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ABSTRACT

Thymidylate synthase (TS; EC 2.1.1.45) is an important cellular
enzyme that converts dUMP to dTMP, which is essential for DNA
biosynthesis. In addition, TS is an important cellular target for the
fluoropyrimidine cytotoxic drugs that are widely used in the treatment of
solid tumors. We have generated five monoclonal antibodies against
human TS using a recombinant human TS enzyme. These antibodies
react specifically with human TS and display negligible cross-reactivity

with other cellular proteins found in human cells. Binding affinity studies
demonstrate that all antibodies form a tight interaction with recombinant
human TS enzyme (A',, range = 0.3-11.0 iiM). All antibodies display

reactivity on enzyme-linked immunosorbent assay and immunoprecipi-

tation. On Western blot analysis each detects a protein of approximately
36 kDa molecular mass under denaturing conditions. In addition to their
reactivity on immunoprecipitation and Western analysis, two of the
antibodies, TS 106 and TS 109, are reactive on immunohistochemical
staining of human colon carcinoma cell lines and tissue, producing a
granular cytoplasmic staining pattern. Specificity for TS is demonstrated
by the lack of staining with preimmune IgG and the disappearance of the
signal when the antibodies are preabsorbed with recombinant human TS
enzyme. Quantitation of TS by Western blot analysis and biochemical
I ill Ml' binding assay in 5-fluorouracil-resistant colon carcinoma cell

lines (NCI II63l)u,,i. NCI H630R,) and a sensitive colon carcinoma cell
line (NCI H630) revealed a 36- and 6-fold increase in TS in the resistant
cell line as measured by the biochemical assay compared to a 39- and
10.6-fold increase as measured by densitometric analysis of the Western

blot. These comparative studies of immunohistochemical. Western, and
biochemical analyses reveal that the immunological detection of TS in
human colon cell lines is a sensitive and quantitative assay. Thus the
ability of these antibodies to detect TS in human cancer cells and tissue
may allow measurement of TS in human tissues by quantitative immu-

nohistochemistry in studies of drug resistance and for determination of
proliferatiti rates.

INTRODUCTION

The fluoropyrimidines are an important group of antineo-
plastic agents widely used in the treatment of gastrointestinal
tumors, breast tumors, and epithelial tumors of the upper
aerodigestive tract (1-3). The mechanism of cytotoxicity has
been ascribed to the formation of nucleotides that become
incorporated into both RNA and DNA, inhibit RNA process
ing, and block the de novo synthesis of thymidylate through
inhibition of TS2 (EC 2.1.1.45). TS catalyzes the methylation

of dUMP to dTMP, an essential step in DNA biosynthesis (4,
5). Both 5-FU and fluorodeoxyuridine are converted in tumor
cells to FdUMP, which forms a tight-binding covalent complex
with TS in the presence of 5,10-methylenetetrahydrofolate
(CH2H4PteGlu).
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TS exists as a dimer of identical subunits, each of molecular
mass 36 kDa, and has been purified and well characterized
from various sources. A striking degree of homology exists
between the amino acid sequence of human TS and TS from
other sources such as bacteria, parasite, and yeast (6-9). Since
TS provides the sole de novo source of thymidylate, which is
crucial for DNA synthesis, the maximal cellular TS activity
occurs during the S phase of the cell cycle and is 20-fold higher
in rapidly proliferating cells than in nondividing cells (10-12).
Moreover, the activity of the TS enzyme increases acutely as a
cell passes from the late G! to the early S phase of the cycle
(13).

The importance of TS in determining the response to 5-FU
has been established by experimental and clinical studies. Am
plification of TS protein due to underlying gene amplification
has been described in all lines selected by exposure to 5-FU
(14, 15). In other studies, high intrinsic levels of TS correlate
with resistance to 5-FU. Finally, in experimental tumors and
in the clinical setting, resistant tumors display a marked acute
increase in TS after exposure to 5-FU, resulting in the presence
of free uninhibited enzyme in excess of that bound to the
inhibitor (16-22). Several investigators have demonstrated in
vivo as well as in vitro that TS enzyme levels in neoplastic cells
rise rapidly when cells are exposed to 5-fluorouracil (14-19).
Thus the intrinsic pretreatment level of TS as well as the ability
of a tumor to acutely overexpress the TS enzyme may play key
roles in the development of tumor resistance. Pretreatment
quantitation of TS and posttreatment measurement of the
enzyme would appear to be critical to understanding the bio
chemical and molecular mechanisms involved in antimetabolite
resistance in both tumor cell lines and individual patients.

The quantitation and detection of TS in human tissues has
traditionally been performed by enzymatic biochemical assays
that either measure catalytic activity or measure the amount of
radiolabeled FdUMP binding to TS following extraction of the
enzyme from cells and tissues (23, 24). These assays have
several limitations when applied to the measurement of TS
activity in human tissue samples. While the assays have the
required sensitivity for quantitating enzyme in pure populations
of rapidly dividing malignant cells in vitro, they lack adequate
sensitivity to measure the lower levels of enzyme activity in
human tumors. Previous investigations from our laboratory
measuring the TS levels in human breast tumor biopsy speci
mens revealed that large quantities of tumor (>50 mg) were
required to carry out these studies (21). Both the catalytic and
FdUMP binding assays require the enzyme to be active; there
fore only fresh or frozen tissue can be assayed, thus limiting
the assay to prospective studies with the caveat that no proteo-
lytic enzyme degradation has occurred during the preparation
of the samples. In addition, the biochemical assay does not
discriminate between areas of the tumor with differing mor
phologies, and it cannot measure TS on a cell-by-cell basis.
Since tissues and cell preparations are a composite of a heter-
ogenous population, any measurement of TS enzyme using
biochemical techniques is confounded by the degree of contam-
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Â¡nationby cells other than those of interest.
The advent of MAb technology has created important new

tools for studying the cellular distribution, tissue expression,
and pharmacokinetics of biologically important molecules.
Monoclonal antibodies directed against human TS may provide
the adequate sensitivity, specificity, and cell-by-cell localization
needed to overcome those problems inherent in biochemical
assays. This study presents the derivation and characterization
of monoclonal antibodies to TS. These antibodies provide a
basis for the immunological detection and quantitation of the
TS enzyme in human cells and describe the immunohistochem-
ical localization of the TS enzyme in human colon carcinomas.

