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Thymidylate Synthase Expression Correlates Closely withieE2F1
Expression in Colon Cancet

Mitsuko Kasahara, Yasuo Takahashi? INTRODUCTION
Toshihito Nagata, Satoshi Asai, Teruo Eguchi, TS is a key enzyme in the synthesis of DNA and is the
Yukimoto Ishii, Masashi Fujii, and target enzyme of 5-FU, the most widely used chemotherapeutic

_— . agent for colon cancer (1-4). Previous investigations have dem-
Koichi Ishikawa onstrated that the expression B8 mRNA or protein predicts
'g;e;;?ngrip;ft;”he;tnogciluggef[{([’:'_- K1-_r "'\'l Eé X— '-k'\/l'-]':,-\]l izgi overall survival for colon cancer patients and correlates with
Uniri/ersity School of Medicigr]l)t/e, Tok);o 173’-8610,’ Japah resistance to 5_F.U 5, 6)' Berget al. and.Swamet al. have
shown that acquired resistance to 5-FU is caused by overpro-
duction of TS as a result of gene amplification (7-9). In a study
ABSTRACT of human breast and colon cancer cell lines exposed to 5-FU,
Chu et al. (10) noted that resistance correlated with increased
levels of TSthat resulted from a transcriptional or posttranscrip-
tional regulatory event. Thus, mechanisms by which tumor cells
may increasd Sexpression have been discussed in terms of the
development of 5-FU resistance.
Recently, DeGregorkt al. (11) have shown the genes

Thymidylate synthase {'S) is thought to be one of the
target genes that theE2F1 transcription factor binds to and
regulates. However, the relationship between the expres-
sions of TS and E2F1 in primary colon cancer specimens
remains unclear. The aim of this study was to define the

relation of TS and E2F1 ggne expressions in tumor samples encoding S phase-acting proteins, including TS, to be induced
from 23 colon cancer patients.TS and E2F1 gene expres- . ihe E2F1 transcription factor. Moreover, cells overexpress-
sions were measured by TagMan reverse transcription-PCR ing E2F1, in a study of human fibrosarcoma cell lines, were
assay using glyceraldehyde-3-phosphate dehydrogenase reportedly resistant to 5-FU, with an up-regulation T8 ex-
(GAPDH) as an internal standard and expressed as &S: pression (12). Thus, the possibility that higis expression in
GAPDH or E2F1:GAPDH mRNA ratio. A close relationship  tumors may be the result dE2F1 overexpression has been
was found betweenTS gene expression andE2F1 gene ex-  suggested. To date, however, the relationship betWiand
pression ¢ = 0.598,P < 0.001) in 23 tumor samples ana- E2F1 expressions has not actually been studied in surgical
lyzed. Surprisingly, a high correlation betweenTS gene  specimens of primary colon cancer.

expression andE2F1 gene expression was observed even in In this study, we investigated the intratumoral expression
advanced tumors from stage IV colon cancer patients. These of both theTS and E2F1 genes in 23 colon cancers using the
results suggest that transcription of the TS gene may be TagMan RT-PCR assay and compared the results obtained. We
regulated by E2F1 in primary colon cancer specimens and  found thatTS expression correlates closely wi2F1 expres-

that this gene-regulatory pathway from E2F1 to TSmay be  sion in colon cancer specimens. Moreover, this correlation was
highly conserved during malignant progression. Four of the ~ observed in all tumors, regardless of clinical stage. We discuss
23 patients showedTS overexpression with increasedE2F1 herein the significance of these observations from the clinical
expression. These results suggest that the ability of a tumor ~Perspective.

