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Patients with advanced colorectal cancer are currently being treated with 3-fluorouracil (5-FUj-based chemotherapy. A
growing number of patients with resectable disease receive adjuvant therapy with S-FU/levamisole (LEV) ar 5-FU/folinic
acid (LV). However, many patients still Ll on these treatments. due to occurrence of natural or acquired tumor resistance,
Among climcally relevant mechanisms of resistance to fluoropyrinidines. mereased expression of thymidylate synthase
{TS) has been emphasized. Another potentially relevant mechanism involves i deerease i folylpolyglutamate synthetase
(FPGS) expression. To establish the value of these genes as prognostic Factors and predictors of the outcome of 5-FU-
hased chemotherapy in colorectul cancer. we measured their expression in colorectal tumors from patients undergoing
surgery and postoperative chemotherapy and compared it with that in normal colonic mucosa. This was done by a semi-
quantitative, nonradioisotopic polymerase chain reaction {PCR) method using B-actin as an internal standard and expressed
as o TS/B-actin or @ FPGS/f-actin mRNA ratio. In twmor sumples from 21 colorectal cancer putients, TS gene expression
varted |18-fold. The median TS/B-actin ratio was, in fact, 4136 % 107 trange 2.49 % 10 " 10 294,54 % 107). Little variation
in TS gene expression was observed in corresponding normal colonic mucosa: the TS/f-actin gene ratio was lower (median
26,16 % 10 : range 8495 10" 10 69.49 x 107, Among tumor explants from 20 patients, FPGS expression varied over
161-told. A similar marked variation was also observed i normal colonic mucosal samples tover 185-fold), Overall and
discase-free survival data suggest an invense association hetween the level of tumor TS and FPGS expression and ¢linical
prognosis. The avatlability of this sensitive and accurate assay for gene expression should now make il possible to extend
these laboratory/clinical correlations 1o larger populations.
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Patients with advanced colorectal cancer are being ef-
fectively treated with S-fluorouracil (5-FU)-containing
regimens, achieving an objective response in about 20—
30% of cases (1.2). It has also been recently demon-
strated that 5-FU and folinic acid (LV) or levamisole
(LEV) markedly decrease the incidence of disease recur-
rence and mortality in patients with radically resected
colon cancer (Dukes stage B and C or Dukes stage C.
respectively), compared to untreated controls (3). How-
ever, better insight into the factors that determine the
efficacy of 5-FU-based palliative and adjuvant chemo-
therapy is clearly warranted, because many patients will
still fail on these treatments.

Although 5-FU has a complex mechanism of action,
evidence is accumulating that the actual antitumor effect
of 5-FU in patients is predominantly mediated by the
extent and duration of the inhibition of thymidylate syn-
thase (TS) by the 5-FU metabolite fluorodeoxyuridine
monophosphate (FAUMP) (4-7). TS is a key enzyme in
the de novo synthesis of deoxythymidine monophos-
phate (dTMP), an essential precursor of DNA synthe-

sis. for which deoxyuridine monophosphate (dUMP) 1s
the nucleotide substrate and 5.10-CH.H . PteGlu, the co-
substrate. 5.10-CH:H.PteGlu, acts as the methyl-group
donor, both in the monoglutamate form (8) and with
increased efficiency in the polyglutamate form (9).
Polyglutamates of natural folates, including 5,10-CH,H,
PteGlu,. formed by the enzyvime FPGS, are better retained
intracellularly and are better cosubstrates for enzymes (10).

In experimental tumor model systems, the principal
mechanisms of resistance 10 5-FU have been attributed
to alterations in TS, such as: altered enzyme structure
due to gene point mutation with decreased affinity lor
the inhibitor, FAUMP (11,12): increased enzyme levels
with increased mRNA levels. sometimes attributed to
gene amplification (13). Other mechanisms of resistance
to 5-FU include: diminished activation of 5-FU due to
reduction ol enzymatic activity (14-17) or increased ca-
tabolism (e.g.. by alkaline phosphatase or dihydropyri-
midine dehydrogenase) (18.19); increased levels of
dUTPase preventing accumulation of FAUTP and dUTP
in cellular DNA (20).
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Lower folypolyglutamate synthetase (FPGS) activity
and FPGS gene expression also confer resistance o 5-
FU (21). presumably because the resulting lower intra-
cellular levels of 5,10-CH-H,PteGlu, destabilize the in-
hibitory TS-FAUMP-5,10-CH,H,PteGlu, ternary com-
plex (22).

