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Abstract
Glycine N-methyltransferase (GNMT) is a protein with
multiple functions. Recently, two Italian siblings who had
hepatomegaly and chronic elevation of serum transami-
nases were diagnosed to have GNMT deficiency caused
by inherited compound heterozygosity of the GNMT
gene with missence mutations. To evaluate the expres-
sion of GNMT in cell lines and tissues from hepatocellu-
lar carcinoma (HCC) patients, we produced two mono-
clonal antibodies (mAbs) 4-17 and 14-1 using two recom-
binant GNMT fusion proteins. M13 phage peptide dis-
play showed that the reactive epitopes of mAbs 4-17 and
14-1 were amino acid residues 11–15 and 272–276
of human GNMT, respectively. The dissociation con-
stants of the binding between GNMT and mAbs were 1.7
! 10–8 M for mAb 4-17 and 1.8 ! 10–9 M for mAb 14-1.
Both mAbs can identify GNMT present in normal human
and mouse liver tissues using Western blotting (WB) and
immunohistochemical staining assay (IHC). In addition,
WB with both mAbs showed that none of 2 hepatoblasto-
ma and 5 HCC cell lines expressed GNMT. IHC demon-

strated that 50% (13/26) of nontumorous liver tissues and
96% (24/25) of HCC tissues did not express GNMT.
Therefore, the expression of GNMT was downregulated
in human HCC.

Copyright © 2003 National Science Council, ROC and S. Karger AG, Basel

Introduction

Glycine N-methyltransferase (GNMT, EC 2.1.1.20)
was found originally as an enzyme regulating the ratio of
S-adenosylmethionine (SAM) to S-adenosyl- homocys-
teine by catalyzing the synthesis of sarcosine from glycine
and SAM [23, 32]. GNMT is conservative among differ-
ent animal species [5, 9, 26, 33]. In halophilic Methanoar-
chaea, GNMT plays a major role in osmoregulation [25].
In rabbit and rat livers, GNMT comprises 1–3% of the
cytosolic proteins, and the enzyme was suggested to play
an important role in the metabolism of methionine [13,
20, 32].

Previously, through mRNA differential display and
Northern blot analysis of tumor and nontumorous liver
tissues from human hepatocellular carcinoma (HCC) pa-
tients, we reported that the expression level of GNMT
was diminished in tumorous tissues and HCC cell lines
[9]. Subsequently, the human GNMT gene was isolated,
sequenced and mapped to chromosome 6p12 [10]. Fur-
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thermore, genotypic analyses of different polymorphisms
of the human GNMT gene demonstrated that 36–47% of
the genetic markers showed loss of heterozygosity in the
tumorous tissues of HCC patients [37]. Functional char-
acterization of GNMT showed that GNMT is able to bind
benzo[a]pyrene (BaP) and decrease BaP-DNA adduct for-
mation [4, 7, 21, 35]. Therefore, GNMT can be classified
as a tumor susceptibility gene.

Recently, Mudd et al. [30] reported that two Italian
siblings who had mild hepatomegaly and chronic eleva-
tion of serum transaminases were diagnosed to have
GNMT deficiency. Both children were compound hetero-
zygotes for the GNMT gene with missense mutations [27].
In this report, we used two different protein expression
systems to produce GNMT fusion proteins and generate
monoclonal antibodies (mAbs). Two mAbs against
GNMT were obtained and further characterized.
Through Western blot and immunohistochemical stain-
ing assays with both mAbs, the expression of GNMT was
found to be downregulated in human HCC cell lines and
tissues.

Methods

Construction of the pGEX-GNMT and pGNMT-His Plasmids
(fig. 1)
For the construction of the pGEX-GNMT, a full-length GNMT

cDNA fragment was cleaved from pBluescript-GNMT-9-1-2 pha-
gemid DNA [9] by using SmaI and SalI restriction enzymes (Strata-
gene, La Jolla, Calif., USA). This 1.2-kb DNA fragment was ligated
to a vector, pGEX-KG [19] that had previously been digested with
SmaI and XhoI.

