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The presence of three repeats in the 5' UTR region of thymidylate
synthase (TS) is associated with increased TS mRNA expression
in cultured human cancer cell lines in vitro
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Abstract. Thymidylate synthase (TS) gene contains 28-bp
polymorphic sequence and 6-bp insert at the 5'- and 3'-untrans-
lated region, respectively. We investigated the role of these two
polymorphic traits on TS mRNA expression in nine different
cultured human cancer cell lines in vitro. Three cell lines each
were 2R/2R, 2R/3R and 3R/3R genotypes. Six of the nine
cell lines tested homozygous for the presence of 6-bp insert
(+6/+6) and the rest three lacked this insert (-6/-6). TS expres-
sion analyses associated homozygous three repeats (3R/3R) to
higher TS expression.

Introduction

5-fluorouracil (5-FU) is a uracil analog that has been used
in the treatment of colorectal cancer (CRC) for over 40 years
(I). Thymidylate synthase (TS) is an enzyme that methylates
deoxyuridylate (AUMP), a metabolite of 5-FU, to deoxythymi-
dylate (dTMP). TS is the only source of the de novo cellular
thymidylate production (2). 5-FU is effective only when TS is
completely inhibited by the formation of an inactive ternary
complex composed of its metabolite, 5-FAUMP, TS and tetrahy-
drofolate (3). However, individual differences in TS levels exist.
This variation in TS level is attributed to polymorphism in the
5'- and 3'-untranslated regions (UTR) of TS (4,5) and a single
nucleotide polymorphism (SNP) in the second repeat within
the 5' UTR.

The 5' UTR of the TS mRNA contains a 28-bp sequence
repeated two or three times (Fig. 1). Four or more repeats of
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this segment have been reported but rare (6). This polymorphic
region has been proposed to functionally regulate the transla-
tion of TS (4). Previous studies have found that the activity of a
reporter gene linked to the 5'-terminal fragment of the TS gene
with homozygous-triple tandem repeats (3R/3R) was 2.6 times
higher than with homozygous-double tandem repeats (2R/2R)
or heterozygous repeats (2R/3R) (7). High TS levels have been
associated with overcoming FAUMP-mediated blockage of
TS and eventual 5-FU treatment failure (8). Consequently,
this 28-bp repeat was suggested to influence 5-FU treatment
outcome (7).

A G-C SNP has also been identified at the 12th nucleo-
tide position in the second repeat of 3R alleles (9). This SNP
alters the ability of transcriptional element USF proteins to
bind within the repeat by effectively eliminating the USF E-Box.
Without USF, the 3R construct has been shown to display a
similar transcriptional activity as a 2R TS gene construct
(10).

A search of the expression sequence tag (EST) database led
to the discovery of a unique six nucleotide sequence (TTAAAG)
in the 3' UTR of TS mRNA (11). In combination with the 5'
UTR and SNP therein, this 6-bp insert is proposed to play a
regulatory role in the TS expression (12). Functional investiga-
tions in vitro, suggested that the 6-bp insert may stabilize the
TS mRNA transcript. Thus absence of the 6-bp (-6) insert may
lead to low and the presence (+6) to high TS expression (5).
Therefore, the regulatory role played by the TS polymorphic
regions may affect treatment outcome in the CRC patients
receiving 5-FU-based chemotherapy.

Based on the above finding, we hypothesize that: i) a combi-
nation of 3R/3R and +6/+6 genotypes will result in a higher
TS mRNA level; ii) 2R/2R and -6 /-6 genotypic combinations
will end in low TS expression; iii) in heterozygous genotypes
(2R/3R; -6/+6), varying levels of TS may be detected. In a
nutshell, we anticipate the absence of the 6 bp at the 3' UTR
region should result in less TS. We tested our hypothesis in
cultured human cancer cell lines. Using a combination of PCR
and restriction analysis, we determined the TS genotype in
nine different human cancer cell lines. The TS expression in
these cell lines were quantitated by real-time PCR. Finally, we
compared the effect of different genotype combinations on TS
expression.
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-100 CCACCGCGCC ACTTGGCCTG CCTCCGTCCC
GCCGCGCCAC TTGGCCTGCC TCCGTCCCGC
CGCGCCACTT CGCCTGCCTC CGTCCCCGCC
CCGCCGCGCC +1 ATGCCTGTGG CCGGCTCGGA
GCTGCCGCGC CGGCCCTTGC CCCCCGCCGC

Figure 1. Structure of the 5'-UTR region of human TS gene. The three 28-bp
repeats and its relative position are shown. Bold type font, repeats 1 and 3;
underline, repeat 2; italics underline within repeat 3, a variant of 28-bp region;
bold underline italics, ATG start codon (17).