In human colorectal cancer a large variation in TS
level (6,7) and in the kinetics of FdAUMP enzyme inhibi-
tion by FAUMP (5,23), and more recently, a large varia-
tion in the expression of TS mRNA (24-26) have been
observed. These variations may be related to the often
poor response Lo treatment in the advanced disease set-
ting (23-26). Recently, it has also been demonstrated
that the expression of TS is an important. independent
prognosticator of survival in patients with rectal cancer
undergoing adjuvant 5-FU-based chemotherapy (27).

Although there are valid indications that TS protein
activity is related to response to 5-FU, data for this hy-
pothesis are still limited. Analysis of TS from a large
patient population would enable us to answer this ques-
Lon.

A broad range of FPGS activity (28-30) or of FPGS
gene expression (31) in patients affected by various tu-
mor types. including colon cancer. has been reported. In
one of these investigations a relationship between resis-
tance to 5-FU-LV combination chemotherapy and low
FPGS activity in advanced colorectal cancer patients
was observed (30).

We have employed a sensitive and accurate method
of semiquantitative PCR for measuring TS and FPGS
gene expression after the mRNA has been reverse-tran-
scribed to cDNA (RT-PCR), derived from that of Hori-
koshi et al. (24). This procedure is capable of reliably
and accurately determining the relative study gene
mRNA levels in surgery biopsy-size tissue samples (50
mg) using B-actin as the internal standard.

We report here the results of TS and FPGS expres-
sion obtained in patients with colorectal cancer undergo-
ing surgery by applying this analytical technique to tu-
mor and normal colonic mucosal surgery specimens.

MATERIALS AND METHODS
Chemicals

Plasticware was purchased from Nunc (Roskilde,
Denmark). RNAzol B was obtained from Cinna Biotecx
(Houston, TX). RNA guard RNase inhibitor, ultrapure
dNTP set 2’-deoxynucleoside 5-triphosphate. random
hexamers. and bovine serum albumin were from Phar-
macia (Uppsala, Sweden). RQIl RNase-free DNase,
M-MLYV reverse transcriptase, and Tag DNA polymer-
ase were purchased from Promega (Madison, WI). PCR
primers were from Genosys (The Woodlands, TX). All
other reagents were molecular biology grade.

Tissue Collection

Samples of normal and tumoral colorectal mucosa or
hepatic metastasis and normal liver parenchyma were
taken from patients undergoing surgery. All primary tu-
mor biopsies were taken prior to 5-FU-based treatment.
while the liver metastasis sample tested was taken at
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relapse following adjuvant systemic treatment with a
LV-5-FU combination. The malignant appearance of
the tissue was confirmed by inspection by a surgical pa-
thologist. The portions of the specimens to be used for
gene expression measurements were washed with saline
solution 1o remove hemorrhagic or necrotic parts and
frozen in liquid nitrogen within 10 min from removal
from the operative field. until molecular analyses were
performed.

Quantitative PCR for Determination of Relative TS and
FPGS Expression

The procedure for RT-PCR-based quantitation was
performed essentially as previously described by Hori-
koshi et al. (24) with P-actin as internal standard. The
PCR theory predicts that the increase in the amount of
amplified DNA generated at any set number of cycles
that are within the region of exponential amplification is
linearly proportional to the amount of starting DNA
(32). In practice. because the PCR is an enzyme reac-
tion. product formation as a tunction of starting substrate
concentration (or as a function of PCR cycle number) is
not linear indefinitely. due to saturation of binding sites.
consumption of substrate. build-up of inhibitory prod-
ucts. and other factors. Thus. the linear ranges of ampli-
fication of each cDNA must be established separately.

