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The purpose of this study was to investigate folate-related predictors of 5-fluorouracil (5-FU) cytotoxi-
ticy in the presence or absence of {-folinic acid (¢-FA). Intracellular concentrations of the reduced
folates (tetrahydrofolate + 5,10-methylenetetrahydrofolate) and folylpolyglutamate synthetase (FPGS)
activity were determined in 14 human cancer cell lines expressing a spontaneous sensitivity to 5-FU.
On these 14 cell lines grown without ¢-FA supplementation, a significant positive correlation was
demonstrated between basal intracellular folate concentration and FPGS activity. 5-FU sensitivity
(ICso range 0.6-25.4 pM) was not related to the basal intracellular folate concentration, whereas, sig-
nificantly, it was linked to FPGS activity (range 2.5-11.1 pmol/min/mg protein): the higher the FPGS
activity, the greater the 5-FU sensitivity. Under ¢-FA supplementation (0.01-300 pM), intracellular
reduced folates increased continuously without evidence of saturation in all cell lines; the pattern of
accumulation was independent of the FPGS activity. /-FA enhanced 5-FU cytoxicity by a factor of 1.9~
6.4 in 12 of the 14 cell lines. In the 12 FA-sensitive cell lines, the /-FA concentrations allowing 90% of
maximum 5-FU potentiation [{-FA]90 ranged between 0.7 and 107.9 pM (median 1.9); in contrast, the
intracellular concentrations of reduced folates allowing 90% of maximum 5-FU potentiation were
much less variable (range 7.6-38.3, median 24.8 pmol/mg protein). In the presence of [¢{-FA]90, 5-FU
sensitivity remained significantly correlated to the basal FPGS activity. In addition, reduced folates
were measured in 96 tumoral samples (50 head and neck, 16 colon, 30 liver metastases from colorectal
cancer) taken before treatment. Almost all investigated tumours had folate concentrations below the
median concentration required for optimal 5-FU potentiation in vitro: median levels (range, pmol/mg
protein) were 3.8 (0-17.7) for head and neck, 5.8 (2.3-12.0) for colon and 12.1 (1.7-118.5) for liver
metastases. Above all, these data establish the relevance of FPGS activity for predicting the efficacy of
5-FU meodulated by FA or not and point to the potential clinical interest of FPGS determination in
human tumours. © 1997 Elsevier Science Ltd.
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INTRODUCTION and occupies a major place not only in advanced colon can-

DESPITE BEING one of the oldest anticancer drugs, 5-fluoro-  cer, but also in head and neck cancer [1] and breast cancer
uracil (5-FU) is increasingly used in cancer chemotherapy [2]. One explanation for this phenomenon is the wide possi-
bility of 5-FU pharmacomodulation which markedly

Correspondence to G. Milano. increases the antitumour efficacy of this antimetabolite [3].
Received 9 Jul. 1996; revised 1 Nov. 1996; accepted 12 Nov. 1996. Among the different approaches to 5-FU modulation, the
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association with folinic acid (FA) is a major one [3].
Numerous studies have established the beneficial effects of
5-FU-FA therapy in advanced colorectal cancer patients in
terms of objective response [4-10] and survival [11].
Noteworthy, recent randomized trials comparing 5-FU-FA
versus 1o treatment as adjuvant therapy following surgery in
colorectal cancer patients have demonstrated an advantage
for 5-FU-FA in terms of disease-free survival and overall
survival [12, 13].

