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Background: Tn4 B cells from a patient with Tn antigen-positive leukocytes lack transcripts of Cosmc.
Results: The Cosmc promoter in Tn4 cells is methylated and 5-aza-2�-deoxycytidine treatment restores Cosmc transcription
and normal O-glycans.
Conclusion:Methylation-dependent epigenetic silencing of Cosmc occurs in Tn4 cells and results in Tn antigen expression.
Significance: These findings provide a novel mechanism underlying aberrant expression of Tn antigen in human diseases.

Cosmc is the specificmolecular chaperone in the endoplasmic
reticulum for T-synthase, a Golgi �3-galactosyltransferase that
generates the core 1 O-glycan, Gal�1–3GalNAc�-Ser/Thr, in
glycoproteins. Dysfunctional Cosmc results in the formation of
inactive T-synthase and consequent expression of the Tn anti-
gen (GalNAc�1-Ser/Thr), which is associated with several
human diseases. However, the molecular regulation of expres-
sion of Cosmc, which is encoded by a single gene on Xq24, is
poorly understood. Here we show that epigenetic silencing of
Cosmc throughhypermethylation of its promoter leads to loss of
Cosmc transcripts in Tn4 cells, an immortalized B cell line from
a male patient with a Tn-syndrome-like phenotype. These cells
lack T-synthase activity and express the Tn antigen. Treatment
of cells with 5-aza-2�-deoxycytidine causes restoration ofCosmc
transcripts, restoresT-synthase activity, and reducesTnantigen
expression. Bisulfite sequencing shows that CGdinucleotides in
the Cosmc core promoter are hypermethylated. Interestingly,
several other X-linked genes associated with glycosylation are
not silenced in Tn4 cells, and we observed no correlation of a
particular DNA methyltransferase to aberrant methylation of
Cosmc in these cells. Thus, hypermethylation of the Cosmc pro-
moter in Tn4 cells is relatively specific. Epigenetic silencing of
Cosmc provides another mechanism underlying the abnormal
expression of the Tn antigen, whichmay be important in under-
standing aberrant Tn antigen expression in human diseases,
including IgA nephropathy and cancer.

O-Glycans are commonly found on Ser/Thr residues of ani-
mal cell glycoproteins and serve to regulate many aspects of
glycoprotein function and recognition (1–7). The generation of
themost common core 1O-glycan, Gal�1–3GalNAc�-Ser/Thr

(T antigen),2 from GalNAc�1-Ser/Thr (Tn antigen) requires
action of a single enzyme, the core 1 �3-galactosyltransferase
(T-synthase) (8). Interestingly, biosynthesis of active T-syn-
thase requires an endoplasmic reticulum-localized molecular
chaperone, Cosmc (core 1 �3-galatosyltransferase-specific
molecular chaperone), that prevents the aggregation and sub-
sequent proteasomal degradation of T-synthase (9–12).
Human T-synthase is encoded by a multiexon functional gene
on 7p14-p13 (8), whereas human Cosmc is encoded by a single
exon gene on Xq24 (9). Deletion of either T-synthase or Cosmc
in mice causes embryonic lethality (4, 13), which is associated
with bleeding due to defective angiogenesis. Both Cosmc and
T-synthase are ubiquitously and coordinately expressed in all
tissues of mice and humans (8, 10).
Although under normal physiological conditions, functional

Cosmc and T-synthase ensure the conversion of Tn antigen to
the core 1 structure (T antigen), aberrant expression of Tn anti-
gen has been observed in several human diseases, including Tn
syndrome (14), IgA nephropathy (IgAN) (15), and human
tumors (16). In some cases, patients have acquired somatic
mutations in the open reading frame (ORF) ofCosmc, as seen in
hematopoietic stem cells in patients with Tn syndrome (17, 18)
and in human and mouse tumor cell lines (19, 20). In other
cases, such as human cervical cancer and melanoma cells,
tumor cells have the gene deletion, or loss of heterozygosity, of
Cosmc (19). Interestingly, Thurnher et al. (21) and Felner et al.
(22) observed that the T-synthase activity was regained after
treatment of the Tn-positive T cells from patients with Tn syn-
drome with 5-azacytidine or sodium n-butyrate, and they con-
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cluded that the suppression ofT-synthase presumably bymeth-
ylation was the mechanism for Tn syndrome. Because both
human Cosmc and T-synthase were not cloned then, it was not
possible for them to examine the methylation status of these
critical genes. In addition, in IgAN, aberrantO-glycosylation of
the hinge region of IgA1 (e.g. Tn and sialyl-Tn expression) is
considered a hallmark for pathogenesis in this most common
glomerulonephritis (15), but the molecular mechanism for
undergalactosylation of IgA1 is not well understood.
In an immortalized B cell line termed Tn4, derived from a

male blood donor with a Tn-positive phenotype, a C428T
change in the Cosmc (C1GALT1C1) exon encoded an A143V
substitution, and the transcripts of Cosmc were not detected.
However, erythrocytes from the Tn4 donor were Tn-negative,
suggesting that the C428T conservative substitution is not the
cause of Tn antigen expression in donor Tn4 (17). Here we
investigated in greater detail the lack of Cosmc transcripts and
Tn expression in Tn4 cells. Our results show thatCosmc in Tn4
cells is completely silenced due to hypermethylation of the core
promoter. Inhibition of DNA methylation by 5-aza-2�-deoxy-
cytidine (5-Aza-dC) (23) causes the restoration of transcription
of Cosmc, restores T-synthase activity, and corrects the O-gly-
cans in Tn4 cells. These results identify a unique epigenetic
mechanism for dysregulation of Cosmc that may shed light
on human diseases associated with aberrant Tn antigen
expression.