Gene expression was high enough 1o be detected by
ethidium bromide staining of the agarose gel after PCR
amplification; therefore, no additional steps (i.e.. tran-
scription of cDNA to RNA) (24) were performed (o in-
crease the sensitivity of the method.

In brief, the method involved the following steps:

(a) Isolation of RNA. Total cellular RNA was extracted
from tissue samples as small as 50 mg according o
the guanidine thyocyanate method (33) using RNA-
zol B as the extracting medium. RNA was then
treated with RQ1 RNase-free DNase (34) o elimi-
nate DNA contamination, dissolved in water, and
spectrophotometrically quantitied. RNA quality was
assayed on 0.8% agarose gel.

(b) Reverse transcription of RNA. Reverse transcription
ot 20 pg of total RNA was performed in a final
volume of 100 pl in the presence of random hexa-
mers (0.045 pg/ul). RNAguard (0.7 U/ul). dNTPs
(I mM), M-MLV reverse transcriptase (20 U/ul),
bovine serum albumin (0.2 pug/ul). reverse transcrip-
tion buffer (50 mM tris HCI, pH 8.3, 75 mM KCl,
3 mM MgCl, 10 mM DTT) at 37°C for | h and
stopped by heating at 90°C for 5 min. ¢cDNA was
purified from the reaction mixture according to a
nonorganic DNA purification protocol (35).

(¢) Choice of PCR primers. PCR primers for TS and
FPGS were chosen according to the published se-
quence of the coding region (36.37) and those for
B-actin according to that of the genomic sequence
(38).

TSA: AGATCCAACACATCCTCCGCT
(upstream, bases 107-127 of the TS cDNA gene)
(24).

TSB: CCAGAACACACGTTTGGTTGTCAG
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(downstream, bases 220-243 of the TS ¢cDNA)
(24).

FPGS1: AGCCCGGACCTCTGGAGTG
(upstream. bases 1391-1409 ol the FPGS ¢DNA)
(31).

FPGS2: CTGCCAGTGACTAGCACATGG
(downstream. bases 1633-1653 ot the FPGS
cDNA) (31).

BACI: GCGGGAAATCGTGCGTGACATT
(upstream, bases 2104-2127 of the B-actin geno-
mic sequence) (24).

BAC2: GATGGAGTTGAAGGTAGTTTCGTG
{downstream, bases 24092432 of the [-actin ge-
nomic sequence) (24).

TS. FPGS. and B-actin primers were designed to
amplily a segment of 136, 262, and 328 mer, re-
spectively.

(d) PCR amplification. Increasing volumes of cDNA
were amplificd in a reaction mixture containing
primers (0.4 uM), dNTP (200 uM), MgCl; (2 mM),
reaction buffer (50 mM KCI. 10 mM Tris HCIL. pH
9.0. 1% Triton X-100), Taq polymerase (0.05 U/ul).
Final volume was 50 ul. Amplification was per-
formed according to a hot start protocol to avoid
aspecific amplification and primer dimer formation.
The following PCR conditions were found to be op-
timal lor amplification: 1 cycle of denaturation for
7 min at 94°C, annealing for | min at 58°C (TS) or
55°C (B-actin) and extension for 1 min at 72°C; 32
cycles (TS) or 28 cycles (B-uctin) of denaturation
for 40 s at 94°C, annealing for | min at 58°C (TS)
or 535°C (B-actin) and extension for | min at 72°C.
For FPGS gene amplification optimal conditions
were: | cycle of denaturation for 7 min at 96°C,
annealing for | min at 65°C and extension for 1 min
at 72°C: 34 cycles of denaturation for 1 min at
96°C. annealing for I min at 65°C and extension for
I min (7 min last cycle) at 72°C.

(e) Quantitation of the amplification products, The PCR
product was analyzed by agarose gel electrophoresis
and stained with ethidium bromide. The gel photo-
graphs were densitometrically analyzed by the Bio-
Rad system GS-670 Imaging Densitometer (Bio-
Rad Laboratories. Hercules, CA).