The mechanism of 5-FU cytotoxicity is complex since 5-
FU is activated through different pathways leading to at
least three cytotoxic compounds: fluorodeoxyuridine mono-
phosphate (FAUMP) which inhibits thymidylate synthase
(TS) and subsequent DNA synthesis; fluorouridine triphos-
phate (FUTP) which is directly incorporated into RNA;
and fluorodeoxyuridine triphosphate (FAUTP) for which in-
corporation into DNA has been suggested [14]. The relative
importance of these pathways seems to depend on the
administered dose and schedule. Thus, experimental studies
have demonstrated that short-term exposure to high 5-FU-
concentrations kills the cells primarily through an RNA
effect, whereas prolonged exposure to low concentrations is
cytotoxic mainly via TS inhibition {15}. Interestingly, clini-
cal studies showing the prognostic value of TS overexpres-
sion for predicting resistance to 5-FU-based therapy have
been performed in digestive-tract cancer patients receiving
5-FU by continuous infusion for 3 or 4 weeks [16, 17].
Thus, together with the pharmacokinetic rationale, the
above data clearly point to TS being the main 5-FU target
when 5-FU is given by continuous infusion. The mechan-
ism of cytotoxicity is not as clearly characterised regarding
short 1.v. administration. Enhancement of 5-FU cytotoxicity
by FA is based on the optimal inhibition of TS resulting
from an increase in the intracellular pool of 5,10-methylene-
tetrahydrofolate (CH,FH,) which, in turn, stabilises the
inactive complex formed between TS and FAUMP [18].
Inside the cells, reduced folates are polyglutamated by a
specific enzyme, FPGS, which can add up to seven gluta-
mate residues to the monoglutamate form. Both cellular
retention [19] and affinity to TS [20, 21] are increased with
CH,FH, polyglutamated forms. Recently, Wang and associ-
ates [22] reported an i virro study showing that 5-FU re-
sistance was related to a decrease in the FPGS activity in a
tumoral cell line model.

The clinical use of 5-FU-FA chemotherapy is still
hampered by unsolved issues such as the choice of optimal
schedule and optimal FA dose as well as the identification
of 5-FU-FA responsive tumours. We have previously
attempted to partially answer these questions by investi-
gating the FA concentrations which allow optimal poten-
tiation of 5-FU cytotoxicity on a large panel of human
cancer cell lines [23]. In the cells responding to FA sup-
plementation, the optimal ¢-FA concentrations varied con-
siderably between lines, from 0.05 to 200 uM (i.e. a 4000-
fold range). The next step, which we present here, was to
investigate more closely the profile of intracellular reduced
folate concentrations on a wide panel of 14 cancer cell lines
grown in culture medium containing increasing ¢-FA con-
centrations. The panel of investigated cell lines covered the
tumour localisations usually treated with 5-FU-FA che-
motherapy. In order to understand fully the factors govern-
ing 5-FU potentiation by FA, the profile of intracellular
reduced folates (CH,FH, and its direct precursor tetrahy-
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drofolate (FH,)) was analysed with regard to the FPGS ac-
tivity expressed in each cell line. In addition to these
investigations, the intratumoral reduced folate concen-
trations required in wvitro for optimal 5-FU efficacy were
compared with those encountered in tumours taken from
patients before treatment. To this end, tumoral reduced
folates were measured in 96 tumoral biopsies obtained from
cancer patients at the time of diagnosis.

MATERIALS AND METHODS

Chemicals

5-FU was provided by Roche Laboratories (Neuilly,
France). Pure ¢-FA was kindly provided by Wyeth-Lederle
Laboratories (Rungis, France). >H-FAUMP labelled at pos-
ition 6 (23 Ci/mmol) was obtained from Moravek
Biochemicals (Brea, California, U.S.A.) and '*C-glutamic
acid tetralabelled (264 Ci/mol) was obtained from
Amersham (Les Ulis, France). CH,FH, was prepared from
FH, supplied by Fluka Biochemika (Buchs, Switzerland),
according to the procedure provided by Professor Priest
(University of South Carolina, South Carolina. U.S.A)).
Purified TS (3.7 unit/mg protein) from Lactobacillus casei
was also supplied by Professor Priest. Sephadex G25 fine
gel was obtained from Pharmacia Biotech (Uppsala,
Sweden). Dulbecco’s modified Eagle’s medium (DMEM)
folic acid-free, glutamine and fetal bovine serum (FBS)
were obtained from Gibco (Paisley, U.K.). Penicillin and
streptomycin were obtained from Merieux (Lyon, France).
All other chemicals including aminopterin, MTT [3(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide]
and d¢-5-methyltetrahydrofolate were obtained from Sigma
Chemical Co. (St Quentin Fallavier, France). Cytosolic pro-
teins were measured according to the Bradford assay using
the Bio-Rad protein assay kit from Bio-Rad Laboratories
(Munich, Germany) with human purified albumin as stan-
dard.

