-3 R

Definition of abbreviations: F, forward primer; R, reverse primer.
Bgl II (AGATCT) and Hind III (AAGCTT) restriction sites added at the 5� end of the primers used for subcloning are underlined. Ranges

of the products relative to the transcription initiation site are indicated.

plate was then read at 405 nm with an enzyme-linked immunosorbent
assay plate reader.

Statistical Analysis of Data

The prism (GraphPad, San Diego, CA) software package was used for
computing two-tailed P values using an unpaired t test.

RESULTS

Expression Levels of hC2GnT-M Gene in Various Tissues
and A549 Cells

Previously, Yeh and coworkers (22) employed Northern blot analy-
sis using ORF probe to show that hC2GnT-M gene was expressed
primarily in mucus-secreting tissues. In the present study, quantita-
tive real-time PCR was performed to evaluate the expression levels
of hC2GnT-M gene in 24 human tissues and A549 lung carcinoma
cells. The data after normalization with �-actin (Figure 2) showed
that this gene was expressed in all mucus-secretory tissues, which
confirmed previous report (22), although the expression levels var-
ied. Specifically, hC2GnT-M was expressed at the highest level in
colon; at the second highest level in testis, stomach, and small

TABLE 2. PRIMER PAIRS USED TO CONSTRUCT p508 AND p259 LINKER-SCANNING MUTANTS WHICH SPAN A 70-bp REGION OF
hC2GnT-M PROMOTER FROM �321 TO �252 AND A 30-bp REGION FROM �72 TO �43

Primer Sequence Orientation Mutant Mutated Region

5-GTGCTAGCCCGGGCTCGAGAGCAGATCCGCAACCTACAGGCTGTCCTG-3 F LS1 
321/
312
5-CAGGGACAGCCTGTAGGTTGCGGATCTGCTCTCGAGCCCGGGCTAGCAC-3 R
5-GCCCGGGCTCGAGATCTAAGGAGGGCAGATCCGCCTGTCCCTGTCTTTCAGCAAATTGC-3 F LS2 
311/
302
5-GCAATTTGCTGAAAGACAGGGACAGGCGGATCTGCCCTCCTTAGATCTCGAGCCCGGGC-3 R
5-CGAGATCTAAGGAGGAACCTACAGGGCAGATCCGCCTTTCAGCAAATTGCATCCAGTCTG-3 F LS3 
301/
292
5-CAGACTGGATGCAATTTGCTGAAAGGCGGATCTGCCCTGTAGGTTCCTCCTTAGATCTCG-3 R
5-GAGGAACCTACAGGCTGTCCCTGTGCAGATCCGCATTGCATCCAGTCTGAGCTTCAC-3 F LS4 
291/
282
5-GTGAAGCTCAGACTGGATGCAATGCGGATCTGCACAGGGACAGCCTGTAGGTTCCTC-3 R
5-CAGGCTGTCCCTGTCTTTCAGCAAGCAGATCCGCGTCTGAGCTTCACTTTGCAACCCTG-3 F LS5 
281/
272
5-CAGGGTTGCAAAGTGAAGCTCAGACGCGGATCTGCTTGCTGAAAGACAGGGACAGCCTG-3 R
5-CCTGTCTTTCAGCAAATTGCATCCAGCAGATCCGCCACTTTGCAACCCTGATTAGAAACC-3 F LS6 
271/
262
5-GGTTTCTAATCAGGGTTGCAAAGTGGCGGATCTGCTGGATGCAATTTGCTGAAAGACAGG-3 R
5-GCAAATTGCATCCAGTCTGAGCTTGCAGATCCGCCCCTGATTAGAAACCAGTTTGATC-3 F LS7 
261/
252
5-GATCAAACTGGTTTCTAATCAGGGGCGGATCTGCAAGCTCAGACTGGATGCAATTTGC-3 R
5-CGCGTGCTAGCCCGGGCTCGAGATGCAGATCCGCCCTAATAAGTAACACATTAACTGGG-3 F LS8 
72/
63
5-CCCAGTTAATGTGTTACTTATTAGGGCGGATCTGCATCTCGAGCCCGGGCTAGCACGCG-3 R
5-CTAGCCCGGGCTCGAGATCTAGCTCCAGGCAGATCCGCAACACATTAACTGGGTTTTCC-3 F LS9 
62/
53
5-GGAAAACCCAGTTAATGTGTTGCGGATCTGCCTGGAGCTAGATCTCGAGCCCGGGCTAG-3 R
5-CTAGCTCCAGCCTAATAAGTGCAGATCCGCCTGGGTTTTCCTATTTATCTATCCTCTCGC-3 F LS10 
52/
43
5-GATAAATAGGAAAACCCAGGCGGATCTGCACTTATTAGGCTGGAGCTAGATCTCGAGCC-3 R