MATERIALS AND METHODS

Chemicals. Purified rhTS protein was a generous gift from Dr. D.
Santi (University of California at San Francisco) (25). lodinated rhTS
protein gave a single band of 36 kDa when run on a 15% denaturing
gel and visualized by autoradiography. Polyethylene glycol was pur
chased from J. T. Baker Chemical Co. (Philipsburg, NJ); the Pristane
was from Aldrich Chemical Co. (Milwaukee, WI); the peroxidase-
labeled affinity-purified goat anti-mouse immunoglobulins were from
Kirkegaard and Perry Laboratories (Gaithersburg, MD); the [6-'H]5-
FdUMP (specific activity, 18 Ci/mmol) was from Moravek Biochemi-
cals (Brea, CA); the ["Sjmethionine (specific activity, 1000 Ci/mmol)
was from New England Nuclear (Boston, MA); the 96-well Immulon
Plates were from Dynatech (Chantilly, VA); the ABC immunoperoxi-
dase kits were from Vector Laboratories (Burlingame, CA); the tissue
slides were from Baxter (McGaw Park, IL); and the hematoxylin was
from Surgipath (Greyslake, IL). All other chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO) or NIH stores (Bethesda, MD).

Immunization, Fusion, and Cloning. Five female BALB/c mice (10
weeks old) received i.p. injections of purified rhTS, 10 pg/mouse, that
had been emulsified in 0.1 ml of Freund's complete adjuvant. The mice
were subsequently boosted twice with rhTS, 10 pg/mouse, in Freund's

incomplete adjuvant at 21-day intervals. A mouse with high reactivity
(>1/100,000 by ELISA, vide infra) was chosen and injected with rhTS,
10 pg in 0.5 ml PBS 4 days prior to fusion. The procedure of Galfre et
al. (26) was used to fuse spleen cells (1 x 10s) from the immunized
mouse with 2 x IO7 P3 x 63 Ag 8 variant 653 myeloma cells using

50% (v/v) polyethylene glycol 3350 as a fusing agent (27). The fused
cells were plated onto 96-well plates and screened for monoclonal
antibody production by ELISA (vide infra) starting on day 18 post-
fusion. The ELISA-positive hybridomas were cloned and recloned three
times by limiting dilution technique at 1, 10, and 50 cells/96-well plate
on feeder cells. The resultant stable colonies were expanded into 25-
cm2 Falcon flasks.

Preparation and Purification of Ascitic Fluid. The mice received i.p.
injections of 0.5 ml Pristane and 10-14 days later were inoculated with
1 x IO6hybridoma cells/mouse. The ascitic fluid was collected at 2-3-

day intervals until the animal was sacrificed. The ascitic fluid was
purified by precipitation with 40% ammonium sulfate and high-pres
sure liquid chromatography (28). The class and subclass of the mono
clonal immunoglobulins were determined by Ouchterlony analysis with
antisera specific for p chains and for IgG and IgM subclasses (29).

lodination of Recombinant Human TS Protein. '"I-rhTS was prepared

using the purified rhTS protein (EC 2.1.1.45). The soluble lactoperox-
idase technique was used to label the rhTS with I25I(30). The labeled
protein was separated from unreacted Nal25I by passing the iodination
mixture through a Sephadex G-25 column, equilibrated, and eluted
with a buffer containing 0.01 M PBS, pH 7.4, 0.15 M NaCl, and 0.1%
bovine serum albumin.

ELISA Assay for Human TS Antibodies. An Immulon II 96-well
plate was coated with 50 pi of rhTS (1 Mg/ml) in coating buffer (0.015
M NaHCOj, pH 9.0) overnight at 4Â°C.The wells were then washed

three times with PBS/Tween (l M PBS, 0.1 % azide, 0.05% Tween) and
incubated with 100 pi bovine serum albumin (5 mg/ml) at room
temperature for 1 h. After washing with PBS/Tween an additional

three times, 50 pi hybridoma supernatant were added and incubated at
room temperature for 2 h. The unbound antibody was removed with
three further washes of PBS/Tween, and 50 pi alkaline phosphatase
conjugated anti-mouse antibodies were added for 4 h. The wells were

again washed three times in PBS/Tween, and 50 pi of substrate solution
containing 40 mgp-nitrophenyl phosphate in 20 ml 100 mm NaHCOj,
10 mg MgCl2, pH 8.0, were added to each well. The absorbance of the
reaction was assessed at 405 nm in a microelisa autoreader (Dynatech).
Determination of positive hybridoma cultures was based on signals
>0.5 absorbance units above background.

Sandwich ELISA. The wells of an immunoplate Immulon II were
coated with 50 pi unlabeled anti-TS antibodies (10 pg/ml), allowed to
stand at 4Â°Covernight, and then saturated with 100 pi 5% bovine

serum albumin. After washing with PBS/Tween, pH 7.2, a standard
concentration of rhTS protein (1 pg/ml) was added and incubated for
2 h at room temperature. The unbound rhTS protein was removed with
PBS/Tween, and the peroxidase labeled with anti-rhTS antibodies was
added for 2 h at room temperature. The wells were then washed with
100 pi of PBS/Tween (0.05%). Fifty pi of substrate containing 0.1 mg/
pi solution of 2.2 azino-di-3-ethylbenzthiazoline-6-sulfonic acid in 50
mM citrate/phosphate buffer, 0.01% hydrogen peroxide, pH 5.2, was
added to each well. Thirty min later the absorbance was measured at
405 nm in a microelisa autoreader.

Preparation of Enzyme-labeled Antibodies. The purified antibodies
were conjugated with horseradish peroxidase according to the method
of Nakane and Kawaoi (31).