Cell lines

Culture conditions. Fourteen human cancer cell lines of
different origin (4 breast, 4 colon, 1 duodenum, 1 pancreas,
4 head and neck) were investigated (Table 1). All expressed
a spontaneous sensitivity to 5-FU (the cells had never been
previously exposed to 5-FU). Cell doubling times were
between 1.3 and 6.3 days (median 2.5). Cells were grown
in a humidified incubator (Sanyo, Japan) at 37°C with an
atmosphere containing 8% CO,. Cells were routinely
cultured in DMEM medium supplemented with 10% FBS
(concentration of active folates in the FBS was 10 nM
accounting for 1 nM in the culture medium), 2 mM
glutamine, 50000 U/l penicillin and 80 puM streptomycin.
In order to remain as close as possible 1o the physiological
folate concentration in humans, cells were grown in a
folate-controlled medium for 10 days before starting the ex-
periments (i.e. folate-free DMEM medium supplemented
with 40 nM of d¢-5-methyltetrahydrofolate plus 0.1 mM of
{-ascorbic acid for folate stabilisation). All experiments were
then performed in this folate-controlled medium which was
renewed every 5-6 days. For cytotoxicity experiments, cells
were grown in 96-well microtitration plates (0.32 cm?/well).
In addition, cells were cultured for 5 days in 175 cm?
plates for FPGS measurement (basal condition) and for



S. Chéradame et al.

952

‘(uoneqnout Aep-g) URIPSW IMAD 3@ Ul Y A-7 3o W 00€ WA «

‘(suonenudouod [ewndo JO UONBUILLIdAP 21BINDOE Ue IO Sumy a1 wt uotsoald Jo yoey) a[gessasse 1ou YN ‘uraloxd Suyjowrd ¢ 0 > '3°1 2[qEI2a12p 10U ‘N
‘SPOYISA PUB STBLIDIB UI UOHUL3P 995 **W, 7

‘syuawiadxe aeredas saIy) woy IS F UBSW SB UIAIF dXe s|nsay

¢'6 9'¢ L'eE 1’12 6°6 91 6°0 LT 8'1 'L ‘as
£°eC L6 91 &'6C L1z 'l c0 09 G'e vL Ueay
8'tT 8'6 6’1 9'LS S'6l 8’0 aN 9°¢ e TS UBIPSy sauy 19 I
SSF L6l PEFLS 0+ LY 691 Fo¢ch T6F 11T dN aN T0F 9L 1'0F¢e 10F90 €€ IVD
88+ 8¥%C R A YE+2TO 01+¢T19 ET+20T aN (N £0F ¢S [0Fee SEFPeT 7 ddH
I'L+89¢ 0t +8¢l O+ L0 €L+ 6799 ¢7+89C L0FTE 10F¢'1 91+8S 90F 87 I'F¥ee a1
8¢+ ¢8¢ £TFCTIT 90+ L1 611 F9¢s 8¢+ 881 60F VT £0F80 90F¥0 L'TF¢6 T0F81 LT IVD Jdoau pue peaH
L6+ ¢6l peFLO 979 F 6°L0T St FLes g1+ 16l dN aN 90+T1¢€ 90+FT¢C yT+691 199L SH SEIDUE ]
- - - ¢ceFech T0F 191 aN aN £0+8¢ 0F01 60F L6 08 NINH wnuapon(
80+ 9L I'o+¢¢ SOFTI 0Cl Fo6'¢th 6€F+ 191 TeFLS I'gFee SIFeg I0+6% 10+ 80 S0C 010D
YN VN VN 01 +9'8¢ g1 +¥el 0+ L0 aN 0EFTOL I0F6r1 90F6C ¥11VD
gLF 6l PILFT8 T0F %1 9'¢l F€06 R A4y 1'0+60 10+ %0 Lo+ 0% 90F 1T LTF 8¢l 029 MS
6’01 +8'6C 6rF86 81+ 209 6'8F899 T1F LTt 10F#1 0F %0 LTFTUIT COFCy T0F9¢ aamm uoroy
¢ T+ 181 1'0+ 09 86+ 006 L'S ¥¢'81 61F99 dN aN 7o+ L 80+ %9 I'+cot aLly L
gEFcee FEFeer POo+¥1 0SIF909¢ £S1F8CE SOFET E0F 60 80FZ¢S LOF oS 0z+¢9 L AOW
- - - 9t + €901 g+ 1be aN aN I0+sT 0F0T1 0F IV 1¢ IVD
6vFeee PIF0IL So+6t YTl F¥'89 LTF9LT €0+0T1T 10+¢s0 90+901 N e £0F+01 6L YZ isearg
06["HA + YHA + YHA + (mar01d e A aweN wluQ
YHA®HO] 06["HATHD] 06[vd-2] YHA®HO YHAHO THA*HO YHA*HD  Swyunngowd) 9$DF 14-¢
(urazoad Swfowrd) wm (urazoad Surjowrd) (uran01d Swjowrd) sate[o] [eseg AIANOE SO
Je[meoenuy Ien[[aoBnxXyg +S91B[0] [BUIIRE
XBULy 3O 9406 1B SUOTIBIIUIDUOD B[O saUI [[9D)