In terms of the construction of pGNMT-His, as shown in fig-
ure 1b, plasmid pCMV-GNMT [7] was used as a template in the
polymerase chain reaction (PCR). A 1.2-kb DNA fragment contain-
ing the GNMT cDNA sequence and restriction enzyme sites on both
ends was amplified. Twenty PCR cycles were performed in a DNA
Thermal Cycler (Perkin Elmer Cetus, Foster City, Calif., USA) using
their Amplitaq Gold Taq DNA polymerase. The upstream primer
(5)-GAGGAATTCATGGTGGACAGCGTGTAC) consisted of a 3-
bp ‘clamp’ (GCG) at the 5) end, followed by one restriction enzyme
site (EcoRI) and a GNMT cDNA sequence. The downstream primer
(5)-GCGCTCGAGGTCTGTCCTCTTGAGCAC) contained a simi-
lar structural sequence motif as the upstream primer, except that it
consisted of negative strand sequences from the terminal region of
GNMT cDNA and a different restriction enzyme site (XhoI). After
the PCR, the 1.2-kb DNA fragment was gel purified, digested with
EcoRI and XhoI and ligated to a vector pET29a (Novagen, Inc.,
Madison, Wisc., USA), which had been digested with the same pair
of restriction enzymes. The DNA sequences of the both plasmids
were confirmed by automated DNA sequencing with ABI Prism dye
terminator cycle sequencing core kit (Perkin-Elmer Cetus).

Escherichia coli strain JM109 or BL21 was used as the recipient
in the transformation and expression experiments for pGST-GNMT.

In addition, plasmid pGEX-KG [19] was used for the induction and
purification of glutathione S-transferase (GST) protein, which served
as a parallel control in the enzyme immunoassay.

Expression and Purification of Different GNMT Recombinant
Proteins
All the GST, GST-GNMT and GNMT-His recombinant proteins

(RPs) were induced in JM109 or BL21 cells using isopropyl-beta-
D-thiogalactopyranoside (IPTG). Both the GST and GST-GNMT
RPs were purified using glutathione-Sepharose 4B beads (Pharma-
cia, Uppsala, Sweden) as described by Guan et al. [19]. The GNMT-
His RP was purified using an Ni2+-charged histidine (His)-binding
resin column according to the procedures provided by the manufac-
turer (Novagen). The bound GST-GNMT-RP was eluted from the
glutathione-Sepharose 4B beads using a 5 mM reduced glutathione
buffer. The thrombin digestion method was used to purify GNMT
RP from the bead-bound GST-GNMT fusion protein. The concen-
trations of the RPs were measured using Pierce BCA protein assay
reagent (Pierce, Rockford, Ill., USA) and the purity was analyzed by
running the samples on a 12.5% SDS-polyacrylamide mini-gel (Bio-
Rad Laboratories, Richmond, Calif., USA).

Production of a Rabbit Anti-GNMT Antiserum
To raise rabbit antibodies against GNMT, purified GST-GNMT

RP was mixed with Freund’s complete (for the initial immunization)
or incomplete (for the booster injections) adjuvant (Sigma Co., St.
Louis, Mo., USA) and the resultant mixture was used as an immu-
nogen to inoculate 8-week-old NZW rabbits (150–200 Ìg RP per rab-
bit) subcutaneously. Rabbits received booster injections every 3
weeks after the initial injection with additional doses of the same RP.
Rabbit sera were collected before the immunization and 1 week after
each injection. All sera were heat inactivated at 56 °C for 30 min and
stored at –20°C.

Preparation of mAbs against GNMT
Murine mAbs were produced by the hybridoma technique com-

monly used in our laboratory. Briefly, BALB/c mice were immunized
with purified GST-GNMT and GNMT-His RPs mixed with com-
plete (for primary immunization) or incomplete (for booster injec-
tions) Freund’s adjuvant (Sigma), at 10-day intervals by intraperito-
neal injection with dosage about 25 Ìg of RP per inoculum. Serum
samples were collected from the tail vein before the immunization
and 1 week after each injection. Three days after the last intravenous
injection of RP, fusion of the splenocytes of immunized mice with
mouse myeloma cells NS1 (American Type Culture Collection,
Rockville, Md., USA) was performed with PEG1500 (Roche Diag-
nostics GmbH, Mannheim, Germany), and cultured on ninety-six-
well plates [12]. The culture supernatants were screened using the
GST/GNMT EIA and with WB strips blotted with GST, GST-
GNMT, GNMT-His RP. Selected hybridoma cells were expanded
and cloned at least twice by limiting dilution and grown as ascitic
tumors in BALB/c mice primed with 0.5 ml pristine (Sigma). mAbs
were purified and concentrated in Protein-A antibody purification
kits (Pro-Chem Inc. Acton, Mass., USA.) and Centricon Plus-80 col-
umns (Millipore, Bedford, Mass., USA).