Determination of Binding Affinity Constant. The dissociation constant
(A"d)of the TS antibodies was determined by solid-phase ELISA (32).

Fifty pi of purified rhTS (5 pg/ml) in 0.015 M NaHCO3 were plated in
a 96-well plate at 4Â°Cand allowed to stand overnight. Nonspecific

binding sites were blocked with 5% bovine serum albumin in PBS.
Twenty-five pi of 1:1 serial dilutions of each purified antibody were
added to the wells. After an additional overnight incubation at 4Â°C,the

plates were washed three times with PBS/Tween. Fifty pi of alkaline
phosphatase (specific activity, 100 pinol product formed/min/mg) con
jugated anti-mouse antibodies were added at room temperature for 4
h. Then the wells were again washed three times in PBS/Tween. Fifty
pi of p-nitrophenyl phosphate substrate solution (0.05 mol) were added
to each well, and the absorbance was determined as described above. In
order to convert absorbance units to moles of antibody bound, it was
assumed that 1 mol of goat anti-mouse immunoglobulin bound to 2
mol of the IgG 1subtypes, and 5 mol of the anti-mouse immunoglobulin
bound to 2 mol of the IgM subtype. The amount of bound TS antibody
was calculated from the specific activity of the alkaline phosphatase
and the molar extinction coefficient forp-nitrophenol (18.54 x 10' M"'
at 405 nm, pH 10.2). The A"dwas calculated by the method of Scatchard

(33).
Western Blot Analysis. A sample of either rhTS peptide (1 pg/ml/

lane) or cell lysate (200 pg/well/lane) from two 5-FU-resistant cell lines
(NCI-H630R.O and NCI-H630R,) and a sensitive human colon cell line
(NCI-H630) (34) resuspended in 0.1 M KH2PO4. pH 7.4, was resolved
by polyacrylamide gel electrophoresis using 15% acrylamide according
to the method of Laemmli (35). The gels were electroblotted onto a
nitrocellulose membrane (Schleicher and Schuell, Keene. NH) in trans
fer buffer containing 48 mM Tris, 39 mM glycine, and 0.5 M EDTA in
20% methanol for 2 h. The nitrocellulose membrane was then incubated
with Blotto blocking solution (5% Carnation nonfat milk, 10 mM Tris,
0.01% thimerosol) for 2 h and then incubated with the TS monoclonal
antibodies (10 pg/ml) at 4Â°Covernight. After the overnight incubation,

a horseradish peroxidase-conjugated goat anti-mouse immunoglobin
was added and incubated at 1:500 dilution for 2 h. The chromogenic
substrate, 4-chloro-l-napthol (Sigma Chemical Co.), was subsequently
added, and the positive TS bands were identified. Protein concentra
tions were determined by the Bio-Rad protein assay (36).

The level of TS protein was determined by densitometric scanning
of the blots using a Beckman DU-65 spectrophotometer.

Immunoprecipitation. NCI-H630 colon carcinoma cells whose char
acteristics have been previously described (34) were plated onto T75
flasks (Falcon Labware) and maintained in RPMI 1640 plus 10% fetal
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calf serum and 2 HIMglutamine. After 5 days the cells were incubated
in methionine-free RPMI 1640 plus fetal calf serum 10% for 2 h and
then washed twice with ice-cold PBS. Labeling was then performed for
2 h with 100 iiCi/ml ["SJmethionine (specific activity, 1000 Ci/mmol).

Cells were collected by scraping from the surface of the flasks and then
washed twice in ice-cold PBS and centrifuged at 1200 x g for 5 min.
Cell lysate was prepared by incubating cells in cell lysis buffer (300 HIM
NaCl, 50 m\i Tris-HCl, pH 7.4, and 1% Triton X-100) and protease
inhibitors (0.1 HIMphenylmethylsulfonyl fluoride-3.3 /ig/m! aprotinin-
10 Mg/ml leupeptin). To assess ["jmethionine incorporation, 10 Â¡i\of
lysate were precipitated onto 0.45-^m filter discs using 10% trichloro-
ace'tic acid and counted in a scintillation counter. TS antibodies were

incubated with 100 pi protein A-Sepharose beads overnight and then
incubated with 200 tÂ¿\precleared cell lysate for 4 h at 4Â°C.The protein

A-Sepharose beads with adherent immune complex were then washed
five times in washing buffer (0.1% Triton X-100, 300 mM NaCl, 50
mM Tris/HCl, pH 7.4), and 100 n\ of sample buffer (2% SDS, 5% 2-
mercaptoethanol, 0.002% bromphenol blue in washing buffer) were
added. This mixture was heated at 95Â°Cfor 10 min and spun in a

microfuge for 5 min at 14,000 x g. The supernatant (100 ÃŸ\)containing
immune complex was loaded and analyzed by 15% SDS-polyacrylamide
gel electrophoresis. The radiolabeled proteins were visualized by expo
sure to Kodak X-RP film at -70Â°Cfor 5 days.

TS Binding Assay. NCI-H630 human colon cells incubated in 5-FU

at various drug concentrations were harvested and resuspended in 1 ml
of 0.1 M KH2PO4, pH 7.4. An aliquot of cells was processed for
immunocytochemistry as described below. Cell lysis was accomplished
by sonication using three 2- to 3-s bursts from a Branson sonifier
equipped with a microtip. The cellular extract was centrifuged at 10,000
x g for 30 min, and the supernatants were collected and assayed
by FdUMP binding. The formation of complex (TS-FdUMP-
CHiHjPteGlu) was calculated by measuring total FdUMP binding sites
(TS,0,,i)and unoccupied FdUMP binding sites [TS-free (TSf)]. TS bound
(TSb) was measured as the difference between TS,,,,aiand TSf. TS( was
quantitated by adding 20 Â¡/Iof cell lysate and 180 i/l containing 3 pmol
FdUMP, 18 Ci/mmol, 100 mM 2-mercaptoethanol, and 50 mM
KH2PO4, pH 7.2, as previously described (16).