The lincar amplification ranges of the genes of inter-
est (TS or FPGS) and B-actin were found by plotting the
intensity of fluorescence of the bands against the vol-
umes of the ¢cDNA solution added to the PCR reaction.
Our experimental conditions gave reproducible linear
amplification of different starting DNA concentrations
and generated a PCR product in high yield with a mini-
mum of nonspecific amplification bands. To calculate
the relative gene expression the slope of the linear por-
tion of TS and FPGS ¢cDNA amplification was divided
by the slope of the linear range of B-actin amplification
for each sample to give an empirical ratio between PCR
products generated in the regions of concentration-pro-
portional amplification.

Dividing this ratio by that from another sample gives
the relative gene expression in the two samples, pro-
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vided that the expression ol the denominator gene re-
mains relatively invariant. Repeated determinations of
the ratios performed on different days with these primers
did not vary by more than 15%,

Statistical Analvsis

Overall and disease-free survival in low and high TS
or FPGS expressors were estimated by the Kaplan-Meicer
method and compared using the logrank test. A multi-
variate analysis of the correlation between TS and FPGS
expression and the two above-mentioned clinical param-
eters was also performed using the Cox regression
model. The Wilcoxon signed-rank test was used for
comparing TS and FPGS levels in tumor and corre-
sponding normal tissues (paired samples) and to evalu-
ate the correlation of TS and FPGS expression with clin-
ical and pathologic characteristics (tumor site, Dukes
stage. and grading). To determine the possible correla-
tion between TS and FPGS expression within the same
tumor sample. the Spearman lest was used. Values of P
< 0,05 were considered statistically significant.

RESULTS
Patient Characteristics

We evaluated the expression of TS and FPGS genes
relative o the internal standard B-actin in 21 patients
with colorectal cancer, ol which 20 had undergone sur-
gical resection of the primary tumor and one exploratory
laparotomy for hepatic metastases. which were not re-
sectable.

The principal clinical and pathological characteristics
are reported in Table |, The case series was comprised
of 12 females and 9 males; the site of primary tumor
was the rectum in nine cases, transverse colon in three
cases, sigma in five cases. cecum in one case, and right
colon in four cases. In one patient who underwent surgi-
cal resection of the primary tumor (No. 9) a double tu-
mor (at the level of the rectum and of the right colon)
was lound. A specimen ol metachronous hepatic metas-
tasis obtained from patient No, 10, who had a primary
tumor of the rectum, was also analyzed. Primary tumor
stage was Dukes A in one patient, B in eight patients. C
in eight patients, and D in three patients. Fifteen patients
out of 21 received fluoropyrimidine-based chemother-
apy postoperatively: in 12 cases as adjuvant and in 3 as
palliation for hepatic disease. No medical therapy was
administered to six patients because of early tumoral
stage (one case) or clinical patterns (e.g.. advanced age,
presence of severe cardiac disease, poor performance
status). In 10 cases systemic chemotherapy consisted of
combined L.V and 5-FU. In four cases another modulat-
ing agent (IFN-o2a: two cases: LEV: two cases) was
also added to this combination. In one patient intrahe-
patic artery chemotherapy with FUDR was performed.

TS and FPGS Gene Expression

In patients undergoing surgical resection of the pri-
mary Lumor. specimens ol normal colorectal mucosa
were collected along with tumor specimens. Analysis of
TS mRNA levels in relation to the internal standard (j3-



Table 1. Clinical and Pathological Characteristics of 21
Patients With Colorectal Carcinoma Undergoing Analysis of
TS and FPGS Gene Expression

No. of patients 21
Age (years)