Cell Lines and Culture
Two human hepatoblastoma cell lines-HepG2 [1, 22], Huh 6 [31],

and five HCC lines-Huh 7 [31], HA22T [6], PLC/PRF/5 [28], Hep3B
and Sk-Hep1 [1, 15,16] were used in this study. These cells were cul-
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Fig. 1. Construction of two recombinant GNMT expression plasmids pGEX-GNMT (a) and pGNMT-His (b).
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tured in Dulbecco’s modified Eagle’s medium (Gibco BRL, Grand
Island, N.Y., USA) with 10% heat-inactivated fetal bovine serum
(HyClone, Logan, Utah), penicillin (100 U/ml), streptomycin
(100 Ìg/ml), nonessential amino acids (0.1 mM ), fungizone (2.5 mg/
ml), and L-glutamine (2 mM ) in a humidified incubator with 5%
CO2. Hygromycin (20 Ìg/ml) was added to the SCG2-1-4 cells were
added for maintenance of the expression of GNMT cDNA. 

The NS 1 cells were cultured in RPMI-1640 medium (Gibco) sup-
plemented with 10% heat-inactivated fetal calf serum, 2 mM L-glu-
tamine, penicillin (100 IU/ml) and streptomycin (100 IU/ml) as
described in Chu et al. [12].

Enzyme Immunoassay
EIA was used to monitor the antibody titers of the immunized

animals and to screen for mAbs in the supernatant of different hybri-
domas. Ninety-six-well plate coated with either GST-GNMT or
GNMT-His RP at a concentration of 1 Ìg/ml (100 Ìl per well) was
used. The antibody titers of either rabbit or mouse serum were deter-
mined at a serial 10-fold dilution. To screen the hybridomas from
animals immunized with GST-GNMT RP, enzyme immunoassay
(EIA) plates coated with GST were also used to rule out those mAbs
reactive with the GST. Additionally, to screen the hybridomas from
animals immunized with GNMT-His RP, GST-GNMT-coated
plates were used to confirm those positive clones screened by the
GNMT-His-coated plates. A rabbit anti-GNMT antiserum (R4) and
several mouse anti-GNMT anti-sera were used as the positive con-
trols in the EIA. Details of the procedures have been described pre-
viously [11].

The concentrations of mAbs were determined by mouse IgG EIA
quantitation kits (Bethyl Laboratory, Montgomery, Tex., USA) and
the immunoglobulin concentrations were analyzed using EIA
ElX808 readers with 4-parameter logistic regression (Bio-Tek Instru-
ments, Winooski, Vt., USA). All the isotyping and light chain deter-
minations were done using mouse immunoglobulin isotyping ELISA
kits (BD Biosciences Pharmingen, San Diego, Calif., USA).

Western Blot Assay and Radioimmunoprecipitation
Both WB and RIP were used for the confirmation of the mAbs

against GNMT. Three RPs – GST-GNMT (58 kD in size), His-
GNMT (37.4 kD in size), GST (26 kD in size) – human and mouse
liver proteins were used as the antigens in the Western blot (WB).
After incubation of mAbs 14-1, 4-17, anti-ß-actin mAb (Sigma) and
normal mouse serum, washed the strip or nitrocellulose membrane,
and reacted with horseradish-peroxidase-conjugated goat antimurine
immunoglobulin (Sigma), and finally developed with 3,3)-diamino-
benzidine tetrahydrochloride solution (Zymed Laboratories Inc. Cal-
if., USA (GST, GST-GNMT, GNMT-His RP) or ECL reagent (Am-
ersham) as described previously [8]. Radioimmunoprecipitation
(RIP) was used as an alternative method to confirm the mAbs. [35S]-
cysteine and [35S]-methionine (New England Nuclear, Boston, Mass.,
USA)-labeled SCG2-1-1 cells were used as antigens in the RIP [7]. A
rabbit anti-GNMT antiserum (R4) was used as the positive control in
the assays. The procedures of the WB and RIP were described pre-
viously [11].