Immunohistochemistry. NCI-H630 colon carcinoma cells were plated
onto T75 flasks and harvested during exponential growth. Cytospin
preparations were made on glass slides using a Shandon cytocentrifuge.
To determine the ability of TS antibodies to detect TS in tissues, 6-pm
sections of colon carcinoma tissue specimens were cut and placed on a
glass slide. Both tissue sections and the cytopreps were then fixed in
acetone for 10 min at room temperature. The slides were subsequently
rinsed in PBS and incubated with normal horse serum (2% in PBS) for
30 min to reduce nonspecific staining. They were then incubated with
monoclonal antibody (10 Mg/ml) in PBS at room temperature or with
normal mouse IgG (10 Mg/ml) for l h at room temperature. After
rinsing in PBS for IO min the slides were incubated with 50 n\ of avidin
biotin-conjugated anti-mouse secondary antibody for 30 min. Cells and
tissue sections were again rinsed in PBS and incubated with ABC
complex for 30 min. After a final rinsing in PBS, cells and tissue
sections were incubated with diaminobenzidine substrate (0.2% diami-
nobenzidine. 0.005% hydrogen peroxidase) for 15 min (37, 38), coun-
terstained in hematoxylin (Gill 11 formula), and mounted with glass
coverslips and Permount.

RESULTS

Five BALB/c mice were immunized with recombinant TS
protein by i.p. injection. Sera from each mouse were assayed by
ELISA for antibodies to rhTS. Spleen cells from one mouse
with serum titers >1/100,000 were fused with P3 x 63 Ag 8
653 myeloma cells and plated onto 96-well plates. The resultant
clones were also screened by ELISA. In this fusion, 412 hybri-
domas resulted from the plating of fused cells into 768 wells
(53%). ELISA-positive clones were detected in 114 of 412
(27%) hybridomas, and supernatants from 38 of these clones

were positive for reactivity with rhTS by subsequent Western
blot assay. By cloning and recloning using the limiting dilution
technique, five stable hybridomas were isolated that produced
antibodies to TS. These were identified as TS 106, TS 109, TS
110, TS 111A, and TS 11 IB. Isotypic analysis using the Ouch-
terlony immunodiffusion technique revealed that antibodies TS
106, TS 109, TS 110, and TS 111A belonged to the IgG class,
while antibody TS 11 IB belonged to the IgM class.

Binding affinity constants (A"d)to the rhTS protein were

determined for each of the MAbs. All of the MAbs demon
strated binding affinity values in the range 11.0 n\i (TS 111A)
to 0.3 n\t (TS 111B). These A'dvalues demonstrate that all of

the antibodies form a tight interaction with the rhTS protein.
Antigenic epitopes recognized by the monoclonal antibodies

may be distinguished by the sandwich ELISA technique, in
which labeled and unlabeled antibodies compete for binding.
TS 106 was competed with by TS 109 and TS 110. TS 111A
was competed with by TS 109 but not by TS 110 or TS 106
(Table 1). These results suggest that TS 106 and TS 110 bind
to the same epitope, while TS 111A binds to a separate epitope.
TS 109 either binds to a region that overlaps the other two
sites or binds to both sites. Characterization of each monoclonal
antibody, including its reactivity by immunoprecipitation and
Western blot, ELISA, and isotype, is summarized in Table 2.
All antibodies displayed a very high ELISA titer (> l in 100,000)
with the rhTS peptide. Western blot analysis revealed that all
of the MAbs reacted with the rhTS peptide band that migrated
to approximately 36 kDa under denaturing conditions. In ad
dition, a second, less intense band was observed just below the
36-kDa band that may represent a degradative product of rhTS
(24). The MAbs also displayed reactivity on Western blot
analysis of cell lysate extract from a human colon carcinoma
cell line (H630). In these extracts the monoclonal antibodies
specifically detected a peptide of 36 kDa molecular mass and
displayed negligible cross-reactivity with other cellular peptides
(Fig. 1, Lanes A). Under nonreducing conditions, these anti
bodies also recognized the dimeric form of the TS peptide
identifying a band at 72 kDa (data not shown). Western blot
analysis of human colon carcinoma cell lysates that had been
exposed to 10 n\i 5-FU for 48 h revealed that these antibodies

Table 1 Comparison of antibody epilope binding using labeled and unlaheled
anlihodies

rhTS ( 1 ..L' n1150 ill/well) was used in this assay. The competition of unlabeled
MAb with labeled MAbs for binding lo rhTS was determined using sandwich
ELISA as described in "Materials and Methods."

I'nlabcled
antibody

(0.2mg/ml)TS

106
TS 109
TS 110
TS MIALabeled

monoclonal antibodies
(absorbanccunits)TS

1060.032

0.027
0.056
1.56TS

1090.036

0.03
0.047
0.52TS

I11A1.446

0.062
1.29
0.027

Table 2 AntibodycharacteristicsAntibodyTS

106
TS 109
TS 110
TS IMA
TS 111BIsotypeIgGl

IgGl
IgGl
IgGl
IgMELISA

titer
(rhTS, 1â€ž¿�g/ml)a

100,000
> 100,000
> 100,000
> 100.000
a 100.000rhTS(nm)

WestIppt3.4

Â±2.0 + +
6.9 Â±4.0 + +
9.6 Â±2.0 + +
11 Â±12.2 + +

0.3 Â±0.15 + +Human

TSÂ°West

IpptIHC:

: +'-
Â°Human TS. thymidylate synthase from human colon carcinoma cells; IHC,

immunohistochemistry; West, Western blot analysis: Ippt. immunoprccipitate.
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Fig. I. Western blot analysis of cell lysate from
the1human colon cell line NCI-H630 that was not
exposed to 5-Fl' (Lanes A) or exposed to IO Â»JM5-
Fl' for 48 h (Ijines K). Cytosolic extracts from cells

in the exponential phase of growth were prepared as
described in "Materials and Methods." Proteins