Median 61

Range 23-82
Sex (M/F) 9/12
Site of primary tumors

Cecum I

Right colon 4%

Transverse colon

Sigma 5

Rectum O
Dukes staget

A 1

B 8

€ 8

D 3
Histotype

Adenocarcinoma 19

Colloid 2
Grading

Gl I

G2 15

G3 2

NDi# 3
Postoperative chemotherapy

None 6

Adjuvant (5-FU based) 12

Palliative (5-FU or FdUrd based) 3

*Patient with double neoplasm (colon and rectum).
+Twenty patients with primary tumor tested.
ENot determined.

actin gene expression) revealed a relatively homoge-
neous and, on average, lower (TS/B-actin: 26.16 x 10"
median; 8.49 x 10 °-69.49 x 10™ range) expression in
normal colonic mucosa (n=13) and liver parenchyma
(n=1) than in tumor tissue (TS/B-actin: 41.36 x 107
median; 2.49 x 107-294.54 x 10™ range of 21 samples).
The difference between TS expression in tumor and in
corresponding normal tissues in the 14 paired samples
(i.e., primary tumor in 13 patients and liver metastasis
in 1 patient vs. normal colonic mucosa and liver) was
statistically significant (P =0.03). This difference was
also significant in the 13 patients in which primary tu-
mor and colonic mucosa were available (P=0.04) (Ta-
ble 2).

The median ratio between the relative TS expression
in the tumor compared to normal tissue was 1.98 (range
0.21-13.92). In the patient with hepatic metastases (No.
10) there was no substantial difference between expres-
sion of TS in the tumor tissue and that in normal liver
tissue. In five primary tumor samples (No. |, 4, &, 9,
and 16) a TS/B-actin ratio greater than 100 x 10 was
observed. In 11 cases (No. 2, 3, 6,7, 11, 12, 13, 14, 15,
19, and 21) the TS/B-actin ratio varied between 10 x
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10" and 100 x 107, while in 4 cases (No. 5. 17, 18, and
20) it was less than 10 x 107", In the hepatic metastasis
sample (No. 10) TS expression was intermediate (ratio
between 10 and 100 x 10 ).

In 20 out of 21 patients tumor samples were also ana-
lyzed for FPGS gene expression; this analysis was ac-
complished in 13 cases on corresponding normal mu-
cosa samples (Table 2). The FPGS mRNA levels were
similar in tumor tissue (FPGS/B-actin = 8.14 x 107 me-
dian) and normal mucosa (FPGS/B-actin=3.79x 10 o
median). Ratios varied from 0 to 247.05 x 10” and from
1.09 x 107 to 201.56 x 10 " in tumor and in normal co-
lonic mucosa, respectively. The median ratio between
relative FPGS expression in the tumor and in mucosa
was ().85 (range 0-152.5). By comparing FPGS expres-
sion in the 13 paired samples (primary tumor and co-
lonic mucosa) no significant differences were obgained
(P=0.916). There were | high (ratio > 100 x 10 ; No.
4), 7 medium (ratio between 10 x 10" and 100 x 107
No. 3,7, 8, 12, 17, 20, and 21). and 12 low expressors
(ratio< 10x 107; No. 1. 2. 5. 6.9, 1. 13. 14, 15, 16.
I8, and 19).

No significant differences were observed in the level
of TS and FPGS gene expression in biopsy samples
from primary colorectal tumors according to site, Dukes
stage. and grading. Also. no correlation was observed
between TS and FPGS expression in the same tumor
sample (Spearman’s r=0.0932).

Clinical Results and Correlates

The overall median survival of the 17 patients under-
going radical surgery for a Dukes stage A, B, or C tumor
is at present 19 months (range 12+-42+). Fourteen pa-
tients are still alive: of whom 11 are disease free. The
zero time point for disease-free and overall survival was
the date of the biopsy.

Two patients died because of nonneoplastic disease.
One patient (No. 6) had disease recurrence 13 months
after resection of the primary tumor and died shortly
thereafter. He was a Dukes C stage and @ medium TS
and low FPGS expressor. In patient No. 7 (Dukes C
stage. medium TS and FPGS expressor). 6 months after
surgery. hepatic disease recurrence occurred following
adjuvant chemotherapy with a survival of 21+ months;
patient No. 16 (Dukes C stage, high TS and low FPGS
expressor) and patient No. 19 (Dukes C stage, medium
TS and low FPGS expressor) had paraortocaval lympho-
node recurrence 31 and 27 months after surgery with a
survival of 37+ and 30+ months. respectively.