EXPERIMENTAL PROCEDURES

Reagents—All chemical reagents, including 5-Aza-dC were
purchased from Sigma and Fisher. DNA oligonucleotides
(primers) were from Integrated DNA Technologies Inc. (Cor-
alville, IA).
Cell Lines and Culture—Tn4 cells are the Epstein-Barr virus

(EBV)-transformed B lymphocytes from a male individual
(Tn4) whose leukocytes express Tn antigen (17). EBV-trans-
formed human B-lymphoblast DAKIKI cells were purchased
from ATCC (TIB-206). C4 B cells are the EBV-transformed B
lymphocytes from peripheral blood of a healthy male donor.
All cells were grown in RPMI1640 (Invitrogen) containing
20% heat-inactivated fetal bovine serum at 37 °C, 5% CO2.
For 5-Aza-dC treatment, Tn4 cells were seeded at a density
of 1 � 106 cells/ml and 0.5–10 �M (final concentration).
5-Aza-dC was added into the growth medium as indicated in
the figures.
Preparation of Cytosolic Fraction andNuclear Extracts—Cell

pellets containing 5–6 � 106 cells were processed to generate
the cytosolic fractions and nuclear extracts using the Nuclear
Extract Kit from Active Motif (Carlsbad, CA). Protein concen-
trations were measured with a bicinchoninic acid (BCA) kit
(Pierce) with bovine serum albumin (BSA) as a standard.
FlowCytometry—Cells (1� 106) in 200�l ofHanks’ balanced

buffer were stained with 1 �g/ml Alexa488-labeled mouse
anti-TnmAb (IgM, CA3638), or FITC-labeled antibodies, anti-
IgA, IgA1, IgA2, CD19, and CD59, and isotype controls in
Hanks’ balanced buffer and analyzed on a flow cytometer (FAC-
SCalibur, BD Biosciences) as described previously (19).
RT-PCR and PCR Analysis—Total RNA and genomic DNA

from Tn4 and DAKIKI cells were extracted with the RNeasy

minikit and FlexiGeneDNAkit (Qiagen, Valencia, CA), respec-
tively. RT-PCR was carried out with 500 ng of mRNA as tem-
plate using the SuperScript first-strand synthesis system for
RT-PCR (Invitrogen). The regular PCRs were done with the
Advantage GC genomic PCR polymerase kit from Clontech.
The primers are listed in Table 1, and annealing temperatures
for each set of primers are listed in Table 2.
EnzymeActivity Assays—The activity of T-synthasewas fluo-

rescently assayed using GalNAc-�-(4-MU) as acceptor sub-
strate and UDP-Gal as the donor as described previously (24).
The neutral �-mannosidase activity, including �-mannosidase
II, was assayed using mannose-�-(4-MU) (Sigma) as the sub-
strate. Briefly, the 50-�l reaction system contained 1 mM man-
nose-�-(4-MU) in 100 mM Tris-HCl (pH 7.5) and 10 �l of cell
extracts. The blank reaction was set up the same except for 10
�l of cell extraction boiled prior to addition to the reaction. The
rest of the procedure was the same as the T-synthase activity
assay (24).
Analysis of DNA Methylation by Bisulfite Sequencing—

Genomic DNA was treated by sodium bisulfite with EZ DNA
Methylation-Gold kit (Zymo Research, Irvine, CA). PCR prim-
ers are listed in Table 1, and PCR conditions used are shown in

TABLE 1
PCR primers

Name Sequence

Cosmc-F9 5�-TTCTCCATAGAGGAGTTGTTGC-3�
Cosmc-R10 5�-TGTGGTTATACCAGTGCCACC-3�
Cosmc-cDNA-F1 5�-CGTGAGAGGAAACCCGTG-3�
Cosmc-cDNA-R1 5�-TGTGTGGTTATACCAGTGCC-3�
Cosmc-cDNA-F3 5�-TTTAGCGAGACCAACGAG-3�
Cosmc-cDNA-R3 5�-GAACTCTGCTTTGTCACAGTG-3�
Cosmc-5�-F2 5�-AGCGGGCCCACTGTCAGAAAT-3�
Cosmc-5�-R2 5�-TGGCTGCTGTCCTTAAGTGTTTTGA-3�
Tsyn-cDNA-F1 5�-TCTTACAGAAATACACTTTCGG-3�
Tsyn-cDNA-R1 5�-ATTTTAACACACTTCACAGCTC-3�
Tsyn-cDNA-F3 5�-GGTTGACACCCAGCCTAATG-3�
Tsyn-cDNA-R3 5�-TTTTCAGTCCCACAGCAGGG-3�
GAPDH-F 5�-TGGGGAAGGTGAAGGTCGG-3�
GAPDH-R 5�-GGGATCTCGCTCCTGGAAG-3�
Cosmc-M-F 5�-GTTTAGTCGTCGGTTTTTTTATTTC-3�
Cosmc -M-R 5�-AAACGATATTCTCTCGTTAATCTCG-3�
Cosmc -U-F 5�-TTTAGTTGTTGGTTTTTTTATTTTGT-3�
Cosmc -U-R 5�-AACAATATTCTCTCATTAATCTCACT-3�
Tsyn-110F 5�-TTTTTTTTTGGGGTTGGTG-3�
Tsyn�138R 5�-CCTTTACTTCTCTAAACAAC-3�
Tsyn-89MF 5�-CGGCGGAGACGTTAGCGTTAG-3�
Tsyn�63MR 5�-TCCCCGACAACGACAACACAA-3�
Tsyn-89UF 5�-TGGTGGAGATGTTAGTGTTAG-3�
Tsyn�63UR 5�-TCCCCAACAACAACAACACAA-3�
hIgA-F 5�-AATCCCAGCCAGGATGTGAC-3�
hIgA-R 5�-AGGCAGCAGTGCAAGTGAAG-3�

TABLE 2
Information on PCR with different sets of primers

Primer sets
Annealing
temperature

Size
of product

°C bp
Cosmc-F9/-R10 59 1333
Cosmc-cDNA-F1/-R1 62 1156
Cosmc-cDNA-F3/-R3 53 437
Cosmc-5�-F2/-R2 63 5092
T-syn-cDNA-F1/-R1 62 1299
T-syn-cDNA-F3/-R3 54 305
GAPDH-F/-R 62 245
Cosmc-M-F/-M-R 58 165
Cosmc -U-F/-U-R 58 165
Tsyn-110F/�138R 48 248
Tsyn-89MF/�63MR 55 152
Tsyn-89UF/�63UR 50 152
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Table 2. The PCR products were analyzed on 2% agarose gel,
and the bands were excised and purified using a Qiagen gel
extraction kit (Qiagen) and subjected to sequencing.
Western Blot—Protein samples (20–30 �g) after denaturing

under reducing conditions were separated on a 4–12% precast
gel (SDS-PAGE) fromBio-Rad and transferred to nitrocellulose
membranes. The membranes were blotted with anti-human
DNMT-1, -3a, or -3b from IMGENEX (San Diego, CA) and
anti-human DNMT-2 and -3L and anti-human OGT, SP1
(specificity protein 1), SP3, lamin B, and �-actin from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA) as described previ-
ously (10).