(100 fig) were resolved on SDS-polyacrylamide gels,
transferred to nitrocellulose, and stained with the
monoclonal antibodies.
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detected two bands, the native TS peptide band at 36 kDa and
a band just above TS at approximately 38 kDa (Fig. 1. Lanes
B). This upper band was not apparent in cells that had not been
exposed to 5-FU, suggesting that this upper band represents
the TS protein complexed to FdUMP and CH2H4PteGlu. In
an effort to prove that this was ternary complex TS-FdUMP-

CH2H.,PteGlu, a Western blot comparison of NCI H630R,,Â»cell
lysate that had been incubated with excess 5,10-methylenete-

trahydrofolate (300 /um) and FdUMP (1 Â¿Â¿m)and a similar NCI
H630KiÂ»cell lysate that had not been exposed to excess folate
or FdUMP was performed. Only the lower TS band (36 kDa)
was detected in those lysate samples that had not been exposed
to folate or FdUMP, while in those samples that were incubated
with excess folate and FdUMP, only the upper band (38 kDa)
was present (Fig. 2). Thus it would appear that these antibodies
are capable of recognizing both the free enzyme and the ternary
complex, TS-FdUMP-CH:H4PteGlu, in human cells.

Immunoprecipitation studies using the iodinated rhTS pep-
tide revealed that all antibodies were able to precipitate the 36
kDa peptide (Fig. 3). Preincubation of the MAbs with rhTS
blocked all reactivity on ELISA, Western blotting, and immu-
noprecipitation. while preincubation of the MAbs with albumin
had no effect. Thus antibodies TS 106, TS 109, TS 110, TS
111A. and TS 11 IB displayed strong reactivity with rhTS and
with a 36-kDa protein from cellular extract from human colon
cell lines on Western analysis and immunoprecipitation studies.

Immunocytological Assay of TS Enzyme: Comparison to Bio
chemical FdUMP Binding Assay and Western Blot Assay. Two
MAbs, TS 106 and TS 109. displayed strong cytochemical
staining of cytopreps from several human colon carcinoma cell
lines. The pattern of reactivity was a dark granular appearance
diffusely spread throughout the cytoplasm. The specificity of
staining was demonstrated by disappearance of the granular
pattern when the MAbs were preincubated with rhTS prior to
application to the colon carcinoma cells. The staining was

predominantly cytoplasmic with nuclear staining visible in
some sections. The intensity and number of stained granules
varied among the cell lines studied (Fig. 4).

In an effort to demonstrate that the immunocytochemical
detection of TS is a sensitive and quantitative method of de
tecting human TS, a direct comparison of immunocytochemical
analysis, Western blotting, and biochemical TS assays was
carried out using 5-FU-sensitive and -resistant H630 colon
carcinoma cell lines. Western analysis using MAbs 106 and 109
revealed a marked increase in the level and intensity of the TS
band in the H630-resistant cell lines compared to the sensitive
H630 line (Fig. 5A). Based on densitometric quantitation, a 39-
and 10.6-fold increase in the TS level was present in the
resistant NCI H630K|(, and NCI H630Ki cell lines, respectively,
compared to the sensitive NCI-H630 cell line. A similarly
marked increase in the staining intensity of TS cytoplasmic
granules was detected by immunohistochemical staining (Fig.
4A versus Fig. 4B). This increase in staining TS as demonstrated
by immunohistochemistry and Western blot analysis paralleled
the 36- and 6-fold increase in TS enzyme in NCI H630RK, and
NCI H630Ki as measured by the FdUMP binding assay (Fig.
5B). These data suggest that an immunoperoxidase or immu-
nofluorescence assay may be a useful and accurate method for
quantitation of TS in human cancer cell lines.

To determine whether these antibodies would recognize TS
in human tissue, biopsy specimens of fresh-frozen colorectal
carcinoma tissues were studied. MAbs TS 106 and TS 109
displayed strong immunoperoxidase histochemical staining
(Fig. 6A). The staining pattern appeared to be specific for the
TS enzyme because it was not observed with normal mouse
IgG, and a marked reduction in staining intensity to background
levels occurred when the antibody was preabsorbed with recom
binant TS (Fig. 6B). On light microscopic examination the
staining pattern had a predominantly granular cytoplasmic
appearance, as previously noted in colon cell lines. The granular
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50-

36-

27-
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Cell Cell
Lysate Lysate

Fdump
Fig. 2. A Western blot comparison of cell lysate from a human colon carcinoma

cell lysate NCI H630m0 that has been exposed to excess FdUMP (1 /Â»m)and
5,10-melhylenetetrahydrofolate (300 ym) for 30 min and the same cell lysate that
had not been exposed to excess folate or FdUMP. Lysates (100 ^g) were resolved
on SDS-polyacrylamide gels, transferred to nitrocellulose, and stained with the
monoclonal antibodies.

staining was noted predominantly in the tubular and cribriform
glands of colorectal cancers as well as a subset of lymphocytes
located within the tumor samples. In normal colonie crypts and
glands, staining intensity was much less than that observed in
colorectal tumors and was mainly located in the basal area of
the colonie crypt (Fig. 7).

TS 110, TS 111A, and TS 11 IB reacted strongly with the
recombinant TS peptide by ELISA, Western blot, and immu-
noprecipitation studies, recognizing a peptide of approximately
36 kDa molecular mass. In addition, MAbs TS 106, TS 109,
TS 110, and TS 111A demonstrated strong reactivity with
human TS from human colon carcinoma cell lysates. Using
Western blot analysis, these antibodies were also able to rec
ognize and distinguish complexed from uncomplexed protein
after these cells had been exposed to 10 /UM5-FU; the enzyme
bound to 5-FdUMP migrating as a slightly heavier molecular
weight complex. The specificity of this TS-antibody interaction
was confirmed by the loss of reactivity when the antibody was
preincubated with the purified rhTS peptide and by the lack of
reactivity of preimmune IgG with purified rhTS. Binding affin
ity (Ad) measurements revealed a tight interaction between all
five MAbs and the rhTS.