Disease progression was observed in two of the three
patients with liver metastases at surgery (No. 3 and 14)
who received chemotherapy. The third patient (No. 9),
who did not undergo chemotherapy due to poor perfor-
mance status, died 1.5 months after surgery. The first
two patients were medium TS and low FPGS expressors.
while the third was a high expressor of the TS gene and
a low expressor of the FPGS gene.

In the patient who underwent intrahepatic artery che-
motherapy with FUDR., disease progression in the liver
was observed after only three cycles. In this patient a
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Table 2. TS and FPGS Gene Expression in Human Colorectal Tumor and Normal Tissues

TS/B-Actin (x107)

FPGS/B-Actin (x107)

Patient 5-FU-Based M ™
No. Stage Chemotherapy Tumor Mucosu Ratio® Tumor Mucosa Ratio”
| B Yes, adjuvant 160.51 25.56 6.28 258 5,11 0.3
2 B Yes, adjuvant 27.58 19.51 .41 { 1.09 {
3 D Yes, palliative 33.98 46.34 0.73 32:21 201.56 0.16
- B No 294.54 42.14 6.99 247.05 l.62 523
5 B No 6.28 30.38 021 3.33 17.55 0.19
6 C Yes, adjuvant 79.43 16.45 4.83 3.25 13.32 0.24
7 C Yes, adjuvant 36.97 69,49 0.53 15.86 42.52 0.37
8 B Yes, adjuvant® 23444 26.76 8.76 27.64 15.85 1.74
49 D No 226.48 16.27 13.92 7.05 375 1.86
10 Liver metastases  Yes, palliatives 56.84 43.69 1.30 ND§ ND ND
11 B No 58.84 ND ND 397 ND ND
12 A No 29.89 18.36 1.63 2528 1.67 15.14
13 B Yes, adjuvant 68.53 37.49 .83 3.65 1.97 1.85
14 D Yes, palliative 87.45 2522 377 9.24 1.81 i |
15 B Yes. adjuvant 18.13 H.49 213 1.53 1.8 0.85
16 & No 134,44 ND ND 4.98 ND ND
17 C Yes. adjuvant 3.89 ND ND 32.05 ND ND
18 € Yes. adjuvant 6.92 ND ND 3.85 ND ND
19 € Yes, adjuvant 21,57 ND ND 9.96 ND ND
20 C Yes, adjuvant 2.44 ND ND 15.01 ND ND
21 C Yes, adjuvant 41.36 ND ND 17.80) ND ND
Median 41.36 26.16 1.98 8.14 379 (.85
Range 249-294.54 849-69.49 0.21-1392  0-247.05 1.09-201.56 0-152

Statistical analysis (Wilcoxon signed-rank test): comparison of the distribution of the TS gene expression values in tumor vs, normal tissues (14
paired data): P =003, and in primary wmor vs, colonic mucosy (13 paired duta): P =0.04: comparison of the distribution of the FPGS gene
expression values in primary tumor vs. colonic mucosa (13 paired samples)y: P=0.916.

*Tumor/mucosa.

One cycle only: interruption due to toxicity.
fFUDR-based intrahepatic chemotherapy.
§Not determined,

medium degree of TS expression was noted, FPGS gene
expression was not tested.

The preliminary analysis of disease-free survival (pa-
tients with resectable disease only, n= 17) and overall
survival (patients with either resectable or metastatic
discase. n=21) (Fig. 1A, B) showed that patients with
lower TS gene expression had a better prognosis than
those with higher TS gene expression. These ditferences
were not statistically significant, however (P =0.14 and
0.053, respectively). Also. restricting overall survival
analysis to patients with potentially resectable disease,
the observed difference between high and low TS ex-
pressors became lower (data not shown. P=0.11): this
could be due to a too short follow-up for this class of
patients,

Similar trends, although slighter, in disease-lree and
overall survival (Fig. 2A, B) were observed between low
and high FPGS expressors but with no statistical signifi-
cance.,

By performing multivariate analysis according to
Cox regression model. no significant correlation be-

tween TS and FPGS expression and the above-men-
tioned clinical end points was observed.