Definition of abbreviations: F, forward primer and R, reverse primer.
Underlined sequences refer to mutated nucleotides. The p508 mutants include LS1–7; the p259 mutants include LS8–10.

intestine; at a moderate level in adrenal glands, kidney, trachea,
thyroid glands, uterus, ovary, pancreas, and A549 cells; at a low
level in lung, pituitary glands, prostate, peripheral blood lympho-
cytes, and fetal liver; but at an undetectable level in brain, heart
spleen, liver, muscle, placenta, fetal brain, fat, and mammary glands.

Identification and Cloning of the 5� Flanking Sequence of
hC2GnT-M Gene in Mucus-Secretory Tissues and Lung
Epithelial Cells

To understand the regulation of C2GnT-M gene, we initiated stud-
ies to identify and clone the 5� flanking sequence of hC2GnT-M
gene. Alignment of the previously reported 2.1-kb hC2GnT-M
transcript sequence (22) with the human genome database at NCBI
website (http://www.ncbi.nlm.nih.gov/BLAST/) suggested that the
reported hC2GnT-M transcript was a spliced product containing
two exons. One of the exons was 1,799 bp in length and contained
a 5� untranslated region (UTR) (59 bp), an open reading frame
(ORF, 1,314 bp), and a 3�UTR (426 bp). The second exon was 293
bp in length and located 1,297 bp upstream of the other exon. The
1,297-bp DNA fragment contained the splicing signature sequences,
GT and AG, at the 5� and 3� ends, respectively (36).
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Figure 2. Expression level of hC2GnT-M gene in various tissues byquantita-
tive real-time PCR. The expression level of the hC2GnT-M gene was normal-
ized to that of �-actin measured in same cDNA preparation. Data obtained
from triplicate experiments of same sample are shown as mean � SD.

To identify the transcription initiation site, 5�RACE was per-
formed. Commercial kits that were based on the presence of 5�cap
structure of the transcripts were employed to ensure that only full-
length transcripts were amplified. Further, nested PCR using two
hC2GnT-M gene-specific primers was performed to increase the
specificity of the RACE products. Blasting the human genomic
DNA database with gene-specific sequences of the RACE products
located these DNA sequences at the region upstream of hC2GnT-M
gene at q21.3 on chromosome 15 (22). This result indicated that all
the sequences obtained in this experiment were located in the region
contiguously adjacent to the 5� end of hC2GnT-M gene. The alignment
also revealed a new exon and a new intron along with additional
sequences that extended the 5� end of the second exon of the
previously identified transcript (22). The length of the second exon
was extended to 333 and 401 bp. The 333-bp exon was found in
all mucus secretory tissues and airway epithelial cells examined,
while the 401-bp exon was detected in A549 cells only (Figures 3
and 4A). The 5� ends of these exons were adjacent to an AG
splicing signature sequence located at the 3� end of the newly
identified intron. Since there was only one exon identified beyond
this intron, this intron was designated as intron 1. The newly identi-
fied exon was designated as exon 1, while the second exon was
designated as exon 2. Intron 1 was � 4.5 kb in size and flanked
by GT and AG splicing signature sequences at the 5� and 3� ends,
respectively. Exon 1 was heterogeneous in size, which ranged from
69–198 bp depending on tissues and cells (Figures 3 and 4A). Since
E1 obtained from intestine tissue was the longest, the 5� end (which

Figure 3. Schematic presentation of hC2GnT-M transcripts in
major mucus-secretory tissues by alignment of the sequences of
5�RACE products with the human genome database. The top
diagram represents the hC2GnT-M genomic structure at q21.3
on chromosome 15. The previously reported hC2GnT-M tran-
script (22) is � 2.1 kb in length, and contains 293-bp exon 2
and 1,799-bp exon 3, in which 426 bp is 3�UTR. Current study
extends the sizes of these transcripts to 2,266–2,463 bp by identi-
fication of 69–198-bp exon 1, 333–401-bp exon 2, and 1,864-
bp exon 3, including 491 bp of 3�UTR. TIS, transcription initiation
site designated as �1; E, exon; I, intron; UTR, untranslated region.

was located at 6,455 bp upstream of the translation start site ATG)
of E1 from this tissue was designated as the transcription initiation
site (�1).