Immunocytochemical staining of human colon carcinoma cell
line H630 with MAbs TS 106 and TS 109 produced a positive
granular cytoplasmic staining pattern that increased in staining
intensity with increasing TS levels, documented by Western
analysis and the biochemical FdUMP binding assay. This com
parative analysis suggests that these antibodies may be capable
of detecting and accurately quantitating the level of human TS
in the cytoplasm of colon carcinoma cells. Another feature
displayed by MAbs TS 106 and TS 109 was their ability to
detect TS in fresh-frozen human colon carcinoma tissues. A
granular cytoplasmic staining pattern was again noted in the
malignant glands (Fig. 6). Of particular note, the staining
intensity was greater in the higher-grade, less differentiated
tumors, while in the more differentiated tumors staining was
weak or absent. Sections of normal colonie tissue adjacent to
the malignant tumor exhibited little or no staining (Fig. 7).
Those cells that displayed positive staining in normal mucosa
were mainly located in the lower third of the colonie crypt.
Thus, as the staining intensity of the TS-MAb interaction would
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58â€”
36 â€”¿�
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DISCUSSION

TS is an important cellular enzyme that plays a key role in
DNA nucleotide precursor synthesis and represents an impor
tant therapeutic target for the fluoropyrimidine antineoplastic
agents. This study represents a description of the generation
and characterization of five stable hybridomas that produce
monoclonal antibodies to human TS. MAbs TS 106, TS 109,

Fig. 3. Immunoprecipitation analysis of iodinated recombinant human TS
using the monoclonal antibodies. A sample of each monoclonal antibody (10 ME/
ml) was incubated overnight with protein A-Sepharose. The protein-Sepharose-
conjugated monoclonal antibodies were incubated with iodinated rhTS, and the
resultant precipitates were resolved on an SDS-polyacrylamide gel. Neg, one of
the monoclonals TS 109 preabsorbed with unlabeled rhTS prior to the incubation
with iodinated rhTS. The gel was dried and autoradiographed.
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Fig. 4. A, immunocytochemical staining of NCI-H630 resistant line using TS 106. Cytoprep preparations were made as described in "Materials and Methods."

Cells were fixed in acetone and stained with the antibodies using the ABC Â¡mmunoperoxidase staining technique. The cells were counterstaincd in hematoxylin,
mounted, and coverslipped with Permounl. B, immunocytochemical staining of NCI-H630 sensitive line using TS 106. Cytoprep slides were made with cells in the
exponential phase of growth and processed as described above. All resultant staining was examined using an Olympus light microscope.

appear to accurately reflect the quantity of TS enzyme in a
given cell, the availability of these monoclonal antibodies will
facilitate the development of a quantitative TS immunological
assay that may quantitate TS within individual cells and tissues.

Two MAbs to TS derived from HeLa cells (M-TS-4, M-TS-
9) have been described previously (39). Both antibodies were
shown to inhibit the activity of TS from HeLa cells; however,
antibody binding and TS inhibition varied with the cell lines

examined. In contrast, TS 106 and TS 109 exhibit tight binding
as demonstrated by their A"dvalues and and recognize human

TS on Western blot and immunocytochemical analysis from a
variety of malignant and normal human tissues and cell lines
(data not shown).

The importance of the TS enzyme level as a mechanism of
drug resistance is indicated by studies demonstrating that acute
induction of TS protein as well as stable amplification of TS
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MAbS THAT LOCALIZE HUMAN THYMIDYLATE SYNTHASE IN THE CYTOPLASM

Fig. 5. A, Western blot analysis for human TS from colon
carcinoma cell lysates NC1-H630 wild-type, NCI-H630R1.
and NCl-H630R,o using antibodies TS 106 or TS 109. Cyto-
solic extracts from cells in the exponential phase of growth
were prepared as described in "Materials and Methods."

Equivalent amounts of protein (100 ng/well) from resistant
and sensitive lines Â»ereresolved with 15% SDS-polyacryl-
amide gels, transferred, and incubated with TS 106 or TS
109. Staining was performed using horseradish peroxidase-
conjugated secondary antibody at a 1:500 dilution. B. com
parison of the relative and absolute TS levels in the NCI
H630R,o. NCI H630R,. and NCI H630 colon carcinoma cell
lines as measured by the biochemical FdUMP binding assay
and densitometric quantitation of Western blot analysis as
shown in A.

A.
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may be associated with 5-FU resistance in human breast and
colon cancer cell lines (14-22). The clinical relevance of acute
TS induction has been suggested by an in vivo study carried out
on tumor biopsy samples obtained from patients with breast
carcinoma that documented a 2- to 6-fold increase in TS 24 h
post-fluorouracil therapy (21). The underlying mechanisms in
volved in this enhanced TS expression have not been fully
defined as yet; however, these in vivo and in vitro studies suggest
that the ability of a tumor to overexpress TS in response to
cytotoxic agents may play a role in the development of clinical
tumor resistance.

Until now the measurement of TS levels in human tissue has
been carried out by using the radiolabeled FdUMP binding
assay (23, 24). This assay is performed on a cytosolic extract
wherein relatively large quantities of tissue are required and the
cellular specificity is lost. The biochemical assay cannot dis
criminate between areas of the tumor with differing morphol
ogies, nor can it measure TS on a cell-by-cell basis, and, as
tissues and cell preparations are a composite of a heterogenous
population, any measurement of TS enzyme is confounded by
the degree of contamination by cells other than those of interest.
In comparison to the biochemical assay, the availability of a
quantitative immunohistochemical assay to measure TS in hu
man cells and tissues would have the advantage of potential