DISCUSSION

Substantial experimental evidence has accumulated
in recent years indicating that the most clinically rele-
vant mechanism of resistance to 5-FU is represented by
insufficient TS inhibition (4-7.23), which may be due
o qualitatively and/or quantitatively altered effects on
TS (39). Traditionally, TS inhibition has been deter-
mined by measuring the number of FAUMP binding
sites or the conversion of dUMP to dTMP (5). Standard
biochemical assays for this enzyme. although quite in-
formative, are time consuming and difficult due to the
generally low level of enzyme expression in samples ob-
tained from human solid tamors (3.23). In addition,
studies of clinical specimens from patients have been
limited by the availability of sufficient tumor tissue for
performing this type of assay (250 mg).

Recently new methods have become available such
as ELISA assays (40.41), immunohistochemistry (42),
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Figure 1. Association of the pattern of TS gene expression,
analyzed by a semiquantitative RT-PCR method, with disease-
free survival (A) and overall survival (B) in the study group.
Survival was estimated by use of the Kaplan-Meier method.

Western blotting (25.43). or quantitative PCR for TS
(24). In particular, the measurement of TS mRNA levels
by a quantitative RT-PCR assay requires a very small
quantity of tumor (<50 mg), permitting determination of
TS expression in human tumor biopsy specimens (24),

Recent studies have demonstrated that TS immuno-
histochemical staining. Western blotting, or quantitation
of TS mRNA expression can be used to predict the out-
come of chemotherapy in colorectal cancer (25,26,44),
gastric and esophageal tumors (25.43.45), and head and
neck tumors (46), and they appear to have a prognostic
value in patients with colorectal (27.47). gastric (45).
and breast cancer (48).

On the contrary. Findlay et al. (49) and Cheradame at
al. (50) found no association between TS protein or activ-
ity levels and response to 5-FU-based chemotherapy in
colorectal and head and neck tumor patients, respectively.

Our data concerning the screening by RT-PCR of TS
expression in twmor explants from patients with colorec-
tal neoplasms reveal a higher variability in tumor tissue
compared to normal mucosa, with more marked mRNA
levels on average, in agreement with results obtained
previously by Peters et al. (5) studying TS enzyme activ-
ity by classical biochemical methods in untreated pa-
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Figure 2. Association of the pattern of FPGS gene expression,
analyzed by a semiquantitative RT-PCR method. with discase-
free survival (A) and overall survival (B) in the study group.
Survival was estimated by use of the Kaplan-Meier method.

tients. A large variation in the total levels of TS was also
observed in 5-FU-pretreated tumors (23). In the latter
investigation the total level and inhibition of TS was
correlated with the outcome of 5-FU-based therapy (23).

TS gene expression values (TS/B-actin ratios) ob-
tained in this investigation were on average higher than
those observed by other authors in colorectal tumor tis-
sues using RT-PCR analysis (24-26). These differences
might be explained by changes in various steps of the
RT-PCR technique employed compared to Horikoshi et
al. (24) [e.g.., omission of transcription of DNA 10 RNA
after PCR amplification in our experience, differences
in PCR primers in the studies of Leichman et al. (26)
and Johnston et al. (25)].