Epitope Mapping with M13 Phage Peptide Display
The antibodies were diluted with 0.1 M NaHCO3 (pH 8.6) to a

concentration of 100 Ìg/ml, and added to 5-ml sterile polystyrene
petri dishes. After coating overnight at 4°C in a humidified contain-
er, the plates were blocked with the blocking buffer (0.1 M NaHCO3

pH 8.6, 5 mg/ml BSA, 0.02% NaN3, with a sterilized filter, stored at
4°C) and incubated for at least 1 h at 4 °C. M13 phages displaying
random heptapeptides at the N-terminus of their minor coat protein
(pIII) were used (Ph.D.-7TM Phage Display Peptide Library, New
England Biolabs Inc. Beverly, Mass., USA). Specifically bound
phages were selected according to the manufacturer’s instructions.
The 5)-end nucleotides of gene III from the picked phages were
sequenced and then encoded peptides were deduced [14].

Coupling of GNMT to the Biosensor Surface
A carboxymethyl dextran (CMD) sample cuvette was purchased

from Thermo Labsystems. In initial experiments, the coating condi-
tions were optimized with regard to the pH. The surface was equili-
brated in 10 mM sodium acetate buffers, with pH ranging from 4 to 6
in 0.5-unit steps for 6 min. Samples of 9 Ìg human GNMT RP
(thrombin-cleaved) in the same buffer were then added to the
cuvette. To test, optimized pH conditions were created. The binding
of the RP to the cuvette, which is due to electrostatic attraction
between the negatively charged carboxyl groups on the dextran and
the positively charged protein, was performed for 6 min. The optim-
ized response occurred at pH 5.0 in a 10 mM acetate buffer. Nine
micrograms of GNMT RP cleaved by thrombin were used to couple
the CMD surface cuvette in 10 mM sodium acetate buffer under
optimized pH by the 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide (EDC)/N-hydroxysuccinimide (NHS) method as described pre-
viously [18].

Determination of the Dissociation Constants of mAbs Using an
IAsys Affinity Sensor
Following the immobilization of GNMT, a PBST/Tween 20

(PBST) baseline was established, and the stirred rate in the cuvette
was kept constant at 100 rpm for all reactions. A series of 2-fold dilu-
tions (in 200 Ìl PBST) of mAb from culture supernatant were added
to the cuvette, and the responses were measured by IAsys control
software 3.01. Kinetic analysis of the binding data was undertaken
using the curve-fitting kinetic analysis software FAST fit (Thermo
Labsystems, Affinity Sensors Division, Cambridge, UK) designed
for the IAsys, and Kd, determined as previously described [29].

Immunohistochemistry by Antibodies against GNMT
Two sets of tumor and nontumorous liver tissues from HCC

patients were used for the immunohistochemical procedures with
mAbs and R4. The first set included 13 nontumorous and 9 tumor
tissues (7 pairs) and the second set included 13 nontumorous and 16
tumor tissues (9 pairs). All the cancerous and noncancerous tissue
specimens were confirmed by pathologic examination. The study
was approved by the institutional review board of the Taipei Veter-
ans General Hospital (IRB No.: 90-02-01A). The tissue blocks fixed
in paraffin were sliced into 6-Ìm-thick sections, deparaffinized and
immersed in a 3% solution of hydrogen peroxide in distilled water for
5 min to abolish the endogenous peroxidase reaction. Primary anti-
bodies, mAb 14-1 (1:100 dilution of the ascites) or mAb 4-17 (1:25
dilution of the ascites) or R4 (1:200 dilution), were applied to the
tissues. A ready-to-use biotinylated secondary antibody was applied
to bind the primary antibody. A streptavidin-peroxidase conjugate is
applied to the same tissue slide (HistoST5050 detection kit, Zymed
Laboratories Inc.). The presence of peroxidase is revealed by addi-
tion of 3,3)-diaminobenzidine tetrahydrochloride solution for color
reaction as described in Chen et al. [9].
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Fig. 2. Identification of recombinant and native forms of GNMT
with mAbs 14-1 and 4-17. a Coomassie Brilliant Blue R250 staining
of a SDS-polyacrylamide gel containing lysates from E. coli (JM109)
harboring pGEX-GNMT, or (BL21) harboring pGNMT-His before
(lanes 1, 6) and after (lanes 2, 7) IPTG induction. The unbound
(lanes 3, 9) and the eluent of the bound fractions (lanes 4, 8) from the
glutathione agarose bead and nickel affinity column for the His tag
purification procedure were also run in lanes 4 and 8, respectively.
b WB of mAbs to strips with GST-GNMT and GNMT-His recombi-
nant proteins. Strips were reactive with a preimmunized rabbit