to increase TS expression may possibly be due to an over-

expression of E2F1. Although the number of patients was ~ MATERIALS AND METHODS

relatively small, our study provides new insights into the Sample and RNA Preparation. Colon tumors were ob-
molecular mechanisms underlying the regulation ofTS ex- tained intraoperatively from 23 colon cancer patients at the
pression in colon cancers. Nihon University School of Medicine (Tokyo, Japan). There

were 13 men and 10 women, with a median age of 65.0 years
and an age range of 43—83 years. A portion of each specimen
was used for routine histopathological examinations. The tu-
mors were classified according to the American Joint Commit-
Received 10/6/99; revised 4/3/00; accepted 4/10/00. tee on Cancer (13). None of these patients had received chem-
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advertisemenin accordance with 18 U.S.C. Section 1734 solely to frozen in liquid nitrogen and stored at80°C until further use.
indicate this fact. Total RNA was isolated using RNeasy (Qiagen Inc., Chats-
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worth, CA), and DNase treatment was performed using a Mes{C;). C; values are predictive of the quantity of input target
sageClean Kit (GenHunter Corp., Brookline, MA), following (Refs. 14 and 15;e.,when the PCR conditions are the same, the
the manufacturer’s instructions. larger the initial template concentration, the lower @g.
TagMan RT-PCR Assay. The TagMan 5nuclease flu- Statistical Analysis. The standard curve was created
origenic quantitative PCR assay that we used is a well-estabautomatically by the ABI Prism 7700 detection system by
lished method of analyzing gene expression in a wide range oplotting the C, against each input amount (containing 100,
samples (14, 15). Fifty microliters of reaction mixture for RT- 50, 10, 5, 1, or 0.1 ng) of control total RNA (total starting
PCR were prepared in a single tube: 30 ng of the extracted totakNA) supplied in TagMan EZ RT-PCR Kit (Perkin-Elmer
RNA; 1x TagMan EZ buffer [50 m Bicine, 115 nm potassium  Corp.). The coefficient of linear regressiom) (for each
acetate, 0.01 mEDTA, 60 nv Passive Reference 1, 8% glyc- standard curve was calculated. When tBg value of a
erol (pH 8.2)]; 3 m MgCl,; 300 um dATP, dGTP, and dCTP;  sample was substituted into the formula for each standard
600 um dUTP; 0.2pm forward primer; 0.2um reverse primer;  curve, the relative concentration iS E2F1, or GAPDH
0.1 um TagMan probe; 5 units of rTth DNA Polymerase; and could be calculated. To normalize for differences in the
0.5 unit of AmpErase UNG (the enzymes and the buffer con-amount of total RNA added to each reaction, GAPDH was
taining the passive reference were from Perkin-Elmer Corp.)selected as an endogenous RNA control. The normalized
The conditions of one-step RT-PCR were: 2 min at 50°C, 30concentration off Sor E2F1, an arbitrary number that can be
min at 60°C, 5 min at 95°C, and then 40 cycles of amplification used to compare the relative amounts % or E2F1 in
for 20 s at 95°C and 1 min at 62°C. Triplicate PCR amplifica- different samples, was determined by dividing the concen-
tions were carried out for each sample. tration of TSor E2F1 by the concentration of GAPDH.
Primers and TagMan Probes. Primers and the TagMan Data are presented as mearSD. Statistical comparisons
probe for TS and E2F1 were designed in accordance witthetween groups of samples were made by ANOVA with the
Perkin-Elmer Corp. guidelines. Primers and the TagMan probayiann-Whitney test. Differences were considered to be statisti-
for GAPDH (TagMan GAPDH control reagent kit) were also cally significant when thé® was <0.05. Pearson’s correlation
purchased. The probes were labeled with a reporter dye [FAM;oefficient analysis was used to evaluate the relation bet@&en