suoupsussaui o1lA U “[ [qp ]



Tumoral Folylpolyglutamate Synthetase and Reduced Folates for 5-FU Efficacy

intracellular reduced folate determination (in the absence or
presence of increasing ¢-FA concentrations). After 5 days of
growth (70-80% of confluence), cells were harvested,
washed three times in phosphate-buffered saline at 4°C and
cell pellets containing approximately 50 x 10° cells were
stored in liquid nitrogen. All investigations (cytotoxicity and
biochemical determinations, including FPGS measurement)
were performed during three independent experiments.

Evaluation of cyrotoxiciry. Cells were plated in 96-well
microtitration plates in order to obtain exponential growth
for the whole duration of the experiment (initial cell density
5000-7000 cells/well depending on the cell line). Twenty-
four hours later, cells were exposed for 5 days to various
5-FU, ¢-FA or 5-FU + ¢-FA concentrations. 5-FU concen-
trations ranged between 0.01 and 300 pM (14 concen-
trations) and £-FA concentrations ranged between 0.01 and
300 uM (6 concentrations). Experimental conditions were
tested in sextuplicate. The growth of cells in the presence of
£-FA was similar to that of cells without £-FA. Growth inhi-
bition was assessed by the MTT test at the end of the 5-
FU + ¢-FA exposure [24]. Results were expressed as the
percentage of absorbance compared to controls without
drug.

Tumour biopstes

Tumour biopsies from 96 patients were obtained prior to
treatment at the time of diagnosis. Biopsies from 50 head
and neck tumours, 16 colon tumours and 30 liver meta-
stases from colorectal carcinoma were investigated. In ad-
dition, for 17 head and neck cancer patients, a biopsy was
also available from normal tissue in the symmetrical pos-
ition. At time of sampling, one part of the biopsy was exam-
ined for histological diagnosis. The other part was
pulverised in liquid nitrogen into a fine powder and stored
in liquid nitrogen until assayed for biochemical investi-
gations.

Biochemical investigations

Reduced folate assay. On the day of the assay, frozen
powders from biopsies (10-30 mg) were homogenised with
a Polytron in 300 pl of buffer A (50 mM Tris—HC1 buffer
pH 7.4 containing 1 mM EDTA and 50 mM {-ascorbic
acid). For the cell lines, cell suspensions (50 x 10° cells/ml)
were performed in buffer A. The homogenates were then
sonicated on an ice-bed three times (5 sec each time) at
10 sec intervals. After centrifugation of the homogenates for
5 min at 15 000g (4°C), the supernatants were boiled for
3 min in order to denature the enzymes responsible for the
cycling of folates.