serum (lane 1), a rabbit anti-GST-GNMT antiserum-R4 (lane 2), a
normal mouse serum (lane 3), mAb 14-1 (lane 4) and mAb 4-17 (lane
5). These strips used the indirect method, and exhibited color by sub-
strate 3,3) diaminobenzidine. c WB assays on strips with cell lysates
from 293T cells transfected with pCMV-GNMT plasmid DNA.
d WB assays on strips with GST and GNMT. Antibodies used in c,
d: lane 1, preimmunized rabbit serum; lane 2, R4; lane 3, normal
mouse serum; lane 4, mAb 4-17; and lane 5, mAb 14-1. Molecular
weight markers were labeled at the left margin (in kD) of each panel
except a (lane 5).

Results

Expression and Purification of Two GNMT
Recombinant Proteins
Two plasmids (pGEX-GNMT and pGNMT-His) were

constructed and confirmed by automated DNA sequenc-
ing (data not shown). To induce the fusion protein, E. coli
BL21 or JM109 cells harboring different plasmids were
grown at 37°C in LB broth containing 50 Ìg/ml ampicil-
lin, and the RPs were induced using IPTG as described in
the methods mentioned above [19]. For analysis of the
synthesized fusion protein, 10-Ìl aliquots of both the
IPTG-induced and noninduced bacterial pellets, solubi-

lized in sample buffer, were analyzed using electrophore-
sis on a 12.5% SDS-polyacrylamide gel, and the induced
RPs were visualized by staining with Coomassie brilliant
blue 250. As shown in figure 2a, GST-GNMT and
GNMT-His RPs, with sizes of 57 and 37.4 kD, respective-
ly, appeared in the IPTG-induced bacterial lysates
(fig. 2a, lanes 2, 7). Each RP was further purified using
glutathione Sepharose-4B beads or His-binding resin
(fig. 2a, lanes 4, 8). WB assays with a rabbit anti-GNMT
antiserum (R4) were used to identify the RPs (fig. 2b, lane
2). Preimmunized serum from the R4 rabbit was used as a
negative control in the WB assay (fig. 2b, lane 1).
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Table 1. Epitope mapping of mAbs 14-1
and 4-17 using M13 phage peptide display

a mAb 14-1

271 278

GNMT sequence G D F K P Y K P

M13 phage display
1 I K T P – W –
2 H – – – H – V
3 H – – – H – V
4 H – – – F R L
5 Y Y – – – – –
6 – Y – – F R A
7 W – – – – – R
8 T E – – – – R
9 E – – – F – Y

Consensus sequence X F K P X K/R X

b mAb 4-17

9 16

GNMT sequence R S L G V A A E

M13 phage display
1 A – – T – – F
2 R W – T – – F
3 T W – T – – W
4 Q A – – I – –
5 K T – – Y – –
6 A M – – – F R

Consensus sequence L G T A A

Residues which appeared as conservative amino acids are indicated with dash marks. The
letter X represents residue without preferred biophysical property.

Generation and Characterization of mAbs against
GNMT
The purified GST-GNMT and GNMT-His RPs were

used as the antigens for generation of mAbs against
GNMT. In total, 3 different fusion and screening experi-
ments were performed. Two mAbs were eventually gener-
ated. mAb 14-1 was produced by using the GST-GNMT
as the antigen, while mAb 4-17 was generated by using the
GNMT-His as the antigen in the immunization process.
Both mAbs 14-1 and 4-17 reacted with GST-GNMT and
GNMT-His RPs (fig. 2b, lanes 4, 5). In addition, they can
identify a protein with 32 kD in size in 293T cells trans-
fected with pCMV-GNMT plasmid DNA (fig. 2c, lanes 4,
5). This protein, presumably GNMT, can also be recog-
nized by a rabbit anti-GNMT antiserum-R4 (fig. 2c, lane
2). To rule out the possibility that both mAbs recognize
the GST tag fused to the GST-GNMT RP, the GST-
GNMT RP was cleaved with thrombin and used as anti-

gens in WB. The results showed that although R4 can rec-
ognize the GST protein, both mAbs 4-17 and 14-1 only
reacted to the GNMT RP (fig. 2d).