or JOE (2,7-dimethoxy-4,5-dichloro-6-carboxy-fluorescein)], and E2F1 expression levels.
situated at the 5end of the oligonucleotide, and a quencher dye
(TAMRA), located at the 3end. The sequences of primers and
probes used were: TS-forward’-8CAGAGATCGGGAGA- RESULTS
CATGG-3 (bases 744-763 of the TS coding sequence; Ref. Calibration Curves. For relative quantification o Sor
16); TS-reverse: 5TACGTGAGCAGGGCGTAGCT-3(bases E2F1, a standard curve was constructed using six different
789-809 of the TS coding sequence; Ref. 16); TS probedilutions of control human RNA. Fig. 1 presents t@¢ values
5'-FAM-CCTCGGTGTGCCTTTCAACATCGC-TAMRA-3 plottedversusthe input amount (total starting RNA) to produce
(bases 765-788 of the TS coding sequence; Ref. 16); E2Fistandard curves fof S E2F1, and GAPDH quantitation. The
forward: 3-GAGGTGCTGAAGGTGCAGAAG-3 (bases 607— standard curves that were generated to span three logs showed
627 of the E2F1 coding sequence; Ref. 17); E2F1-reverselinearity over the entire quantitation range, and provided accu-
5'-TTGGCAATGAGCTGGATGC-3 (bases 662—-680 of the rate measurements over a very large range of starting target
E2F1 coding sequence; Ref. 17); E2F1 probeFBAM-CG- guantities. Equations were derived from the lines of the standard
CATCTATGACATCACCAACGTCCTTG-TAMRA-3 (bases curves. When th€; value of a sample was substituted into the
631-658 of the E2F1 coding sequence; Ref. 17); GAPDH-formula for each standard curve, the relative concentration of
forward: 5-GAAGGTGAAGGTCGGAGT-3(bases1457-1474 TS E2F1,0r GAPDH could be calculated.
of the GAPDH genomic sequence; Ref. 18); GAPDH-reverse: Expression of TS and E2F1 gene. TSandE2F1expres-
5'-GAAGATGGTGATGGGATTTC-3 (bases 3403-3412 of sions were investigated in 23 tumor samples obtained from
the GAPDH genomic sequence; Ref. 18); GAPDH probe:colon cancer patients: eight in stage Il, eight in stage Il and
5'-JOE-CAAGCTTCCCGTTCTCAGCC-TAMRA-3 (bases  seven in stage IV. The normalized concentrationsT 8fand
3374-3393 of the GAPDH genomic sequence; Ref. 18).E2F1 were determined by dividing the concentrationT or
AmpliTag DNA polymerase extended the primer and displacedE2F1 by the concentration ofSAPDH, as the endogenous
the TagMan probe through its-8" exonuclease activity. When control. Table 1 shows the clinicopathological factors correlat-
the probe is intact the emission spectrum of the reporter isng with TSand E2F1 expression. The mean levels 86 and
suppressed by the quencher. The nuclease degradation of tl2F1 mRNAs in the colon tumors of all 23 patients were 0.98
hybridization probe releases the reporter, resulting in increasednd 1.52, respectively. The levels S or E2F1 expression for
fluorescence emission. The use of a sequence detector (ABhen tended to be higher than those for women; the mean
Prism 7700) allows measurement of the amplified product inrespective levels ocfSandE2F1for 13 men were 1.32 and 2.11,
direct proportion to the increase in fluorescence emission, conversus0.54 and 0.76 for the 10 women. The sex difference was
tinuously, during the PCR amplification. The amplification plot significant @ < 0.05) for TS expression, but not foE2F1
is examined early in the reaction, at a point that represents thexpression. The median age of the 23 patients in this study was
logarithmic phase of product accumulation. The point represent65 years. The meahSmRNA level for those younger than the
ing the detection threshold of the increase in the fluorescenimedian age was 1.04ersus0.94 for those older than 65 years,
signal associated with the exponential growth of the PCR prodthe meanE2F1 mRNA levels 2.30versus1.10. TSand E2F1
uct for the sequence detector is defined as the cycle thresholelxpressions did not differ among stages; the mESmRNA