In addition to 5� RACE, we also performed 3� RACE to identify
3�UTR. The 3�UTR sequence obtained from all tissues and cells
examined was very similar to that reported previously (22) except
for an additional 65 bp at the poly(A) tail region, which extended
the length of 3�UTR to 491 bp. The longest transcript identified
from small intestine tissue in this study has been submitted to the
GenBank with an accession number of EF152283.

Detection of E1-Containing hC2GnT-M Transcripts in Different
Tissues and A549 Cell by Northern Blotting

To confirm the presence of E1 in the three different size hC2GnT-M
transcripts, Northern blot analysis of various tissues and A549 cells
was performed using a 120-bp probe (�79/�198) located at the 3�
end of E1. As shown in Figure 4B, E1 was present in all transcripts
with the following relative abundance: � 2.3–2.5 kb � � � 6.8–7.0
kb � �3.6–3.8 kb. Similar Northern blots were obtained when
exon 2 and exon 3 were used as the probes (data not shown).

Isolation and Functional Characterization of the Promoter of
hC2GnT-M Gene

The DNA sequence around the transcription initiation site of
hC2GnT-M gene is shown in Figure 5. To assess the functionality
of the promoter region (
417/�187), we generated a series of 5�end
truncated promoter fragments by PCR using genomic DNA of
A549 cells as the template. The PCR products generated with
multiple Bgl II–tailed forward primers and one common Hind
III–tailed reverse primer were cloned into pGL3-Basic vector,
which does not have promoter and enhancer. Oligonucleotides used
for PCR are listed in Table 1. These truncated mutants were co-
transfected with pSV-�-galactosidase plasmid into A549 cells to
assess their promoter activities by transient transfection. pGL3-
Basic was used as the negative control and pGL3-Control, which
contains a SV40 promoter, as the positive control. As shown in
Figure 6, there were two positive regulatory regions in the proximal
core promoter: one was 
321/
249 (P  0.001, as compared with
full-length promoter) and the other one was 
72/
42 (P  0.001,
as compared with full-length promoter). This region contained the
most critical sequence for the basal promoter activity. Similar results
were obtained for another cell line, human colorectal adenocarcinoma
epithelial cell LS180, which expressed high C2GnT-M activity, while
human pancreas duct epithelioid carcinoma cell PANC-1, which
did not express detectable C2GnT-M activity, showed a promoter
activity close to the background (data not shown).

Identification of Important cis-Regulatory Elements

To further narrow down the critical cis-regulatory elements in the
promoter region between 
321 and 
249, and between 
72 and

42, a linker scanning analysiswas performed byreplacing consecutive
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Figure 4. (A) The DNA sequence of exon 1 region of hC2GnT-M gene.
The number �1 represents the transcription initiation site. (B) Northern
blot of hC2GnT-M poly(A�) mRNA in eleven human tissues and A549 cells
using E1 probe. The 12- bp probe was located near the 3� end of exon
1, ranging from �79 to �198. Each lane contained � 2 �g poly(A�)RNA.
The relative labeling intensity for these three bands was 2.3–2.5 kb � �

6.8–7.0 kb � 3.6–3.8 kb. The size estimate for these transcripts on Northern
blot was within the margin of error (� 15%) of the sizes of the standards
used for Northern blotting.

10-bp sequences with 5�-GCAGATCCGC-3� in these two regions.
This sequence is not known to contain any important cis-regulatory
elements (34). As shown in Figure 7, a significant decrease in
luciferase activity was observed for LS4 (
33%) (P  0.05 as
compared with p508), LS9 (
73%), and LS10 (
74%)(P  0.0001
as compared with p259) constructs, indicating that the two positive
regulatory domains (PRD), PRD1 (
291/
282) (Figure 7A) and
PRD2 (
62/
43) (Figure 7B), were important for the proximal
basal promoter activity of hC2GnT-M gene.

ATRA and IL-13 Enhanced hC2GnT-M Promoter Activity in
A549 Cells

It is known that vitamin A is involved in development and differ-
entiation of airway epithelial mucosa, and our previous report
demonstrated that ATRA up-regulated hC2GnT-M activity in hu-
man lung carcinoma cells (32). To examine whether ATRA could
enhance hC2GnT-M promoter activity in A549 cells, these cells
were transfected with two representative promoter-reporter con-
structs p604 and p259. As shown in Figure 8A, treatment with 100
nM ATRA for 96 h increased the promoter activities of p604 and
p259 constructs by 118 and 150%, respectively. Also, treatment
with 20 ng/ml IL13 for 24 h increased the promoter activities of
p604 and p259 constructs by 37 and 63%, respectively (Figure
8B). These results were supported by increased C2GnT-M gene
expression measured by quantitative real-time PCR after treatment
of A549 cells with ATRA or IL13 (Figure 8C).