The isotypes and light chain of the mAb were deter-
mined using mouse immunoglobulin isotyping EIA kits.
The subclasses of mAbs 14-1 and 4-17 were IgG2a and
IgG1, respectively, and both mAbs had kappa chains
(data not shown).

Epitope Mapping of mAbs 14-1 and 4-17
The epitopes that could be recognized by mAbs 14-1

and 4-17 were mapped using a peptide library displayed
on M13 phages. After 3 biopannings, 9 and 6 reactive
phage colonies were isolated for mAbs 14-1 and 4-17,
respectively. As shown in table 1, the heptapeptides dis-
played at the N-terminus of the phage pIII protein were
deduced by sequencing. More than half of isolated phages
displayed a major sequence (consensus sequence) that
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Fig. 3. Response plots of mAbs 14-1 and 14-
7 to a cuvette coupled with recombinant
GNMT. A two-fold dilution in PBST of
200 Ìl of culture supernatant was added to
the cuvette, and the response was measured
by IAsys control software version 3.01. The
resulting dissociation constant of these two
mAbs was calculated by FAST fit. a Immu-
noglobulin concentration of mAb 14-1: (1) 4
! 10–11, (2) 8 ! 10–11, (3) 1.6 ! 10–10,
(4) 3.2 ! 10–10, (5) 6.3 ! 10–10, (6) 1.3 !
10–9, (7) 2.5 ! 10–9, (8) 5.1 ! 10–9, (9) 1.0
! 10–8 M. b Immunoglobulin concentration
of mAb 4-17: (1). 4.7 ! 10–11, (2) 9.4 !
10–11, (3) 1.9 ! 10–10, (4) 3.8 ! 10–10,
(5) 7.5 ! 10–10, (6) 1.5 ! 10–9, (7) 3 ! 10–9,
(8) 6 ! 10–9, (9) 1.2 ! 10–8 M.

could be used to identify the reactive epitopes for both
mAbs. When the consensus sequences were aligned with
the human GNMT protein sequence, the best matched
regions spanned amino acid residues 272–276 for mAb
14-1 and residues 11–15 for mAb 4-17 (table 1).

The Dissociation Constant of mAbs 14-1 and 4-17
After testing a series of acetate buffers at 0.5 pH inter-

vals per unit, a pH 5 for GNMT was used for the coupling
experiment. Recombinant GNMT was coupled to CMD
by EDC/NHS in a 10 mM acetate buffer at pH 5.0. The
affinity of mAbs 14-1 and 4-17 for GNMT was deter-
mined by using the affinity sensor with a CMD cuvette. As
shown in figure 3, the IAsys response plots demonstrated
that there were specific responses of mAbs to GNMT RP
coupled in the cuvette (fig. 3a, b). The responses of the
mAbs were analyzed using the FAST fit program. The dis-

sociation constants of mAb 14-1 and mAb 4-17 were
deduced as 1.8 ! 10–9 and 1.7 ! 10–8 M, respectively.

Expression of GNMT in Different Liver Cancer Cell
Lines and Tissues
The expression of GNMT in hepatoma cell lines was

examined using WB with both mAbs. The results showed
that neither mAb 14-1 nor mAb 4-17 detected GNMT in
2 hepatoblastoma cell lines (HepG2 and Huh-6) and 5
HCC cell lines (Huh 7, HA22T, Hep3B, Sk-Hep1 and
PLC/PRF/5) (for mAb 4-17; fig. 4a; for mAb 14-1, data
not shown). As controls, mAb 4-17 reacted to the GNMT
present in the nontumorous liver tissue from an HCC
patient and the liver tissue from a C57/BL mouse (fig. 4a,
lanes 1, 2). Figure 4b was used to demonstrate the quality
and quantity of proteins in the cell lysates from each cell
line or tissue.
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We further analyzed the expression level of GNMT in
the tumor and nontumorous liver tissues from HCC
patients using IHC staining with mAb 14-1 and 4-17 and
rabbit antiserum R4. As shown in figure 5, GNMT was
mainly present in the cytoplasm of the hepatocytes in the
periportal region of the liver. In the first set of IHC with
mAb 14-1, 38.5% (5/13) of the nontumorous tissues and
none of 9 tumorous tissues had GNMT expression; in the
second set of IHC with mAb 4-17, 61.5% (8/13) of the
nontumorous tissues and 6.3% (1/16) of the tumorous tis-