examination of cells in tissue sections. Such an assay would
allow TS measurement in primary and metastatic tumor sam
ples on a cell-by-cell basis and facilitate detailed correlations
between the level of TS and various clinical and morphological
parameters. This information may be of value in patient selec
tion for 5-FU treatment. In addition to TS quantitation in
tissues and cells, these antibodies will permit accurate studies
of TS synthesis and its regulation by drugs such as 5-FU and
methotrexate and biologicals such as the interferons, both in
vitro and in vivo. Their ability to recognize and distinguish
native and complexed protein will help provide information
about stability of the TS-FdUMP-folate complex and its mod
ulation by exogenous folates. Studies of cell-cycle kinetics have
relied on the measurement of S-phase fractions using a tritiated
thymidine labeling technique. These studies have improved our
understanding of neoplastic transformation (40) and are im
portant predictors of disease-free interval and survival in dis
eases such as breast cancer (41). However, for routine clinical
application these methods are tedious. TS is the sole source of
thymidylate, and the level of TS increases in cells entering S
phase. Thus, antibodies to this enzyme may serve as a surrogate
in the determination of S-phase fraction by detecting changes
in TS in relation to the cell cycle and may ultimately prove
useful in studies of cellular division and proliferation.
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Fig. 6.. I, immunohislochemical staining of a human colon carcinoma tissue specimen using antibody TS 106. Tissue samples obtained from patients were cut, and
6->im sections were applied to poly-1-lysine-coated slides. The tissue was fixed in acetone, incubated with antibody TS 106, and stained using the ABC
Â¡mmunoperoxidase technique. Tissues were counterstained in hematoxylin, mounted, and examined under a light microscope. B, immunohistochemical staining of
the same sample of fresh-frozen tissue with TS 106 antibody that has been preincubated with rhTS for 30 min prior to application to the tissue. Otherwise the tissue
is processed as described above.
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Fig. 7. Immunohistochemical staining using TS 106 in a biopsy sample of fresh-frozen normal colonie tissue. The tissue sample was processed as described for
Fig. 5.
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In conclusion, we have developed five monoclonal antibodies
to human TS that are highly reactive on immunohistochemical,
ELISA, Western, and immunoprecipitation studies. Two of
these antibodies can be used to detect and quantitate TS in
human cells and tissue specimens. The development of a quan
titative TS immunohistochemical assay utilizing these antibod
ies may provide additional insight into the biological impor
tance of this enzyme and help clarify the clinical relevance of
TS and its interaction with fluoropyrimidine therapy.

ACKNOWLEDGMENTS

We thank D. Santi for the purified human recombinanl TS protein
and Kathy Moore for her help in the preparation of the manuscript.

REFERENCES

1. Danenberg. P. V. Thymidylale synthaseâ€”a target enzyme in cancer chemo
therapy. Biochim. Biophys. Acta. 473: 73-92. 1977.

2. Santi. D. V.. McHenry, C. S., and Sommer, M. Mechanisms of interaction
of thymidylatc synthase with 5-fluorodeoxyuridylate. Biochemistry. 13:471-
480. 1974.

3. Moertel, C. G. Current concepts in cancer: chemotherapy of gastrointestinal
cancer. N. Engl. J. Med.. 299: 1049-1052. 1978.

4. Santi. D. V.. and Danenberg. P. V. Folates in pyrimidinc nucleotide biosyn
thesis. In: R. L. Blakley and S. J. Benkovie (eds.), Folates and Pteridines.pp. 345-398. New York":Wiley. 1984.

5. Heidelberger. C. Fluorinated pyrimidines and their nucleosides. In: A. C.
Sartorelli and D. G. Johns (eds.). Handbook of Experimental Pharmacology,
Vol. 38. pp. 193-231. New York: Springer Verlag, 1975.

6. Hardy. L. W.. Finer-Moore. J., Montfort, W.. Jones. M., Santi. D. V., and
Stroud. R. M. Atomic structure of thymidylate synthase: target for rational
drug design. Science (Washington DC), 235: 448-453. 1987.

7. Chu. F. K.. Maley. F.. and Belforl. M. Intervening sequence in the thymidyl-
ale synthase gene of bacteriophagc T4. Proc. Nad. Acad. Sci. USA. 81:
3049-3053. 1984.

8. Belfort. M.. Maley, G., Lane, J. P., and Maley. F. Primary structure of
Escherichia coli thy A gene and its thymidylatc synthase product. Proc. Nati.
Acad. Sci. USA. 80: 4914-4918, 1983.

9. Beverley. S. M.. Ellenberger, T. E.. and Cordingly. J. S. Primary structure
of the gene encoding the bifunctional dihydrofolate reduction-thymidylate
synthase of leishmania major. Proc. Nati. Acad. Sci. USA. 83: 2584-2589.
1986.

10. Conrad, A. H.. and Ruddle. F. H. Regulation of thymidylate synthase activity
in cultured mammalian cells. J. Cell Sci.. 10: 471-486, 1972.

11. Navalgund, L. G.. Rossann. C.. Muench. A. J.. and Johnson. L. F. Cell cycle
regulation of thymidylate synthase gene expression in culture mouse fibro-
blasts. J. Biol. Chem.. 255: 7386-7390. 1980.

12. Johnson. L. F. Expression of dihydrofolate reducÃaseand thymidylate syn
thase in mammalian cells. //;. G. S. Stein and J. L. Stein (eds.). Recombinant
DNA and Cell Proliferation, pp. 25-47. New York: Academic Press. 1984.

13. Jenh, C. H.. Rao. L. G., and Johnson. L. F. Regulation of thymidylate
synthase enzyme synthesis in 5-fluorodeoxyuridine resistant mouse fibro-
blasts during the transition from the resting to growing state. J. Cell. Physiol..
122: 149-154. 1985.

14. Berger, S. H., Chung-Her. J., Johnson, L. F.. and Berger. F. G. Thymidylate
synthase overproduction and gene amplification in fluorodeoxyuridine-re-
sistant human cells. Mol. Pharmacol., 28: 461-467, 1987.

15. Clark, J. L., Berger. S. L.. Mittelman. A., and Berger. F. G. Thymidylate
synthase gene amplification in a colon tumor resistant to fluoropyrimidine
chemotherapy. Cancer Treat. Rep.. 71: 261-265. 1987.