DISCUSSION

Human (22) and bovine (37) C2GnT-M cDNAs have been cloned
and human C2GnT-M gene has been shown to be regulated by
EGF (31), Th2 cytokines (32), and ATRA (32). However, very
little is known about the regulatory mechanism of this gene. Given
the importance of this enzyme in the formation of all three mucin
glycan branch structures, we initiated current study to determine
the structure of hC2GnT-M gene, identify the promoter region,
and then characterize its cis-regulatory elements.

Figure 5. DNA sequence of proximal promoter of the hC2GnT-M gene.
Numberings are relative to the transcription initiation site (�1) in intestinal
C2GnT-M transcript identified by 5� RACE. Two important positive regula-
tory domains (PRD1, 
291/
282, and PRD2, 
62/
43) (see Figure 6)
are indicated by gray shading.

By performing quantitative real-time PCR, we not only confirm
previous report that this gene is expressed primarily in mucus-
secretory tissues (22), but also reveal the relative abundance of
hC2GnT-M transcripts in these tissues. Further, we extend previous
report (22) by showing that the hC2GnT-M gene is � 8.26 kb
and contains three exons and two introns. The structure of the
hC2GnT-M gene is similar to that of bovine C2GnT-M gene except
that bovine gene is only 6.3 kb (37). In addition, there are differences
in exon and intron utilization of the C2GnT-M gene between these
two species. In the case of the bovine C2GnT-M gene, four different
transcripts are distributed in two different sizes. Two of the tran-
scripts are intronless and the other two contain intron 2. Within
each group of similarly sized transcripts, one contains exon 1 and
the other one does not. Furthermore, E1-containing transcripts are
expressed only in trachea and testis. For the hC2GnT-M gene,
there does not seem to have any tissue-specific expression of the
transcripts. In addition, three different size transcripts, including
2.3–2.5, 3.6–3.8, and 6.8–7.0 kb, are identified. Exon 1 is present in
all transcripts and had same 3�-end but different 5�-ends. Linking
of exon 1 to GT at the 5�-end of intron 1 suggests that this is a
potential splicing site. Heterogeneous 5�-ends of exon 1 suggest
that they are multiple transcription start sites as reported for other
genes (38, 39). We also observe heterogeneous sizes of exon 2s in
the A549 cell line (Figure 3). These exons 2s share same 3�-end
but exhibit different 5�-ends and are flanked by AG and GT at 5�
and 3� ends in the hC2GnT-M gene, respectively, suggesting that
they are products of alternative splicing events. Based on the geno-
mic structure, sizes of these transcripts as estimated by Northern
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Figure 6. Functional characterization of proximal pro-
moter of the hC2GnT-M gene in A549 cells. (A) Sche-
matic representation of the 5�-flanking region of
hC2GnT-M gene and serial truncation constructs. The
numbers adjacent to truncation constructs represent
the positions of 5� and 3� ends of the inserts, which
are relative to the transcription initiation site (�1), and
all the inserts sharea common3� endat position �187.
(B) The truncation constructs were co-transfected with
pSV-�-galactosidase plasmid into A549 cells for tran-
sient expression, pGL3 basic and pGL3-control were
used as the negative and positive control, respectively.
Specific activity of luciferase in each construct was
normalized to the specific activity of �-galactosidase
and then plotted as a percentage of that of the posi-
tive control plasmid (pGL3-control). Data are shown
as mean � SEM; * P  0.001; n � 4 independent
samples.

analysis, and detection of exon 1, exon 2, and exon 3 in all tran-
scripts, these three size transcripts are likely derived from variation
of intron use. The smallest transcripts (� 2.3–2.5 kb) are likely
intronless and contain exon 1 (69–198 bp), exon 2 (333–401 bp),
and exon 3 (1,864 bp). The intermediate (� 3.6–3.8 kb)- and the
largest (� 6.8–7.0 kb)-sized transcripts contain, in addition to all
three exons, intron 2 (1.3 kb) and intron 1 (4.5 kb), respectively.
These two size transcripts most likely represent incompletely pro-
cessed messenger RNAs.