Fig. 4. Western blot analysis of the presence of GNMT in human liver, mouse liver, hepatoblastoma (HepG2 and
Huh 6) and hepatocellular carcinoma cell lines (PLC/PRF/5, Huh 7, HA22T, Hep3B and Sk-Hep 1) with mAb 4-17
(a) or anti-ß-actin antibody (b). Lane 1, non-tumorous tissue from a hepatoma patient; lane 2, liver from a C57/BL
mouse; lane 3, HepG2; lane 4, PLC/PRF/5; lane 5, Huh 6; lane 6, Huh 7; lane 7, HA22T; lane 8, Hep3B; and lane 9,
Sk-Hep1. Molecular weight markers were labeled at the left margin (in kD).

Fig. 5. Immunohistochemical analysis of the GNMT expression using mAb 4-17 or 14-1 in the paraffin-fixed liver
tissue sections from two HCC patients. The sections were exposed to mAb 4-17 at 1:25 dilution (a, b) or mAb 14-1 at
1:100 dilution (c, d) and visualized by a labeled streptavidin-biotin method. a (non-tumorous) and b (tumor tissue)
were from an HCC patient-H126 (100-fold magnification). c (non-tumorous) and d (tumor tissue) were from another
HCC-patient-H146. !400.
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Table 2. The results of the immunohistochemical staining of GNMT in the tumor (T) and non-tumorous (N) tissues
from HCC patients

Antibodya Rates of positive staining

T tissues N tissues

Cases among the tissue pairs with different GNMT stainingb

N+/T+ N+/T– N–/T+ N–/T– total pairs

mAb 14-1 0% (0/9) 38.5% (5/13) 0 3 0 4 7
mAb 4-17 6.3% (1/16) 61.5% (8/13) 1 3 0 5 9
Total 4.0% (1/25) 50% (13/26) 1 6 0 9 16

a The dilutions for mAbs 14-1 and 4-17 (ascites) were 1:100 and 1:25, respectively.
b N+/T+: positive GNMT staining in both the nontumorous and tumor tissues; N+/T-: positive GNMT staining in
the nontumorous tissue and negative GNMT staining in the tumorous tissue, etc.

sues had GNMT expression. In total, 50% (13/26) of non-
tumorous liver tissues and 96% (24/25) of HCC tissues
did not express GNMT (table 2). R4 was also used in the
second set of IHC and the results showed that 84/6% (11/
13) of the nontumorous tissues and 37.5% (6/16) of the
tumorous tissue had GNMT expression. In addition,
when paired samples (tumor and nontumorous tissues
from the same patient) were analyzed, 9 of 16 (56.3%)
pairs were found to have an N–/T– staining pattern, 6 of
16 (37.5%) had an N+/T– staining pattern and 1 of 16
(6.3%) had an N+/T+ pattern (table 2).

Discussion

In this study, we have generated and characterized 2
mAbs against GNMT and used them to examine the
expression levels of GNMT in HCC cell lines and tissues.
Since human GNMT shares 92.2% amino acid sequence
homology with murine GNMT protein [2], it is more dif-
ficult for GNMT than for other proteins with lower
sequence homology with mouse proteins to elicit an anti-
body response in mice. Initially, we used GNMT cleaved
from GST-GNMT fusion protein to raise rabbit anti-
GNMT antiserum. It was not successful after we immu-
nized two rabbits more than 5 times. When the antigen
was replaced with GST-GNMT fusion protein, high titer
rabbit anti-GNMT antisera were obtained in the same
rabbits after only another two boosters. The initial failure
of the immunization may have been due to the highly con-
served amino acid sequences between human and rabbit
GNMT [9, 33] or because the cleaved GNMT protein was
less stable than the GST-GNMT fusion protein. Further-
more, some epitopes present in the native form of GNMT
may be exposed in the fusion protein and may have stim-

ulated antibody responses in animals. Therefore, in the
subsequent experiments, it was decided to use either GST
or His fusion protein as the antigen to immunize BALB/c
mice.