Clinical Cancer Resear@v09

Standard curve - TS

Table 1 Associations of clinical characteristics wilfS and E2F1
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Fig. 1 Standard curves for TStdp), E2F1 (iddl§, and GAPDH

expressions
No. of TS/GAPDH E2F1/GAPDH
patients mean=* SD P mean= SD P
All patients 23 0.98+ 1.20 1.52+ 2.10
Sex
Male 13 1.32¢1.48 0.048 211x255 NS
Female 10 0.54- 0.48 0.76x 1.00
Age
=65 9 1.04+0.81 NS 230+ 2.94 NS
>65 14 0.94+ 1.44 1.10+ 1.50
Stagé
Il 8 0.94+0.72 1.88+ 2.56
1] 8 0.87*+0.61 NS 136199 NS
\Y 7 116+ 2.25 1.30+ 2.10

2 Mann-WhitneyU test.
P NS, not significant.
¢ American Joint Committee on Cancer staging system (11).
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Fig. 2 Relation of TSto E2F1 expression in colon cancer specimens.
O, stage Il tumorgray circle, stage Il tumor;®, stage IV tumor.

DISCUSSION
Expression of th@ Sgene has been studied as a prognostic

(botton). The calibration curve of the scatter plot represents log ng offactor and a mechanism of drug resistance for various tumors,

total starting (input) RNA as x and Cas y. Eachdot represents the
result of triplicate PCR amplifications for each dilution. Thérepre-
sents the results of PCR amplification of samples containing unknow
quantities of target RNAs. The three formulas for log ng of TS, E2F1,
and GAPDH are: TSy = —3.81x +28.74 ¢ = 1.000); E2F1y =
—3.31x +28.18 ¢ = 0.998); and GAPDHy = —3.94 +24.12 ¢ =
0.999).

levels for stage I, Ill, and IV patients were 0.94, 0.87, and 1.16
respectively, whereas the correspondiBgF1 mRNA levels

including colon cancer (5, 6). Recently, transcription factor
E2F1 was suggested to regulaléS gene expression (11, 12).

"However, the relationship between the expressiorT $fand

E2F1 has not actually been investigated using clinical colon
cancer specimens. Moreover, the relationship betweEgFl
expression of a tumor and its biological behavior remains un-
clear. In this study, we examined the levelsT® and E2F1
expression in 23 surgical colon cancer specimens using with the
TagMan RT-PCR assay and compared the levels obtained.

As to clinicopathological variables, no significant relation
was found in the current study between the expressideERéfl

were 1.88, 1.36, and 1.30. Fig. 2 shows the significant relationand three important clinicopathological variables: age, sex, and

ship betweeTSandE2F1 expressionsrf = 0.598,P < 0.001)

staging (Table 1). With the exception of sex, similar results were

in the 23 tumor samples. Interestingly, at each stage, the level afbtained forTS expression. Previous studies foum® expres-

TSexpression correlated closely with thatEB2F1 expression:
stages Il (> = 0.846,P < 0.001), Ill (% = 0.868,P = 0.002),
and IV (? = 0.988,P < 0.001).

sion to be associated with clinical stage in colon (5, 6) and
gastric cancer (19). However, there were no differencetSn
expression among stages in this study. These results may be
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explained as follows. First, the sample size was small, and leveltumor to overexpres§Smay represent an important protec-

of TSandE2F1 expression were low in most (Fig. 2). Second, tive mechanism in response to 5-FU, as has previously been
we evaluatedr'S expression using a new detection system, thediscussed (1, 4, 5), the possibility that many genes associated
TagMan RT-PCR assay. There is a possibility that results usingvith E2F1 contribute to the mechanism of 5-FU resistance in
this new system may not be totally consistent with those usingumors with a high level oT Sexpression cannot be ruled out.
previous methods. Many samples will need to be analyzed using\dditional studies are needed to define the molecular mech-
the TagMan RT-PCR assay, to allow comparison of the result&inism underlying the development of resistance to chemo-
with those of previous studies (2, 5, 6). therapy in colon cancer patients.

This study is the first to comparéSand E2F1 expres- In conclusion, we have demonstrated that the leveT®f
sions in the same primary colon cancer specimen. SurprismrNA expression correlates closely with the level E2F1
ingly, a significant relationship betweelS and E2F1 ex-  mRNA expression; that isE2F1 regulation of TS expression
pressions i = 0.598,P < 0.001), as shown in Fig. 2, was \as demonstrated in colon cancer specimens. These results
found despite the number of patients being relatively Sma”-suggest that the ability of a tumor to overexpr&Ssnay be due
Our resul_ts _reinforce previou_s studies indi_cating tBarlis to enhanced expression BRFL Although the number of pa-

a transcription factor regulatingS expression (11, 12). We  tjents was relatively small, our study provides new insights into

also mgde sevgral novel qbservations. As to clinical stagey,e molecular mechanisms underlying the regulatiom $&x-
surprisingly, a high correlation betwe@$ mRNA andE2F1 pression in colon cancers

mRNA expressions was observed in stagesrfl £ 0.846,
P < 0.001) and Il (2 = 0.868,P = 0.002), and even in stage
IV (r? = 0.988,P < 0.001), colon cancer. It is noteworthy REFERENCES
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