Materials and methods

Cell lines and culture conditions. The human pancreatic cancer
cell lines MIA PaCa-2 (1420) and PANC-1 (1469), colorectal
cancer cell lines HT29 and COLO 320HSR, T lymphocytes HO,
lung cancer cell lines NCI-H23 and SHP-77 and the cervical
cancer cell line HeLa were purchased from ATCC (Manassas,
VA, USA). Osteosarcoma cell line 206 is a mitochondria-free
derivative of 143B. All cells were maintained in the recom-
mended culture medium and incubated at 37°C in a humidified
5% CO, atmosphere.

Chemicals and enzymes. Custom oligonucleotides for PCR
and oligo(dT)16 for cDNA synthesis were procured from
Sigma-Genosys, USA. All other reagent grade chemicals were
purchased from local chemical suppliers.

Isolation of DNA and polymorphic analyses of the 5' UTR.
The genomic DNA for polymorphic analyses was isolated
from the cultured cell lines per rapid isolation of mammalian
DNA (13). The TS 5' UTR region encoding the 28-bp repeat
was synthesized using; TSS' sense 5-GTGGCTCCTGCGTT
TCCCCC-3' and TSS' anti-sense 5-GCTCCGAGCCGGCC
ACAGGCATGGCGCGG-3' as forward and reverse primers,
respectively. The PCR product was electrophoresed on a 2%
agarose gel. The fragments were visualized under UV illumi-
nation. Based on the PCR product length, the number of
repeats in each TS allele was established. The composition of
the PCR reaction mixture, thermal cycler settings, expected
product length and agarose gel analysis were as described
earlier (14,15).

Restriction fragment length polymorphism (RFLP) analyses
of the 3' UTR. The TS 3-UTR fragment was synthesized by
PCR. The PCR reaction mix contained 500 ng of genomic
DNA, 200 pgmol of dNTP mix, 300 nM each of forward primer
5'-CAAATCTGAGGGAGTGAGT-3' and reverse primer
5'-CAGATAAGTGGCAGTACAGA-3' (11). The reaction was
started by adding 25 pl of high fidelity PCR master mix (Roche,
USA) in a final volume of 50 wl. Initial denaturation was
performed for 3 min at 95°C. This was followed by incubation
at 95°C for 30 sec, 45 sec each at 58°C and 72°C, respectively,
repeated 25 times. At the end, the reaction was incubated for
an additional 5 min at 72°C and then chilled on ice. In the
negative control, water replaced the DNA template. For posi-
tive control, DNA with known genotype was used.

For RFLP analysis, 10 ul of the 3-UTR PCR product was
digested with the restriction enzyme Dral (Promega, USA) for
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Figure 2. Agarose gel electrophoresis of 5'-UTR PCR products. The upstream
region of human thymidylate gene was synthesized to analyze polymorphic
repeats. PCR mixture (5 ul) was electrophoresed on 2% agarose 1000 gel
impregnated with 0.5 g of ethidium bromide using 1X TBE buffer. It was
electrophoresed at 10 V/cm until the indicator dye-bromophenol blue ran to
about 2 cm from the bottom of the gel. The DNA bands were visualized
under UV illumination and photographed. Expected product lengths are
about 208 bp for dimeric repeats. Presence of each additional polymorphic
repeats increases the size by about 28 bp. Repeat 3 has an additional 6 bp
thus PCR products with three repeats are 242 bp (208+28+6) long. Lane M,
50-bp DNA MW markers (Invitrogen, CA, USA); lane 1, 242 bp (trimeric
repeats; 3R/3R); lane 2, 208 bp (dimeric repeats; 2R/2R); lane 3, 208 and
242 bp (2R/3R).

200 bp

152 bp—

100 bp
88 bp—

70 bp—

Figure 3. Agarose gel electrophoresis of PCR products. The 3'-UTR segment
of human thymidylate gene was synthesized to analyze polymorphic repeats.
Restriction mixture (10 ul) was electrophoresed on 3% agarose 1000 gel
containing 0.5 ug of ethidium bromide in 1X TBE buffer. The samples were
electrophoresed at 10 V/cm until the indicator dye-bromophenol blue ran to
about 2 cm from the bottom of the gel. The DNA bands were visualized under
UV illumination and photographed. Expected product lengths are about
158 bp for fragment containing the 6-bp insert and 152 is short of 6 bp. Upon
digestion with Dral 158-bp PCR product yields 88- and 70-bp fragments.
Lane 1, 88- and 70-bp fragment (+6/+6); lane 2, 152-bp PCR product (-6/-6);
lane M, 50-bp DNA MW markers (Invitrogen).