The rapid recurrence or disease progression following
surgery and/or chemotherapy in patients with medium
degree TS expression observed in our series suggests
that other clinical resistance mechanisms to 5-FU may
have relevance, as demonstrated recently for high dihy-
dropyrimidine dehydrogenase and/or thymidine phos-
phorylase expressors (51.52). It also identifies the need
for a more precise definition of the sensitivity/resistance
threshold in relationship to TS gene expression, requir-
ing tests in a larger series of patients.
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Among other mechanisms of resistance o 5-FU in
tumor model systems, the relative deficiency of the in-
tracellular folate cosubstrate 35,10-CH,FH:PleGlu has
been clearly demonstrated (53). Increased efficiency in
the formation and stabilization of the inhibitory TS-
FdUMP-5.10-CH,H,PteGlu, ternary complex is pro-
vided by the expression of polyglutamate forms of the
folate coenzyme (9) synthesized by the enzyme FPGS.
Deficient FPGS activity appears Lo represent a common
mechanism of resistance to antifolates, which are sub-
strates of this enzyme (54.55). It has also been demon-
strated that decreased FPGS activity and FPGS gene ex-
pression confer resistance o fluoropyrimidines (21),
resulting in limited formation and stability of the ternary
complex (22). However. in other human and murine tu-
mor systems the lack of correlations between FPGS
gene expression, protein expression, and enzyme activ-
ity has been described (56). It is conceivable that FPGS

expression might be a clinically relevant determinant of

response to chemotherapy with S-FU-containing regi-
mens and with potentially more effective regimens. in-
cluding more specific folate-based TS inhibitors (57).

We observed a marked variation in FPGS gene ex-
pression, in both colorectal tumor explants (161-fold)
and in correspondent normal colonic mucosa ( 185-fold),
with no significant differences in mean FPGS relative
expression levels between the two tissue types. These
are the first reported data concerning FPGS mRNA lev-
els in colorectal cancer.

A substantial range of variation in FPGS enzyme ac-
tivity (about 70-fold) was previously shown by Janssen
et al. (28) in nine head and neck tumor specimens. Lenz
et al. (31) have demonstrated a similar broad range
(about 500-fold) of FPGS mRNA levels in patients with
acute lymphocytic leukemia and acute myelogenous leu-
kemia.

More recently, Chazal et al. (30) have shown that low
FPGS activily was correlated to lack of clinical response
to standard 5-FU-LV therapy in advanced colorectal
cancer patients. The apparent disparity of our data with
those reported by Chazal et al. (30) may be due to the
different clinical stage of our cases (i.e.. carly disease as
compared o metastatic disease). An explanation for our
observations could be the role of FPGS in contributing
1o sustained tumor cell proliferation via an enhancement
of folate-dependent metabolic pathways: this phenome-
non would be favored in high FPGS expressors, who
may be characterized by a more rapid growth rate of the
discase. However, no correlation with cell cycle parame-
ters is available in our series.

The number of observations in our colorectal cancer
case series, as well as in those of other types of tumors,
is still too limited to demonstrate that such variation is
a general phenomenon, but results suggest that basal lev-
els of FPGS expression could contribute to clinical re-
sponse to fluoropyrimidines or classical folate-based TS
inhibitors. Several new antifolate inhibitors of TS have
been synthesized and demonstrate promising antineo-
plastic activity in preclinical tumor models (57). They
are currently in clinical trials (58). One of them, ralti-
trexed, exhibiting FPGS substrate properties. has been
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proved active in patients with advanced colorectal can-
cer in phase 11 and IIT trials (59).

Our preliminary data on patient survival suggest that
both TS and FPGS gene expression may represent a
prognostic parameter for patients undergoing surgery for
primary colorectal cancer. Although not significant, in
our experience the higher levels of these two prolifera-
tion-associated enzymes were associated with poorer
outcome,

Recent advances in biochemical and molecular biol-
ogy methodologies have allowed a comprehensive labo-
ratory approach to the study of clinical fluoropyrimidine
resistance.

The precise predictive role of TS, FPGS, and other
molecular determinants of fluoropyrimidine sensitivity
resistance in colorectal cancer patients can be tested in
the future within the context of appropriate, large-scale
clinical studies. applying the technology described here.
along with others cited. which require limited amounts
of tissue. The results of these future studies will very
likely enable patients to be selected for fluoropyrimidine
therapy in the adjuvant, or advanced stage discase set-
ting, or for alternative treatments. as preliminarily sug-
gested by Farrugia et al. (60).
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