RESULTS
Characterization of Tn4Cells—Tn4 cells are an EBV-immor-

talized B cell line originally derived from a patient with Tn-pos-
itive blood lymphocytes (17). We characterized Tn4 cells and
showed that these cells lacked transcripts of Cosmc but con-
tained normal transcripts for T-synthase (Fig. 1A), whereas
DAKIKI cells, a human B cell line from a patient withmyeloma,
had transcripts for both Cosmc and T-synthase. To investigate
the cause of the lack of Cosmc transcripts, we examined the
integrity ofCosmc,which is a single exon gene on humanXq24.
We found that the ORF and 5�-flanking region, including the
promoter, of Cosmc in Tn4 cells were intact and comparable

FIGURE 1. Characterization of Tn4 Cells. A, RT-PCR analysis of Cosmc and T-synthase expression. The mRNA from Tn4 and DAKIKI cells was isolated, and the
cDNA was synthesized using universal primers. Using GAPDH as an internal control, PCRs for Cosmc (Cosmc-cDNA-F1/-R1) and T-synthase (Tsyn-cDNA-F1/-R1)
were carried out, and products were analyzed on 1.2% agarose gel. The lanes were run on the same gel but were noncontiguous. B, PCR analysis of the ORF and
5�-flanking region of Cosmc. The genomic DNA from Tn4 and DAKIKI cells was extracted and analyzed for the ORF and 5�-flanking region, including the
cis-elements of Cosmc, using PCR. C, enzyme activity assay. The extracts from Tn4 and DAKIKI cells were made and assayed for T-synthase activity and for
�-mannosidase II activity (mean � S.D. (error bars)) in duplicates using GalNAc-�-(4-MU) and mannose-�-(4-MU), respectively. The data represent two inde-
pendent experiments. D, analysis of Tn expression. Tn4 and DAKIKI cell lines were stained with Alexa488-labeled mouse anti-Tn and isotype control mouse IgM
and analyzed by flow cytometry. E, analyses of immunoglobulin A and CD19 expression. Tn4 and DAKIKI cells were stained with FITC-labeled mouse anti-
human CD19, IgA1, and IgA2 as well as isotype control and analyzed by flow cytometry. F, RT-PCR analysis of IgA expression. The cDNA made from mRNA of Tn4
and DAKIKI cells in Fig. 1A was amplified by the primers covering human IgA hinge region using PCR. The products were analyzed on 1.2% agarose gel.
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with those in DAKIKI cells, as shown by PCR amplification of
genomic DNA from both cell lines (Fig. 1B). Lack of Cosmc
transcript would indicate that no Cosmc protein is beingmade,
which will result in an inactive T-synthase. Indeed, Tn4 cells
lacked T-synthase activity (Fig. 1C). To compare with another
Golgi enzyme as a control, theN-glycan processing glycosidase
�-mannosidase IIwas chosen because its activity can be assayed
at neutral pH usingmannose-�-(4-MU) as the substrate, which
is similar to the T-synthase activity assay using GalNAc-�-(4-
MU) as the acceptor substrate. As shown in Fig. 1C, Tn4 cells
had robust activity of �-mannosidase II, whereas DAKIKI cells
had both T-synthase and �-mannosidase II activity. Inactive
T-synthase in cells leads to expression of truncated O-glycans,
including the Tn antigen, on the cell surface. Accordingly, Tn4
cells, but not DAKIKI cells, expressed Tn antigen on their sur-
faces (Fig. 1D). Flow cytometry analysis with anti-CD19 stain-
ing confirmed that bothTn4 andDAKIKI cells were B cells (Fig.
1E). Initially, we expected to isolate a subclone from Tn4 cells
that secreted IgA1 with Tn antigen exclusively expressed in its
hinge region, assuming that these cells were amixed population
of B cells. Such B cells could be very useful for IgAN study
because aberrantO-glycosylation, such as Tn and STn antigens
in the hinge region of human IgA1, is considered the major
pathogenesis for IgAN. Therefore, we stained the cells with
FITC-labeled anti-human IgA1 and IgA2 antibodies. Surpris-
ingly, staining revealed that Tn4 cells uniformly expressed IgA2
but not IgA1, whereas DAKIKI cells produced IgA1 but not
IgA2 (Fig. 1E). To further confirm this interesting result, RT-
PCR using primers covering the hinge regions for both human
IgA1 and IgA2 showed that the product fromTn4 cells was 310
bp (Fig. 1F), smaller than the size of the product with 349 bp
from DAKIKI cells, an IgA1-producing cell line. Sequencing of
RT-PCR products confirmed that Tn4 cells expressed IgA2,
whereas DAKIKI cells produced IgA1. Thus, Tn4 cells were
characterized as clonal, IgA2-producing B cells with a dysfunc-
tional Cosmc. These characteristics of Tn4 cells differentiate
them completely from the nature of Tn syndrome, in which
some blood cells of all lineages, including erythrocytes and leu-
kocytes, are affected. Although the clinical information for this
blood donor is not available, it is possible that the Tn4 donor
has an IgA2-producing myeloma.
The GC-rich DNA-binding Proteins, SP1/3 Transcriptional