2 h at 37°C in a total reaction volume of 50 ul. The digestion was
stopped by placing the tube on ice for 2 min. Dral restriction
mixture (10 pl) was analyzed on 3% agarose gel. Undigested
samples were loaded on adjacent wells. A single 158-bp band
confirmed homozygous for 6-bp insertion (+6/+6). The Dral
digest of the longer 158-bp PCR product yielded 70- and 88-bp
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Relative TS mRNA expression

Figure 4. Relative TS mRNA expression in the selected human cancer cell
lines. Total RNA was isolated using Tri-reagent (Sigma). Complementary
DNA (cDNA) was synthesized using M-MLV (Promega) and dT16 primer.
RT PCR was performed in a 96-well plate on GeneAmp Sequence Detection
System 5700 (Applied Biosystem) with SYBR-Green PCR master mix,
TS and B-actin primers. 3-actin gene was used as the internal reference in
calculating the mean normalized expression (MNE) of TS (19). Average of
triplicate RT PCR assays is represented. “HeLa cell TS mRNA level is too
low (MNE =0.105) to be visible in the Y-axis scale used in this graph. Dotted
and white bars represent +6/+6 genotype. The hatched bars correspond to
-6/-6 genotype.

fragments (Fig. 3, lane 1). A 152-bp fragment unaffected
by Dral digestion represented the -6/-6 genotype (Fig. 3,
lane 2).

Quantitative real-time PCR for TS mRNA expression. Total
RNA isolation for quantitation, cDNA synthesis, real-time
PCR setup and analyses were as described earlier (16).

Statistical analysis. Significant differences in TS mRNA
expression level among different genotypes were calculated
using one tailed Student's t-test. P<0.05 was considered
significant.

Results and Discussion

The results of the genotypic and expression analyses performed
in nine different human cancer cell lines are summarized in
Table I and Fig. 4. The number of 28-bp tandem repeats in the 5'
UTR was determined by PCR followed by size determination
on a 2% agarose gel. The position of 28-bp repeat with reference
to the ATG start codon, sequence variations etc. are presented
in Fig. 1 (17). A digital image of a 2% agarose gel showing the
relative position of PCR fragments of two and three repeats is
shown in Fig. 2. Colorectal cancer cell line HT29, pancreatic
cancer cell line MIA PaCa-2 (1420) and T lymphocyte H9
are homozygous for two repeats (2R/2R). Pancreatic cancer
cell line PANC-1 (1469), lung cancer cell line NCI-H23 and
cervical cancer cell line HeLa tested positive for heterozygous
genotype (2R/3R). Colorectal cancer cell line COLO 320HSR,
lung cancer cell line SHP-77, Osteosarcoma cell line 206 are
homozygous for three repeats (3R/3R).

The variations in the 3' UTR was established by restriction
fragment length polymorphism (RFLP). We used a combina-
tion of PCR, Dral restriction digestion and agarose gel analysis
for fragment length determination. The 6-bp sequence intro-
duced a Dral restriction site at the insertion point. Therefore,
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Table I. Genotype of the 5'- and 3'-untranslated regions (UTR)
of human TS gene and normalized TS mRNA level (expressed
as mean normalized expression; MNE) in human cancer cell
lines.

TS mRNA
Cell line MNE SD 5'UTR  3'UTR
HT29 326E-04 636E-06 2R/2R  +6/+6
1420 7.22E-03 1.71E-03 2R/2R  +6/+6
H9 1.81E-02  796E-03 2R/2R -6/-6
1469 479E-02 259E-02 3R/2R  +6/+6
NCIH23 792E-03 2.17E-03 3R/2R  +6/+6
HeLa 1.05E-04 495E-06 3R/2R -6/-6
Colo320HSR  6.68E-02  1.56E-02 3R/3R  +6/+6
SHP77 201E-02 1.09E-02 3R/3R  +6/+6
206 421E-02 2.85E-04 3R/3R -6/-6

upon digestion with Dral, the PCR product with the 6-bp insert
(158 bp) yielded 70- and 88-bp fragments (Fig. 3, lane 1). In
the absence of the 6-bp sequence, no Dral-digested fragments
were detected. Thus the presence of shorter 152-bp fragment
was established (Fig. 3, lane 2). Our studies indicated human
cancer cell lines HT29, COLO 320HSR, 1420, 1469, NCI-H23
and SHP-77 have 6-bp insertions in both the TS alleles. The
6-bp sequence was absent in both TS alleles of H9, HeLLa and
206.