It has been reported that human (29) and mouse (27, 28)
C2GnT-L genes, which span 53–60 kb and are distributed into 6
exons and 5 introns, use multiple transcription initiation sites in a
tissue-specific manner. The ubiquitous nature of tissue expression
of C2GnT-L gene supports the need for such mechanisms to control
where, when, and how the C2GnT-L gene will be expressed to
meet the specific need of each tissue/organ. Since C2GnT-M gene is
expressed primarily in mucus-secretory tissues, it is not a surprise that
the mechanism for regulating C2GnT-M gene expression is not as
complex as that for C2GnT-L gene. Among the three C2GnT genes,
C2GnT-3 gene (23) is the least known. The other two C2GnT genes
are regulated differently. For example, expression of hC2GnT-L gene
is only moderately enhanced by Th2 cytokines (32), inhibited by EGF
(31), but not affected by ATRA (32). Expression of hC2GnT-M

Figure 7. Linker-scanning mutational analysis of important re-
gions in the proximal promoter of hC2GnT-M gene in A549
cell line. All mutant constructs were introduced with the 10-bp
sequence of 5�-GCAGATCCGC-3� not known to contain impor-
tant cis-regulatory elements. Seven mutants (LS1 � 7) spanning
a 70-bp region of the hC2GnT-M promoter from 
321 to 
252,
relative to the transcription initiation site were generated. Three
mutants (LS8 � 10) spanning a 30-bp region of the human
C2GnT-M promoter from 
72 to 
43. Specific activity of lucifer-
ase in each construct was normalized to the specific activity of
�-galactosidase and then plotted as a percentage of the wild-type
plasmid. Two positive regulatory domains (PRD1, 
291/
282,
and PRD2, 
62/
43) were identified. Data are shown as
mean � SEM; *P  0.05; **P  0.01; n � 4 independent samples.

gene is inhibited by EGF (31), and greatly enhanced by Th2
cytokines and ATRA (32). These results further re-enforce the
potential differences in biological functions between these two
C2GnT isozymes as predicted from the difference in their tissue
distribution.

Since E1 is present in all three mRNA transcript bands (Figures
3 and 4), we surmise that the promoter region of this gene would
be located upstream of and/or near the 5� end of E1. Therefore,
we clone the promoter region (
417/�187) of hC2GnT-M gene
and characterize the basal promoter activity by transient transfec-
tion assay of truncated promoter-reporter constructs. We identify
two small regions, 
62/
43 and 
291/
282, that contain critical
sequences for basal promoter activity. We find that the promoter
activity is correlated with the level of C2GnT-M activity in different
cells, supporting the notion that these promoter sequences are
specific for hC2GnT-M gene. In addition, hC2GnT-M promoter
activity is enhanced by ATRA and IL-13 (Figure 8). The presence
of putative retinoic acid (RAREs) and STATx response elements
at �40/�69 and �77/�85 may be responsible for the promoter
activities of these reporter constructs in response to treatment with
ATRA and IL-13, respectively. Detailed functional studies using
mutated response element-reporter constructs and transcription
factor expression plasmids are needed to confirm the prediction.
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Figure 8. Effects of ATRA (A ) and IL-13 (B) treat-
ment on hC2GnT-M promoter activity and (C)
expression ofhC2GnT-M gene in A549cells. Two
representative hC2GnT-M gene promoter-
reporter constructs, p604 and p259, were co-
transfected with pSV-�-galactosidase plasmid
into A549 cells for transient expression. After
transfection, the cells were treated with 100 nM
retinoic acid for 96 h or 20 ng/ml IL-13 for
24 h. The specific activity of luciferase was mea-
sured and normalized to that of �-galactosidase,
then plotted as a percentage of that of the posi-
tive control plasmid (pGL3-control). In this assay,
pGL3 basic and pGL3-control were used as the
negative and positive control, respectively. For
measurement of hC2GnT-M gene expression by
quantitative real-time PCR, A549 cells were
treated with ATRA for 72 h or IL-13 for 24 h first.
After normalization to �-actin message, data are
shown as means � SEM; *P  0.05; n � 4 inde-
pendent samples.

We believe that identification of the cis-regulatory elements of
hC2GnT-M gene could lead to the development of mucus cell–
specific gene therapy vectors. The therapeutic genes may include
RNAi against secretory mucins and selective glycosyltransferase
such as core 1 �1,3-galactosyltransferase (40) to suppress the pro-
duction of mucins or fully glycosylated mucins, respectively. Also,
other genes that can suppress mucus secretion may be delivered
with same vector. The potency of this therapeutic strategy may be
further enhanced by treatment with ATRA and/or Th2 cytokines.
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