Factors Essential for Transcription of Human Cosmc, Are
Expressed in Tn4 Cells—In our previous study (19), we found
that humanmelanoma LOX cells lack transcripts ofCosmc due
to gene deletion. By contrast, Tn4 cells had no transcripts of
Cosmc, while having an apparent intact gene. This information
indicates that the mechanism underlying the lack of Cosmc
transcripts in Tn4 cells is different from that in LOX cells. In
studying transcription factors that might be important for
Cosmc expression, our preliminary studies suggested that the
GC-rich DNA-binding proteins, including the SP/KLF (speci-
ficity protein/Krüppel-like factor) family, were transcriptional
factors needed for transcription of human Cosmc. Thus, we
reasoned that the loss of transcripts ofCosmc could result from
a lack of or decreased expression of the SP/KLF transcription
factors, such as SP1 and SP3, in Tn4 cells. However, both Tn4
and DAKIKI cells were shown to have SP1/3 proteins (Fig. 2),

and these proteins were also expressed in colorectal carcinoma
LSB cells and breast cancer MCF-7 cells. Tn4 cells had an even
higher expression level of SP1/3 than DAKIKI cells, suggesting
that amechanism independent of expression of these transcrip-
tion factors underlies the loss ofCosmc transcripts in Tn4 cells.
The DNA Methylation Inhibitor 5-Aza-dC Restores Tran-

scription of Cosmc and T-synthase Activity in Tn4 Cells and
Diminishes Tn Antigen Expression—In an attempt to under-
stand the molecular mechanism underlying the absence of
transcripts of Cosmc in Tn4 cells, we hypothesized that epige-
netic dysregulation (e.g. hypermethylation of the Cosmc pro-
moter)might be responsible for silencingCosmc.We tested this
hypothesis by treating Tn4 cells for several days with 5-Aza-dC,
a DNAmethylation inhibitor, and probed for Cosmc transcrip-
tion by simply monitoring the T-synthase activity. Incubation
with 5-Aza-dC at a concentration of 5 or 10 �M for 9 days did
not significantly alter the grossmorphology and viability of Tn4
cells. Within 2 days of treatment with 5-Aza-dC, however, the
T-synthase activity in Tn4 cells could be detected, and it
reached the highest level after 6 days (Fig. 3A); activity
remained at a similar level at 9 days postinduction, whereas
untreated Tn4 cells lacked any activity. We confirmed that
Cosmc transcripts were recovered by the 5-Aza-dC treatment
by RT-PCR. Although the untreated Tn4 cells had no product,
Cosmc transcripts were detected by day 2 of 5-Aza-dC-treated
cells and reached the highest level between days 6 and 9 (Fig.
3B), which was consistent with the expression of T-synthase
activity (Fig. 3A). T-synthase transcripts were detected and
were not affected by 5-Aza-dC, in both treated and untreated
samples (Fig. 3B). Thus, 5-Aza-dC treatment results in restora-
tion ofCosmc transcripts, allowing synthesis of Cosmc and for-
mation of functional T-synthase enzyme. These results also
indicate that Cosmc is completely silenced through a methyla-
tion-dependent process in Tn4 cells.
T-synthase converts theTn antigen to theT antigen, which is

then further modified or extended to form complexO-glycans.
To define whether restoration of T-synthase activity in Tn4
cells by 5-Aza-dC caused loss of Tn antigen and restoration of
normal core 1 O-glycans, we performed lectin blotting with

FIGURE 2. Expression of SP1/3 in Tn4 and DAKIKI Cells. The nuclear extracts
made from Tn4, DAKIKI, LSB, and MCF-7 cells were analyzed by Western blot
with mouse anti-human SP1 and SP3 monoclonal antibodies (IgG). The load-
ing of SDS-PAGE was normalized with lamin B.
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Helix aspersa agglutinin (HAA), which binds to terminal
�-GalNAc on O-glycans, such as Tn antigen (GalNAc�-Ser/
Thr), and with peanut agglutinin (PNA) from Arachis hypo-
gaea, which recognizes the core 1 structure (Gal�1–
3GalNAc�-Ser/Thr) and that disaccharide within core 2
O-glycans. HAA heavily stained the untreated cell extracts but
showed little staining after 7-day treatment of Tn4 cells with
5-Aza-dC (Fig. 3C). By contrast, cell extracts of Tn4 cells
treated with 5-Aza-dC for 3 days were recognized by PNA and
were heavily stained by PNA after the 7-day induction with
5-Aza-dC. The PNA staining was only detected after desialyla-
tion by neuraminidase, indicating that sialyl core 1 or sialyl core
1-basedO-glycans were present in these treated cells (Fig. 3D).
These data demonstrate that inhibition of methylation by
5-Aza-dC in Tn4 cells resumes the transcription of Cosmc,
restores T-synthase activity, and consequently allows expres-
sion of extended O-glycans.
The Restoration of Transcription of Cosmc by 5-Aza-dC Is

Temporary and Reversible—To address whether 5-Aza-dC-
mediated restoration ofCosmc transcriptionwas reversible and
to establish the length of time for which Cosmc was fully
silenced after withdrawal of 5-Aza-dC, we treated Tn4 cells
with 5-Aza-dC for 4 days and then withdrew 5-Aza-dC and
monitored the T-synthase activity and presence ofCosmc tran-
scripts for 20 days. T-synthase activity decreased upon the
removal of 5-Aza-dC and finally disappeared after 16 days (Fig.
4A), whereas the Cosmc transcripts were still decreasing by 8
days (Fig. 4B) and continued declining to an undetectable level
after 16 days. Thus, activation ofCosmc resulting from the inhi-
bition of DNA methylation in Tn4 cells was dependent on the
presence of 5-Aza-dC and was fully reversible. These data fur-
ther indicate that the DNA methylation is the cause of Cosmc
silencing in Tn4 cells.
TheCore Promoter of Cosmc in Tn4Cells Is Hypermethylated—

To define the status of methylation of Cosmc, we performed
bisulfite sequencing. Sodium bisulfite converts the unmodified
cytosine residue in genomic DNA to uracil, whereas the
5-methylated cytosine is nonreactive and remains intact. As a
consequence, the unmodified cytosine is changed to thymine in
the product of PCR during amplification, and the methylated
cytosine remains unchanged after PCR amplification. To
amplify the core promoter of Cosmc using the bisulfite-treated
genomic DNA as the template, methylation-sensitive PCR
(MSP) was carried out using methylation-sensitive primers,
which are specific for methylated DNA, and unmethylation-
sensitive PCR (U-MSP) was carried out using unmethylated
primers specific for unmethylated DNA. As shown in Fig. 5A,
the amplification product from Tn4 cells was only found in
MSP, whereas no product was detected in the U-MSP. These
results indicate that the core promoter of Cosmc is completely
methylated in Tn4 cells. In a parallel control study, we exam-
ined the core promoter in a control B cell line (C4) immortal-
ized from the peripheral B lymphocytes of a healthy male indi-