Reduced folates (FH, and CH,FH,) were measured
according to the entrapment assay described by Bunni and
associates [25]. This assay is based on the stoichiometric
formation of a stable ternary complex between CH,FH,,
TS, and FAUMP, allowing CH,FH, to be quantified what-
ever its polyglutamylation level. Each cytosol was assayed at
three different volumes (between 10 and 70 pl) in the pre-
sence or absence of formaldehyde which allows the chemical
conversion of FH, into CH,FH,. The measurement of FH,
was obtained from the difference between formaldehyde-
containing tubes and those without formaldehyde. The cyto-
sol was incubated in the presence of an excess of purified
TS (0.225 uM final concentration) and an excess of *H-
FAUMP (0.35 pM final concentration) in a total volume of
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100 pl (in buffer A) containing 6.66 mM final concentration
of formaldehyde or not. Controls containing increasing
known concentrations of CH,FH, (0.5-50 nM final con-
centrations) were performed in each series, as well as blanks
without cytosol for quantitation of the binary complex
formed between TS and *H-FdUMP. After 30 min incu-
bation at room temperature, the reaction was stopped by
the addition of 10 pl of sodium dodecylsulphate (11%), fol-
lowed by 10 min boiling to stabilise the ternary complexes.
The excess of *H-FAUMP was then retained on 400 pl
microcolumns (ref 72700 from Sarstedt, Nimbrecht,
Germany) extemporaneously filled with Sephadex G25 gel.
Twenty-five microliters of the reagent mixture were applied
on to the microcolumn (duplicates). After 10 min centrifu-
gation at room temperature (1300g), the eluting fractions
containing the ternary complexes were counted. Results
were expressed as pmol of folates per mg of cytosolic pro-
teins. The recovery calculated from the controls was 90%
on average (coefficient of variation 8%). The limit of sensi-
tivity was 0.3 pmol/mg protein. The coefficient of variation
for the intra- and interassay reproducibility, determined on
cell aliquots obtained from a pool of cell pellets, were 9.4%
and 25.0%, respectively.

FPGS assay. Due to the small size of head and neck
biopsies, FPGS was only assayed in colon and liver biopsies.
On the day of the assay, frozen powders from biopsies (50—
500 mg) were homogenised with a Polytron in ten volumes
of buffer B (10 mM Tris—HC1 buffer pH 7.5 containing
1.5 mM EDTA, 0.5 mM dithiothreitol and 10 mM sodium
molybdate). For in vitro investigations, basal FPGS activity
was measured on cells grown in the folate-controlled
medium, at 70-80% confluence. Cell pellets were homogen-
ised (50 x 10° cells/ml) in buffer B supplemented with
0.2 mg/ml trypsin soybean inhibitor, freeze-thawed three
times and sonicated on an ice-bed four times (10 sec each
time) at 10 sec intervals. Cytosols were obtained after cen-
trifugation of the homogenates for 30 min at 105000g
(+4°C).

FPGS activity was measured according to a method de-
rived from that of Montero and Llorente [26] based on the
incorporation of an additional '*C-glutamic acid residue
into the glutamate chain of aminopterin. Each cytosol was
assayed in duplicate. The assay consisted of incubating 100
ul of cytosol with '*C-glutamic acid (isotopic dilution, 250
pM final concentration) and aminopterin (250 pM final
concentration) in a total volume of 250 ul (final concen-
trations of the buffer at pH 8.9 are 100 mM Tris—HC1, 20
mM MgCl,, 20 mM KC1, 10 mM ATP and 100 mM -
mercaptoethanol). After 2 h incubation at 37°C, the reac-
tion was stopped by the addition of 50 ul of 40% trichlora-
cetic acid (the reaction was linear according to duration of
incubation from 1h to 4h). Tubes were then centrifuged
for 10 min at 3000g. The supernatant (80 ul injected) was
analysed for the presence of '*C-aminopterin diglutamates
by high performance liquid chromatography using an RP18
5 pm Lichrospher 100 column (250 x4mm ID) from
Merck (Darmstadt, Germany). Mobile phase A contained
100 mM ammonium acetate/acetonitrile (99/1, pH 5.5) and
phase B, 100 mM ammonium acetate/acetonitrile (90/10,
pH 5.5). The elution (flow rate 1.5 ml/min) was as follows:
0-15 min, 100% phase A; 15-40 min, 100% phase B; 40—
60 min, 100% phase A for equilibration. Typical retention
time was 2min for '*C-glutamic acid and 21 min for
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14C-aminopterin diglutamate. Results were expressed as
pmol/min/mg protein. The limit of sensitivity was 0.4 pmol/
min/mg protein. The intra- and interassay reproducibility,
determined on cell aliquots obtained from a pool of cell
pellets, gave coefficients of variation of 7.2% and 9.4%,
respectively.

Analysis of data

For in wvitro investigations, curve fittings were done on
GraphPad software (ISI, Philadelphia, Pennsylvania,
U.S.A.)). For each studied parameter, the mean values of
three separate experiments were calculated. For reduced
folates, analyses were performed on the concentration of
CH,FH, alone and on the concentration of CH,FH, + FH,4
(sum). The analysed parameters were:

—- the 5-FU concentrations causing a 50% growth inhi-
bition (5-FU ICsg) compared to controls without drug.