When studied in combination, the cell lines HT29 and
1420 that are homozygous for two repeats at its 5' UTR in TS
gene also had 6-bp insertion at the 3' UTR (2R/2R; +6/+6).
The third cell line H9 that is homozygous for two repeats
lacked this 6-bp insertion (2R/2R; -6/-6). Among the 5' UTR
heterozygote's (2R/3R), cell lines 1469 and NCI-H23 were
homozygous for 6-bp insertion at the 3' UTR (2R/3R; +6/+6),
where as HeLLa was homozygous for lack of this 6-bp sequence
(2R/3R; -6/-6). Cell lines COLO 320HSR and SHP-77 that
are homozygous for three repeats at the 5' UTR also had 6-bp
insertion at the 3' UTR in both the TS alleles (3R/3R; +6/+6).
Osteosarcoma cell line 206 did not have this 6-bp sequence
in the chromosomes (3R/3R; -6/-6). In this small sample size,
none of the cell lines analyzed were heterozygous (-6/+6) at
3'UTR.

Studies have shown 5' UTR to influence TS transcription
(10)and the 6-bpinsertioninthe 3' UTR toincrease the stability
of TS mRNA (11). We measured TS mRNA level in these cell
lines by quantitative real-time PCR. There were statistically
significant differences in TS expression level among the
three 5'-UTR genotypes. Compared to homozygous double
(2R/2R) or heterozygous (2R/3R) genotypes, relatively more
TS mRNA was detected in homozygous triple repeat (3R/3R)
background (2R/2R vs. 3R/3R = p=<0.00000245; 2R/3R vs.
3R/3R = p=<0.000134). There was no statistically significant
difference in TS mRNA expression between homozygous for
two repeats and heterozygous genotypes (2R/2R vs. 2R/3R
= p=<0.1922). These observations are consistent with earlier
reports (7).
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Next we explored the influence of 6-bp sequence on TS
mRNA expression. In this limited data set we did not find any
association between TS mRNA level and different combina-
tions of 5'- and 3'-UTR variants. In the homozygous for two
repeats (2R/2R) genotype group, compared to the presence of
the 6-bp sequence (HT29, 1420), cell line negative (H9) for this
6-bp sequence had more expression of TS mRNA (p=<0.0015).
Other than this single observation, our results contrast previ-
ously published data where in in vitro cloning studies linked
the presence of 6-bp insertion to more stable transcripts,
thereby more TS mRNA (5). However, this particular report did
not include combinatory effect of 5-UTR polymorphism. The
current data were obtained by direct analysis of cultured cancer
cells in vitro. The results may reflect cell to cell difference.
Only one representative cell line each for the absence of 6-bp
sequence with the three different 5-UTR genotype combina-
tions were tested. Increasing the number of cell lines with
similar genotypic combination may improve statistical validity.
Nevertheless, presently there are no reports on the effect of
different genotypic combination on TS expression. Ideally such
studies should be carried out using gene constructs integrated
into a selected model cell line.

Besides the 5'- and 3'-UTR polymorphisms, Mandola et al,
(9) reported the presence of an SNP in the 5' UTR. However,
we did not include this variable in our analyses.

TS regulation can be classified as innate or induced.
Polymorphism is innate whereas auto regulation is induced.
As discussed earlier, the rate of TS transcription, transla-
tion and the transcript stability is regulated at many stages.
Innately, if more TS is present as in the case of 3R/3R,
5-FU-based treatment may not be effective. Otherwise such
treatments may result in high toxicity and early onset of 5-FU
resistance. Therefore, it would be preferable to genotype
patients for TS polymorphism to formulate an effective treat-
ment cocktail. In the present scenario, 5-FU is now used in
combination with other neoadjuvants like oxaliplatin, irino-
tecan, bevacizumab, and panitumab, rather than as a single
agent. The relationship among tumor tissue TS polymorphic
status, TS expression and treatment outcome is debatable
(10,18). These studies are based the results on only the poly-
morphic 5' UTR. There still exists an opportunity to analyze
the relationship among different polymorphic combinations
to TS expression in patient populations. An affirmative
correlation between the polymorphism and TS level in this
population may benefit vulnerable patient groups. Therefore,
further well designed clinical studies are needed to under-
stand the role of 5', 3' polymorphism, SNP in the 5' UTR and
TS expression in cancer patient populations.
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