FIGURE 3. 5-Aza-dC treatment of Tn4 cells resumes transcription of
Cosmc, restores T-synthase activity, and consequently elongates O-gly-
cans. A, T-synthase activity assay. Tn4 cells were treated with different con-
centrations of 5-Aza-dC as indicated and collected at 2, 6, and 9 days after
treatment. Cell extracts were assayed for T-synthase activity (mean � S.D.
(error bars)) in duplicates. The data represent three independent experi-
ments. B, RT-PCR analysis of Cosmc and T-synthase expression. Tn4 cells
treated with 5 �M 5-Aza-dC for 2, 6, and 9 days were harvested and analyzed
for expression of Cosmc (Cosmc-cDNA-F3/-R3) and T-synthase (Tsyn-cDNA-
F1/-R1) using RT-PCR. The amount of transcripts was normalized by GAPDH. In
the analysis of RT-PCR of Cosmc, the DNA marker was run at the opposite side

on the same gel but was noncontiguous. C and D, lectin blotting. Cell extracts
from Tn4 cells treated with 5 �M 5-Aza-dC for 3 and 7 days were incubated
with or without neuraminidase and analyzed by Western blotting with lectins
HAA (C) and PNA (D). *, neuraminidase band.
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vidual, where the opposite result was observed (i.e. the PCR
product was only obtained in U-MSP and not inMSP), indicat-
ing that the core promoter of Cosmc in C4 B cells was not
methylated. Also in control studies, the T-synthase promoter
was only amplified by its U-MSP and not amplified in the MSP
in both Tn4 and C4 B cells. It was amplified with a common
primer (C-PCR) set with sequences that do not contain the CG
dinucleotide (Fig. 5A), because only the cytosine in the CG
dinucleotide could be methylated; with the C-PCR, the DNA
can be amplified regardless of methylation status in the core
region. Thus, the core promoter of T-synthase was not methy-
lated in either Tn4 or C4 B cells, which was consistent with
earlier findings that T-synthase itself was not silenced in Tn4
cells (Fig. 5A).
To further confirm that the promoter of Cosmc was hyper-

methylated, we sequenced the PCR products amplified byMSP
from Tn4 cells and PCR product amplified with U-MSP from
C4 B cells. All CG dinucleotides in the Cosmc core promoter,
including two critical SP1/SP3 binding sites from Tn4 cells,
remained unchanged, demonstrating that they were uniformly
methylated (Fig. 5B), whereas other C residues were not meth-
ylated, and were efficiently converted to U (T in the PCR prod-
uct) by the bisulfite treatment, indicating the efficient bisulfite
conversion of the genomic DNA. By contrast, the C residues,

including the one in CG dinucleotides in the core promoter of
Cosmc from control C4 B cells, were completely converted to T
(Fig. 5B). These results demonstrate that the core promoter of
Cosmc from C4 B cells is not methylated. Thus, the core pro-
moter ofCosmc, but notT-synthase, inTn4 cells is hypermethy-
lated. Our ongoing studies further suggest, as might be
expected from these results, that the GC-rich DNA sequences
in the core promoter of Cosmc are essential to maintain its
promoter activity. This is the first example of a complete loss of
Cosmc expression arising from epigenetic silencing through
hypermethylation of the gene.
Other Glycosylation-relevant Genes on X Chromosome, OGT

and PIG-A, Are Functional in Tn4 Cells—To test whether
hypermethylation silencing of Cosmc is relatively specific to
that locus, we examined the methylation status of two other
“glycogenes” that are also on the X chromosome:OGT (Xq13),
which encodes the O-linked �-O-acetylglucosaminyltrans-
ferase that addsO-GlcNAc to cytoplasmic and nuclear proteins
(25), and PIG-A (Xp22), which encodes the phosphatidylinosi-
tol N-acetylglucosaminyltransferase subunit A that initiates
glycosylphosphatidylinositol anchor synthesis and is often
somatically mutated in the hematopoietic cells in patients with
paroxysmal nocturnal hemoglobinuria (PNH) disease (26).
Western blotting showed that OGT protein was expressed in

FIGURE 4. Activation of Cosmc in Tn4 cells by treatment with 5-Aza-dC is reversible. A, T-synthase activity in Tn4 cells at different time periods after
withdrawal of 5-Aza-dC. Untreated Tn4 cells and Tn4 cells treated for 4 days with 5-Aza-dC as well as treated cells at different periods of time after withdrawal
of 5-Aza-dC were collected. Cell extracts were prepared, the concentration of protein in the extracts was measured by the BCA method, and the activity of
T-synthase in extracts was assayed in duplicates (mean � S.D. (error bars)) using a fluorescent substrate, GalNAc-�-(4-MU). The representative result shown is
from two independent experiments. B, RT-PCR of Cosmc and T-synthase in Tn4 cells at different times after withdrawal of 5-Aza-dC. The mRNA of the Tn4 cells
from A was isolated, and the cDNAs were synthesized using universal primers. After normalizing with GAPDH, PCR for Cosmc (Cosmc-cDNA-F3/-R3) and
T-synthase (Tsyn-cDNA-F3/-R3) was carried out, and the products were analyzed on 1.2% agarose gel.