— the 5-FU cytotoxicity enhancement factor (F) defined
as 5-FU ICsq without ¢-FA divided by 5-FU ICs4 in the
presence of £-FA (F was calculated for each ¢-FA concen-
tration tested).

— the maximal 5-FU cytotoxicity enhancement factor
(Fnax) defined as the plateau of the sigmoid curve fitting
the evolution of F as a function of £-FA concentrations.
The Fa, values allowed FA-sensitive cell lines (Fp,, >1) to
be distinguished from FA-resistant cell lines (Fpa = 1).

— [£-FA]90 defined as the ¢-FA concentration allowing
90% of F,ax to be reached.

— the 5-FU ICsy in the presence of [(FA]90, obtained
by dividing the 5-FU ICsq value by F,.

—[CH,FH,4]90 and [CH,FH, + FH,]90 defined as the
reduced folate concentrations allowing 90% of F.,, to be
reached, based on the fitting (rectangular hyperboles) of F
as a function of intracellular reduced folate concentrations.

— the maximal reduced folate concentrations (maximal
folates) observed in cells grown in the presence of the high-
est £-FA concentration tested (300 pM).

— the accumulation factor of reduced folates, defined as
the ratio of maximal folate concentration divided by the
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basal concentration (basal concentrations below the detec-
tion limit were thus considered equal to 0.3 pmol/mg pro-
tein).

For statistics, non-parametric tests were used.
Correlations were analysed using the Spearman rank test.
For clinical investigations, the distribution of reduced folates
was compared between the three localisations by means of
the Kruskal-Wallis test. The comparison of folate concen-
trations between tumoral and normal tissues was made
using the Wilcoxon paired test. The limit of significance was
P =0.05. Statistical analyses were done on Statgraphics Plus
software (Uniware, Paris, France).

RESULTS

Inwvestigations on cell lines

Investigations without £-FA supplementation. There was a
wide variability in spontaneous sensitivity to 5-FU between
cell lines, with 5-FU ICs, ranging between 0.6 and 25.4
pM (mean 7.4, median 5.2, lst-3rd quartile 1.8-10.5).
Concentrations of intracellular reduced folates measured in
cells grown in the folate-controlled medium are shown in
Table 1: basal CH,FH, concentrations ranged between not
detectable (7 cell lines) and 3.3 pmol/mg protein (1st—3rd
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Figure 2. Plot of 5-FU ICs, in the absence of {-FA (a) or in
the presence of [£-FA]90 (b) as a function of FPGS activity
for the 14 cell lines investigated (Spearman rank correlation:
r=— 0.68, P=0.014 (a); r=— 0.78, P=0.004 (b). For each
parameter, the mean values of three independent exper-
iments are plotted (see Table 1 for standard errors).
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enhancement factor (F=5-FU IC;, divided by 5-FU IC;y in the presence ¢-FA) as a function of the {-FA concentration

applied in the culture medium. The fitting was calculated according to sigmoid curves. (e,f) Plot of the 5-FU enhancement

factor as a function of the intracellular reduced folate concentration (CH,FH, + FH,). The fitting was calculated according to

rectangular hyperboles. Each figure shows three independent experiments, each symbol representing the mean value of one
experiment ([J, first experiment; ll, second experiment; A\, third experiment).

quartile 0-0.8) and the sum ranged between not detectable
(6 cell lines) and 5.7 pmol/mg protein (1st-3rd quartile 0-
1.4). FPGS activity measured in the cells grown in the
folate-controlled medium ranged between 2.5 and 11.1
pmol/min/mg protein (mean 6.0, median 5.6, 1st-3rd

quartile 3.7-7.6). A significant positive correlation was
demonstrated between the sum of basal reduced folates and
the FPGS activity (r = 0.60, P=0.030, Figure 1). The link
between basal FPGS activity and 5-FU sensitivity was
examined. Interestingly, the higher the FPGS activity, the
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lower the 5-FU IC5¢ (r = — 0.68, P=0.014, Figure 2a) and
thus the better the sensitivity to 5-FU. No significant re-
lationship was found between intrinsic 5-FU sensitivity and
basal CH,FH, concentrations, nor the sum. 5-FU sensi-
tivity was not related to the cell doubling time. Also, the
FPGS activity was independent of the cell doubling time.