16. Spears, C. P.. Antranik. A. H., Moran, R. G.. Heidelberger. C.. and CorbeÂ»,
T. H. In viro kinetics of thymidylate synthase inhibition in 5-fluorouracil
sensitive and resistant murine colon adenocarcinomas. Cancer Res., 42:450-
456. 1982.

17. Washtein, W. L. Increased levels of thymidylate synthase in cells exposed to
5-fluorouracil. Mol. Pharmacol., 25: 171-177, 1984.

18. Chu, E.. Zinn, S.. Boarman, D., and Allegra. C. J. The interaction of 7-
interferon and 5-fluorouracil in the H630 human colon carcinoma cell line.
Cancer Res., 50: 5834-5840, 1990.

19. Keyomarsi. K.. and Moran, R. G. Mechanism of cytotoxic synergism of
fluoropyrimidincs and folinic acid in mouse leukemia cells. J. Biol. Chem.,
263: 14402-14409, 1988.

20. Spears. C. P., Gustavsson. B. G., Berne, M., Frosling. R.. Bernstein, L., and
Hayes, A. A. Mechanisms of innate resistance to thymidylate synthase
inhibition after 5-fluorouracil. Cancer Res.. 48: 5894-5900, 1988.

21. Swain, S. M., Lippman. M. E.. Egan, E. F.. Drake, J. C., Steinberg. S. M.,
and Allegra, C. J. Fluorouracil and high-dose leucovorin in previously treated
patients with metastatic breast cancer. J. Clin. Oncol., 7: 890-896. 1989.

22. Scanlon. K. J., and Kashani-Sabet. M. Elevated expression of thymidylate
synthase cycle genes in cisplatin-resistant human ovarian carcinoma. Proc.
Nati. Acad. Sci. USA, 85: 650-653. 1988.

23. Lockshin, A., and Danenberg. P. V. Biochemical factors affecting the tight
ness of 5-fluorodeoxyuridylate binding to human thymidylate synthase.
Biochem. Pharmacol.. 30: 247-257, 1981.

24. Lockshin. A., and Danenberg. P. V. Thymidylate synthase and 2-deoxyuri-
dylate form a tight complex in the presence of pteroyltriglutamate. J. Biol.
Chem.. 254: 12285-12288. 1979.

25. Davisson. V. J., Shirawarapon, W., and Santi. D. V. Expression of human
thymidylate synthase in Escherichia coli. J. Biol. Chem.. 264: 9145-9148,
1989.

26. Galfre. G.. Howe, S. C., Milstein, C, Butcher, G. W., and Howard, J. C.
Antibodies to major histocompatibility antigens produced by hybrid cell
lines. Nature (Lond.). 266: 550-553, 1977.

27. Liang. C-M.. Herren. S.. Said. A., and Jost. T. Studies of antigenic epitopes
recognize the monoclonal antibodies to recombinant Â¡ntcrferon-7. Biochem.
Biophys. Res. Commun.. 128: 171-178, 1985.

28. FPLC for Monoclonal Antibody Purification (Pharmacia brochure. Piscala-
way, NJ. 1990).

29. Ouchterlony. O.. and Nilsson, L. A. Immunodiffusion and immunoelectro-
phoresis. In: D. M. Weir (ed.). Handbook of Experimental Immunology, pp.
655-707. Oxford and Edinburgh: Blackwell. 1986.

30. Thorell, J. L., and Johnansson. B. G. Enzymatic iodination of polypeptides
with 12!l to high specific activity. Biochim. Biophys. Acta, 251: 363-369.

1971.
31. Nakane, P. K.. and Kawaoi. A. Peroxidase-labeled antibody: a new method

of conjugation. J. Histochem. Cytochem., 22: 1084-1091. Ã•974.
32. Heyman, B.. Holmquist. G.. Borwell. P., and Heyman. U. An enzyme linked

immunosorbent assay for measuring anti-sheep erythrocyte antibodies. J.
Immunol. Methods, 68: 193-204, 1984.

33. Scatchard. G. The attraction of proteins for small molecules and ions. Ann.
N.Y. Acad. Sci., 51: 660-672. 1949.

34. Park. J. G.. Oie. H. K.. Sugarbaker, P. H., Henslee. J. G.. Chen, T. R.,
Johnson, B. E.. and Gazdar, A. Characterization of cell lines established for
human colorectal carcinoma. Cancer Res., 47: 6710-6718, 1987.

35. Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.). 227: 680-685. 1970.

36. Bradford. M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein dye binding. Anal.
Biochcm., 72: 248-254, 1976.

37. Hsu. S. M.. Raine. L., and Fanger. H. Use of aviden biotin peroxidase
complex (ABC) in immunoperoxidase techniques. J. Histochem. Cytochem.,
29:577-585. 1981.

38. Hsu, S. M., Raine. L., and Fanger, H. A comparative study of the peroxidase-
antiperoxidase method and an avidin biotin complex method for studying
polypeptide hormone with radioimmunoassay antibodies. Am. J. Clin.
Pathol., 75:734-738. 1981.

39. Jastreboff. M. M., Todd. M. B. Malech, H. L.. and Berlino. J. R. Isolation
and functional effects of monoclonal antibodies binding to thymidylate
synthase. Biochemistry. 24: 587-592, 1985.

40. Lipkin. M.. Blattner. W.. Gardner, E., Burl, R.. Lynch, H., Deschner, E.,
Winawer. S.. and Fraumeni. J. F. Classification and risk assessment of
individuals with familial polyposis, Gardner's syndrome, and familial non-
polyposis colon cancer from |'H]thymidine labeling patterns in colonie
epithelial cells. Cancer Res.. ^.-4201-4207. 1984.

41. Meyer, J. S., and Hixon. B. Advanced stage and early relapse of breast
carcinomas associated with high thymidine labeling indices. Cancer Res., 39:
4042-4047. 1979.

6676

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6668/2446113/cr0510246668.pdf by guest on 19 M

ay 2023