FIGURE 5. The promoter of Cosmc in Tn4 cells is hypermethylated. A, methylation-sensitive PCR. The genomic DNA from Tn4 cells and C4 B cells was treated
with sodium bisulfite. MSP and U-MSP covering the core promoters of human Cosmc and T-synthase were carried out. C-PCR for T-synthase was also performed.
The PCR products were analyzed on 2.0% agarose gel. B, bisulfite sequencing of the Cosmc promoter. The MSP product from Tn4 cells and U-MSP product from
C4 B cells were purified and subjected to sequencing. The portion of the core promoter sequence of Cosmc is shown. The CG dinucleotides are highlighted, and
the two SP1/3 binding sites are boxed.
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Tn4 cells, indicating that OGT was active, which was also
observed for several other cell lines tested (Fig. 6A). These
results are consistent with the earlier observation that expres-
sion of OGT is essential for cell survival (25). CD59, a glycosyl-
phosphatidylinositol-anchored glycoprotein was expressed
normally on the Tn4 cell surface, as shown by flow cytometry
after staining with FITC-labeled anti-human CD59 antibody
(Fig. 6B). As a control, the PNH-NBcell line fromapatientwith
PNH disease, which contains a defective PIG-A gene, lacked
expression of CD59 (Fig. 6B), thus demonstrating that PIG-A is
expressed and fully functional in Tn4 cells. Taken together,
these results demonstrate that in contrast to Cosmc, these two
X-linked glycogenes, OGT and PIG-A, are not silenced in Tn4
cells. Thus, the observed dysregulated epigenetic hypermethy-
lation in Tn4 cells is relatively specific to the Cosmc locus.
DNA Methyltransferases Are Not Significantly Up-regulated

in Tn4 Cells—Thus far, all of the results demonstrate that
hypermethylation is the mechanism underlying the Cosmc
silencing in Tn4 cells. DNA methylation requires the de novo
methylation activity of DNA methyltransferase-3a and -3b
(DNMT-3a and DNMT-3b) as well as the regulator, DNMT-
3L, whereas the maintenance of DNA methylation requires
DNA methyltransferase-1 (DNMT-1). DNMT-2 lacks signifi-
cant DNA methylation activity but may methylate RNA (27).
To test whether hypermethylation in Tn4 cells was correlated
with up-regulation in expression of these DNMTs or a partic-
ular DNMT, the nuclear extracts from Tn4 cells and control
cell lines were analyzed byWestern blot. DNMT-1, -2, -3a, -3b,
and -3Lwere all expressed in Tn4 cells, whereas only DNMT-1,
-3b, and -3L and a low level of DNMT-3a were expressed in

DAKIKI cells (Fig. 7A). To investigate further whether expres-
sion ofDNMT-3a, which is expressed at a high level in Tn4 cells
and much less in DAKIKI cells, and DNMT-2, which is
expressed in Tn4 cells but not in DAKIKI cells, were responsi-
ble for the aberrant methylation of Cosmc, we surveyed other
cell lines (human colorectal carcinoma LSB and breast cancer
cell MCF-7 lines), which have normal expression of Cosmc.
Whereas LSB cells had an expression of DNMTs similar to that
of DAKIKI cells, MCF-7 cells expressed all of the DNMTs in a
pattern similar to that in Tn4 cells (Fig. 7A). More importantly,
in contrast to Tn4 cells but similar to DAKIKI and LSB cells,
MCF-7 cells had a robust T-synthase activity (Fig. 7B). These

FIGURE 6. OGT and PIG-A are present or functional in Tn4 Cells. A, analysis
of OGT on Western blot. The cytosolic fractions from Tn4, DAKIKI, LSB, and
MCF-7 cells were analyzed by Western blot with rabbit anti-human OGT anti-
bodies (IgG). B, flow cytometric analysis of CD59 for function of PIG-A. Tn4 and
PNH-N B cells were stained with FITC-labeled anti-human CD59 and isotype
control and analyzed by flow cytometry.

FIGURE 7. Expression of DNMTs and T-synthase activity in Tn4 and other
cell lines. A, Western blot of DNMTs in different cell lines. The nuclear extracts
prepared from Tn4, DAKIKI, LSB, and MCF-7 cells were analyzed by Western
blot with mouse anti-human DNMT-1, -2, -3a, -3b, and -3L antibodies (IgG).
The lanes of Western blot (WB) for DNMT-2 were run on the same gel but were
noncontiguous. The loading of SDS-PAGE was normalized with lamin B. B.
T-synthase activity. The cytosolic fractions from Tn4, DAKIKI, LSB, and MCF-7
cells were measured for protein concentration and for T-synthase activity in
triplicates using a fluorescent substrate, GalNAc-�-(4-MU). The results are
from two independent experiments (mean � S.D. (error bars)).
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results suggest that solo expression of DNMTs does not corre-
late with the hypermethylation of Cosmc in Tn4 cells. We
noticed that the expression of DNMT-3b in Tn4 cells was
slightly higher than in the other cell lines, but we are unsure if
this is important because expression levels of DNMT-3b in
other cell lines do not correlate with altered Cosmc expression.
Together, these results show that there is no apparent correla-
tion of expression of a particular DNMTwith the hypermethy-
lation of Cosmc in Tn4 cells.
Increase of T-synthase Activity in Tn4 Cells Responding to

5-Aza-dC Is in a Dose- and Time-dependent Manner but Does
Not Correlate with Inhibition of a Particular DNMT—In regard
to the mechanism for 5-Aza-dC inhibition of DNA methyla-
tion, studies have suggested that 5-Aza-dC could selectively
target the DNMT-1 to degradation by 26S proteasome (28) or
trap the DNMTs on the DNA after its incorporation into the
replicated DNA (23, 29). To investigate the insight that
5-Aza-dC inhibited DNA methylation, leading to the restora-
tion of the transcription of Cosmc and T-synthase activity in
Tn4 cells, we treated Tn4 cells with 0, 0.5, 1.0, 2.5, 5.0, and 10.0
�M 5-Aza-dC for 2, 4, 6, and 8 days, respectively, and then
monitored the T-synthase activity in the cytosolic fractions
(Fig. 8A) and examined the DNMT-1, -3b, and -3L in both
nuclear extracts and cytosolic fractions in the treated Tn4 cells
(Fig. 8B). In responding to 5-Aza-dC, the T-synthase activity
steadily increased in a dose-dependent manner at each time