Investigations with (-FA supplementation. Among the 14
cell lines investigated, 12 were sensitive to £-FA supplemen-
tation (Fphax > 1, meaning that 5-FU cytotoxicity was
enhanced) and two cell lines were resistant to ¢-FA sup-
plementation (Fp,,x = 1, meaning that 5-FU cytotoxicity was
not increased) (Table 1). The evolution of intracellular
reduced folates as a function of ¢-FA concentrations
followed an exponential law, both in FA-sensitive and FA-
resistant cell lines. This observation is illustrated in
Figure 3a for one FA-sensitive (WIDR) and Figure 3b for
one FA-resistant cell line (CAL 51). At the maximal ¢-FA
concentration tested, no saturation was observed in the
pattern of intracellular folate accumulation for all
investigated cell lines. The maximal sum of folates ranged
between 18.5 and 106.3 pmol/mg protein (median 57.6)
and was independent of the FPGS activity. The accumu-
lation factor of reduced folates was between 8 and 355 (me-
dian 73).

Figure 3(c,d) and (e, f) illustrate evolution of the 5-FU
enhancement factor (F) as a function of ¢-FA concen-
trations and intracellular reduced folate concentrations, re-
spectively. In FA-sensitive cell lines, the 5-FU enhancement
factor reached a plateau despite the fact that £-FA concen-
trations or intracellular reduced folates increased continu-
ously. In the 12 FA-sensitive cell lines, F,,,, values ranged
between 1.9 and 6.4 (Table 1). The [¢-FA]90 for 5-FU
modulation showed marked variability between cell lines,
from 0.7 to 107.9 pM (mean 21.6, median 1.9, 1st-3rd
quartile 1.4-50). In contrast, the [CH,FH4]90 value was
much less variable between cell lines, ranging between 7.6
and 38.3 pmol/mg protein; the median value was 24.8
pmol/mg protein (mean 25.3, 1st-3rd quartile 19.3-32.5).
No correlation was demonstrated between [£-FA]90 and
[CH,FH, + FH,]90.

Considering all cell lines, the 5-FU ICsq values in the
presence of [£-FA]90 were inversely correlated to the FPGS
activity (r=—0.78, P=0.004, Figure 2b). No relationship
was demonstrated between the 5-FU ICs; values in the pre-
sence of [¢-FA]90 and the levels of [CH,FH, + FH,]90.
No relationship was demonstrated between F,,, and either
FPGS activity, basal reduced folate concentration or maxi-
mal sum of folates. In addition, we observed no relationship
between F... and intrinsic 5-FU sensitivity (5-FU ICs).
The [€-FA])90 values required for 5-FU modulation were
not correlated to the FPGS activity in investigated cell lines.
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However, the lower the basal reduced folate concentrations,
the higher the £-FA concentrations required for optimal 5-
FU modulation (r = — 0.69, P=0.030).

Investigations on tumoral biopsies from patients

Intratumoral concentrations of reduced folates were
measured in biopsies taken from patients before treatment.
Table 2 summarises the results obtained from 50 head and
neck tumours, 16 colorectal tumours and 30 liver metas-
tases from colorectal cancers. The pattern of distribution of
reduced folates was significantly different between the three
tumour sites (P=2x10"7). The median value of the
CH,FH, + FH, concentration was 3.8, 5.8 and 12.1 pmol/
mg protein for head and neck carcinoma, colorectal carci-
noma and liver metastases, respectively. Of 17 head and
neck cancer patients, reduced folates showed a similar pat-
tern of distribution in the tumour and in the normal tissues;
in the normal tissue, CH,FH, + FH, concentrations ranged
between 1.8 and 16.8 pmol/mg protein (mean 4.4, median
3.7, 1st-3rd quartile 2.3-4.4).

In head and neck tumours and colon tumours,
CH,FH, + FH, concentrations were always below the me-
dian {CH,FH, + FH,]90 value found in vitro in the present
study for 5-FU modulation (25 pmol/mg protein). Even
though higher folate concentrations were present in liver
metastases, only 19% of liver biopsies exhibited
CH,FH, + FH, concentrations greater than 25 pmol/mg
protein. FPGS activity measured in the 16 colon tumours
ranged between not detectable and 215.5 pmol/min/mg pro-
tein (mean 91.9, median 93, 1st-3rd quartile 39-139). In
the 30 liver biopsies, FPGS activity ranged between not
detectable and 223.7 pmol/min/mg protein (mean 89.9, me-
dian 80.2, 1st~-3rd quartile 68-110). FPGS activity was not
correlated with CH,FH, + FH, concentrations, either in
the colon or the liver biopsies.