From the epitope mapping data, we found that mAb
14-1 was reactive to the C-terminal amino acid residues
272–276 of GNMT and mAb 4-17 was against an epitope
residing at the N-terminus of GNMT (amino acid resi-
dues 11–15). According to the X-ray crystallography of rat
GNMT, the N-terminal region (amino acid residues 1–
23) of GNMT protrudes from the main body of the pro-
tein and interacts with other subunits in the central hole
of the tetrameric form of GNMT [17, 34]. The C-terminal
epitope for mAb 14-1 is in the SAM-binding domain of
GNMT [34] (fig. 6). These two regions are conserved in
GNMT proteins from humans and the pig, mouse, rat and
rabbit. Therefore, these mAbs may be useful for the study
of the structure and biological function of GNMT.

The strength of the interactions between mAbs and
their reactive antigens can be measured quantitatively. In
this study, we used an optical biosensor with a cuvette
coupled with recombinant GNMT protein to measure the
Kd of mAbs 14-1 and 4-17 to GNMT. The results showed
that there were relatively high affinities between the
mAbs and GNMT. The affinity of mAb 14-1 was higher
than that of mAb 4-17 (the Kd for mAbs 4-17 and 14-1
were 1.7 ! 10–8 M and 1.8 ! 10–9 M, respectively). It has
been reported that the affinities between antibody and
antigen varies enormously, with Kd ranging from 10–3 to
10–14 M [36].

This pair of mAbs was then used to examine the
expression levels of GNMT in HCC cell lines and tissues.
The results showed that in WB, none of two hepatoblasto-
ma and 5 HCC cell lines expressed GNMT. Since both
hepatoblastoma cell lines-HepG2 and Huh-6 have been
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Fig. 6. Locations of the epitopes reactive with mAb 14-1 and 4-17 in the molecular models of rat GNMT. a GNMT in
monomeric form. The N-terminal and C-terminal amino acids, as well as the epitope that mAb 14-1 or 4-17 reacted
with were displayed in ball and stick model. b GNMT in tetrameric form. The epitope that mAb 14-1 or 4-17 reacted
with was indicated by arrows. These models were based on the structures published by Fu et al. [17].

demonstrated to contain decreased levels of GNMT
mRNA by Northern blotting [9], the discrepancy may be
due to the difference of the sensitivities between these two
assays. RT-PCR with specific primers for GNMT cDNA
was used to address this issue and the results showed that
both HepG2 and Huh-6 cells contained small amounts of
GNMT mRNA [unpubl. results].

Due to the advances of early diagnosis and treatment
of HCC, it is difficult to collect enough surgical specimens
for WB analysis of GNMT expression. We tried to ana-
lyze the expression of GNMT in one pair of tumor and
nontumorous specimens by using WB with mAb 14-1 and
found significantly decreased levels of GNMT expression
in the tumor tissue (data not shown). In this study, we
used two different sets of HCC tumor and nontumorous
tissue blocks, fixed in paraffin for IHC analysis. There
were higher rates of detection of GNMT in the nontumor-
ous tissues (38.5% for mAb 14-1 and 61.5% for mAb 4-
17) than in the tumor tissues (0% for mAb 14-1 and 6.3%
for mAb 4-17). Since different sets of tissue slides were
used for the IHC assay, it was difficult to compare the

sensitivities in detecting GNMT between these two
mAbs. However, when paired samples were analyzed, a
tendency of losing GNMT expression in both the nontu-
morous and tumor tissues (56.3% of the paired samples
all lost GNMT expression) was demonstrated and among
them, 7 pairs still exhibited at least one part of tissues with
GNMT staining; it was always the tumor tissues that lost
GNMT expression. Previously, using Northern blot anal-
ysis, we demonstrated that among 7 pairs of tumor and
nontumorous tissues from HCC patients, 5 had dimin-
ished GNMT mRNA in the tumor tissues [9]. Recently,
Avila et al. [3] reported that when compared to the normal
livers, the GNMT mRNA was significantly reduced in liv-
er cirrhosis Therefore, the downregulation of GNMT may
be an early event in liver tumorigenesis. Further IHC
studies with mAbs 14-1 and 4-17 on sequential samples
from cirrhosis and HCC patients may elucidate the signif-
icance of the downregulation of GNMT expression in the
pathogenesis of HCC.
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