point; the activity was also increased along with the length of
time of treatment at the same dose of 5-Aza-dC, although the
most significant changes were seen within 4–6 days. These
results further confirm the conclusion that Cosmc in Tn4 cells
is silenced through hypermethylation. Interestingly, as shown
in Fig. 8B, the protein levels of DNMT-1, -3b, and -3L, the
major DNA methyltransferases in both nucleus and cytosol of
Tn4 cells, were not significantly changed at any concentration
of 5-Aza-dC and at any time point. These data indicate that
inhibition of methylation of Cosmc in Tn4 cells by 5-Aza-dC is
not directly related either to promoting degradation or to trap-
ping of DNMTs but rather to the mechanism by which direct
incorporation of 5-Aza-dC into the newly replicatedDNA leads
to the blocking of methylation. We noticed that the molecular
mass of the major DNMT-1 in the nuclear extracts migrated as
a �160-kDa protein, whereas it appeared as a �200-kDa pro-
tein in the cytosolic fractions, suggesting that the cytosolic
DNMT-1 carries significant modifications (30). Whereas
DNMT-1 and -3b were mainly in nuclear extracts, the major
fraction of DNMT-3L was seen in the cytosolic fractions. The
nature of these differences is unclear. Taken together, the
unchanged protein level of DNMTs in 5-Aza-dC-treated and
control Tn4 cells further indicates that no particular DNMT in
Tn4 cells is associated with the aberrant methylation of the
Cosmc locus.

FIGURE 8. Increase of T-synthase activity in Tn4 cells responding to 5-Aza-dC is in a dose- and time-dependent manner but does not correlate with
inhibition of a particular DNMT. Tn4 cells were treated with 0, 0. 5, 1.0, 2.5, 5.0, and 10.0 �M 5-Aza-dC for 2, 4, 6, and 8 days, respectively, and the nuclear
extracts and cytosolic fractions were prepared. A, the T-synthase activity in the cytosolic fractions of Tn4 cells was assayed in triplicates using a fluorescent
substrate GalNAc-�-(4-MU). The results are from two independent experiments (mean � S.D. (error bars)). B, the protein levels of DNMT-1, -3b, and -3L in both
nuclear extracts and cytosolic fractions were analyzed using Western blot. Lamin B was used as the loading control for nuclear extracts, and �-actin was used
as the loading control of cytosolic fractions.
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DISCUSSION

Our studies show that Tn4 cells, which were originally
derived from the leukocytes in blood of a male patient with
Tn-positive lymphocytes, are IgA2-producing B cells that lack
transcripts for Cosmc due to epigenetic silencing of Cosmc
through hypermethylation of its promoter. The treatment of
Tn4 cells by the DNA methylation inhibitor 5-Aza-dC causes
restoration of Cosmc transcription and consequent restoration
of T-synthase activity. Such results also confirm that both
Cosmc andT-synthase are genetically intact in Tn4 cells. This is
the first example of a ubiquitously expressed glycomics-rele-
vant gene to be completely and reversibly silenced through an
epigenetic dysregulation. This finding could shed light on our
full understanding of abnormal expression of the Tn and sialyl
Tn antigens in many human diseases through non-heritable,
acquired mechanisms.
It is unusual that Cosmc, but not other X-linked glycomics-

relevant genes or glycogenes tested, is silenced through hyper-
methylation inTn4 cells. Despite numerous examples of hyper-
methylation-associated gene silencing events identified in
human tumor cells and other pathological situations (31, 32), it
is not known why particular CpG islands are susceptible to
aberrant methylation. Epigenetic regulation has a variety of
important functions in mammals, including control of gene
expression, cellular differentiation and development, preserva-
tion of chromosomal integrity, parental imprinting, and X
chromosome inactivation (33). DNAmethylation is carried out
by theDNMTs, includingDNMT-1,which functions as amain-
tenance enzyme, and DNMT-2, which may have some activity
toward RNA, whereas DNMT-3a, -3b, and -3Lmethylate DNA
de novo (33, 34). It is well documented that dysregulation of
epigenetic pathways, such as methylation, including hypo- and
hypermethylation, is one of the important mechanisms for
oncogene activation or tumor suppressor gene suppression in
human tumors and perhaps as important as genetic mutations.
Three models for aberrant methylation have been proposed.
One model is up-regulation or overexpression of DNMT-1 or
-3b. In our case, however, we observed no significant change in
the expression of the major DNMTs nor apparent correlation
between the expression ofDNMTs and aberrantmethylation of
the Cosmc promoter in Tn4 cells. The second model is the loss
of protection of promoter by the DNA-binding proteins or
transcription factors, such as SP1 for the binding sequences.
This is not the case for Cosmc hypermethylation in Tn4 cells,
because SP1 and SP3 are expressed in Tn4 cells. Furthermore,
Cosmc can be transcribed in the presence of 5-Aza-dC, further
suggesting that these transcription factors are present and
functional in Tn4 cells. The thirdmodel is the loss of protection
by the hypermethylation of Alu elements surrounding the pro-
moter.Cosmc has clusters ofAlu elements surrounding its pro-
moter and the coding region (ORF), and themethylation status
of these Alu elements in genes from Tn4 cells is not yet known.
Evidence that two other glycogenes, OGT (25, 35) and PIG-A
(36), which are also X-linked, are not hypermethylated in Tn4
cells strongly suggests that the propensity for the CpG islands
to become aberrantly methylated comes from the intrinsic
characteristics of the promoter sequence and structure of

Cosmc, such as the Alu clusters. Presumably, the methylated
Cosmc promoter is recognized and bound by methyl CpG-
binding domain-containing proteins, which then recruit the
histone deacetylase-containing transcription repression com-
plex to shut down transcription ofCosmc (23, 37). Interestingly,
the DNA methylation inhibitor 5-Aza-dC can restore tran-
scription of Cosmc and consequent expression of active T-syn-
thase in Tn4 cells in a dose- and time-dependent manner but
not through a specific inhibition of a particular DNMT (Fig. 8).
Usually, 5-Aza-cytidine inhibits the methylation of DNA
through targeting DNMT-1 selectively to proteasome degrada-
tion (28) and/or trapping or sequestering the DNMTs after
being incorporated into the replicated DNA (23, 29). In our
experiment, however, 5-Aza-dC treatment did not cause any
significant change of any level of DNMT-1, -3b, and -3L, three
major DNMTs expressed in Tn4 cells. This strongly suggests
that the thirdmechanismof incorporation of 5-Aza-dC into the
DNA leads to blocking of methylation, resulting in an inability
to silence the Cosmc promoter in Tn4 cells, thus explaining the
restoration of Cosmc transcription by 5-Aza-dC treatment of
Tn4 cells. Interestingly, this restoration is reversible, strongly
suggesting that the promoter ofCosmc is susceptible to de novo
methylation, presumably by DNMT-3a or -3b regulated by
DNMT-3L, which is then maintained by DNMT-1. This also
suggests that theremight be other factors protecting theCosmc
promoter frommethylation byDNMTs, althoughDNMTs play
a direct role in the hypermethylation. Identification of these
factors in future studies should aid in understanding the regu-
lation of epigenetic pathways in both biology and cancer.
Expression of glycosyltransferases is likely to be regulated

through both transcription factors and epigeneticmechanisms.
Emerging evidence has shown that aberrant methylation on
glycosyltransferase genes is associated with some changes in
the glycome in human tumors or tumor cell lines, as seen for the
ST3Gal6 in HCT15 colorectal carcinoma cells (38) and the
3-OST-2 in human breast, colon, lung, and pancreatic cancers
(39) and 3-O-sulfotransferases in H-EMC-SS chondrosarcoma
cells (40). In addition, hypermethylation of several glycosyl-
transferases resulted in silencing of these enzymes in normal
gastrointestinal mucosa and in gastric and colorectal cancer
cells, leading to aberrant glycosylation and expression of
tumor-associated carbohydrate antigens (41). Similar findings
were reported for ABO blood group glycosyltransferase silenc-
ing in oral squamous cell carcinoma (42). However, our find-
ings are novel in this regard because Cosmc and T-synthase are
ubiquitous and coordinately expressed genes in all animal cells.
Although X-linked Cosmc has one inactivated allele in female
somatic cells mainly through methylation, all normal somatic
cells have a single constitutively active gene. Thus, Tn4 cells
represent a novel example of a ubiquitously expressed X-linked
gene in a male cell that is completely silenced.
Our results could provide more insight into the mechanisms

that lead to dysfunctional Cosmc, which may aid us in fully
understanding the Tn/STn antigen expression in human
tumors. Tn and STn are recognized as themost common tumor
antigens (6, 16, 43). One mechanism for Tn antigen expression
was found to be genetic mutations of Cosmc (6, 19, 20), or loss-
of-heterozygosity, inCosmc (19). Our finding thatCosmc is epi-
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genetically silenced in Tn4 cells may be related to studies of Tn
antigen expression in human leukemic cells, such as myeloma
(44), lymphoma (45), and chronic lymphocytic leukemia (46).
Aller et al. (46) reported that the B cells from six of six patients
with B-cell chronic lymphocytic leukemia were Tn-positive,
whereas the blood cells from five normal individuals were neg-
ative for Tn expression. Yoo et al. (47) examined the ORF of
Cosmc in human breast and colon cancer samples using PCR-
SSCP (single-stranded conformation polymorphism) and did
not detectmutations, but they did not determinewhether there
were mutations outside the CosmcORF or an entire gene dele-
tion, and no information about the methylation status of the
Cosmc promoter region was provided.
Our findings may also be related to early studies on Tn syn-

drome, which is a rare blood disorder characterized by the Tn
antigen on a subpopulation of blood cells of all lineages (14).We
reported that amajor genetic basis for Tn syndrome is acquired
geneticmutations in theORF of X-linkedCosmc (17, 18). How-
ever, an earlier study on the mechanism of loss of activity of
T-synthase in immortalized T cells from one male and one
female patient with Tn syndrome reported that treatment of
the cells with 5-aza-cytidine restored some T-synthase activity
in these cells, with the hypothesis that the T-synthasemight be
suppressed by the methylation in those Tn syndrome patients
(21, 22). Thus, it is very possible that those immortalized T cells
from the male patient with Tn syndrome also contained the
same silencing of theCosmc gene aswe observed inTn4 cells. In
the Tn(�) T-cells from the female patient, the mechanism
underlying the dysfunctionalCosmc could be either a nonsense
mutation in theORF of the active allele ofCosmc or silencing of
both alleles by methylation; in either case, inhibition of DNA
methylation would reactivate the transcription of Cosmc to
restore the T-synthase activity if the mutation on the active
allele of Cosmc is not dominant negative.
We found that Tn4 cells express IgA2, but Tn4 cells could

also be very useful in studies onO-glycosylation of human IgA1.
Aberrant O-glycosylation (e.g. Tn and STn antigens on the
hinge region of IgA1) is recognized as themajor pathogenesis of
IgAN (15, 48). Several studies suggested that the transcript lev-
els of Cosmc and/or T-synthase are reduced in the B cells of
patients with IgAN (48–54). However, the mechanism for how
Cosmc and T-synthase are suppressed is unknown. Most
recently, Qin et al. (55) reported that hypermethylation in
peripheral blood B cells might play some role in the down-
regulation of Cosmc in IgAN patients, but no direct evidence
was provided in this regard, and the authors did not fully take
into account the fact that Cosmc is X-linked and that individu-
als are functionally hemizygous at this locus. The Tn4 cells
could be useful in future studies in this regard because the tran-
scription ofCosmc in Tn4 cells can be turned on and off or even
turned on at adjustable levels by treatment with DNAmethyla-
tion inhibitor at different concentrations as shown in Fig. 8.
In summary, we have demonstrated that in Tn4 cells, which

are immortalized B cells from a patient with Tn(�) leukocytes
in his blood, Cosmc is silenced because of hypermethylation of
the gene promoter. These observations, together with those of
our previous studies, demonstrate that both genetic mutations
and epigenetic silencing can generate a dysfunctional Cosmc

and lead to an inactive T-synthase and consequent expression
of the truncated O-glycans Tn and STn antigens in pathologic
conditions.A fuller understanding of these regulatory pathways
may shed light on expression of the Tn and STn antigens in
human tumors and IgAN.
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