DISCUSSION

Experimental conditions were designed to be as close as
possible to the situation encountered in patients. In this
regard, the chosen schedule for drug exposure reflected cur-
rent clinical protocols [1, 8, 27]. Also, prolonged exposure
favours the polyglutamylation of reduced folates [19]. Since
the biological activity of racemic FA is supported by the
natural ¢-FA ([28], all experiments were conducted with
pure ¢-FA. The efficient 5-FU and ¢-FA concentrations
found here were located within the range of plasma concen-
trations observed in patients treated with a similar adminis-~
tration schedule [27] and this validates, to some extent, the
present in vitro model. Particular attention was given to the
physiologically compatible folate concentration in the cul-

Table 2. Clinical investigations (pmolimg protein)

Head and neck carcinoma (n = 50)

Colorectal carcinoma (n = 16)

Liver metastases from colorectal
carcinoma (n = 30)

CH,FH, CH,FH, + FH, CH,FH, CH,FH, + FH,4 CH,FH, CH,FH, + FH,
Mean 2.0 4.8 6.1 9.1 18.0
Median 1.5 3.8 5.8 6.6 12.1
Min-max ND-8.2 ND-17.7 1.4-5.1 2.3-12.0 1.1-47.9 1.7-118.5
1st-3rd quartile 0.6-2.7 2.4-5.9 2.3-4.1 4.3-7.3 3.7-9.7 6.8-18.7

ND, not detectable, i.e. <0.3 pmol/mg protein.
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ture medium (20 nM) [29]. Overall, the aim of the present
experimental investigations was to understand the role of
folates and FPGS enzyme activity with regard to 5-FU sen-
sitivity. In cell lines grown at low folate concentration
(folate-controlled medium without ¢-FA supplementation),
present data show that the higher the FPGS activity, the
greater the basal concentration of reduced folates (Figure 1).
This observation confirms previous investigations reporting
that intracellular retention of reduced folates is increased
when folates show more polyglutamation [19]. Alternatively,
when cells were exposed to high folate concentrations
(folate-controlled medium with ¢-FA supplementation), the
total concentrations of intracellular CH,FH, + FH, were no
longer dependent on the FPGS activity. Although the poly-
glutamate forms of CH,FH, and FH, were not measured
in the present study, one could suggest a saturation of
FPGS activity under high ¢-FA concentrations in the cul-
ture medium. Such a saturation could lead to a decreased
formation of long polyglutamate chains and consequently to
lower cellular retention of intracellular folates as suggested
by previous experimental data from Houghton and associ-
ates [30] and Zhang and Rustum [31]. In addition, the long
polyglutamate chains of CH,FH, are known to enhance
strongly the stability of the ternary complex formed between
TS, FAUMP and CH,FH, and thus increase 5-FU efficacy
compared to intermediate or short polyglutamate chains
[20]. So far, two experimental studies have suggested the
importance of FPGS with regard to 5-FU sensitivity [22,
32]. The present study demonstrates, for the first time and
on a large panel of cancer cell lines, that intrinsic 5-FU sen-
sitivity (without ¢-FA supplementation) is significantly
linked to the FPGS activity in conditions with (Figure 2b)
and withouth FA supplementation (Figure 2a). However,
intrinsic 5-FU sensitivity (without ¢-FA supplementation)
was not linked to the basal concentration of reduced folates.
Also, in cells grown in the presence of [¢{-FA]90, 5-FU sen-
sitivity was independent of the [CH,FH, + FH,4]90. Thus,
the fact that 5-FU sensitivity was linked to FPGS activity
but not to the intracellular concentration of reduced folates
suggests that the importance of folate polyglutamylation in
5-FU sensitivity is probably due to stabilisation of the tern-
ary complex more than to its effect on folate retention. In
order to understand 5-FU sensitivity at the target cell level
at least in part, it is suggested that the quality of the folates,
i.e. the distribution of polyglutamate chain length, could be
more relevant than the global reduced folate concentration.
From the present data, it appears that the pattern of
folate accumulation in the two FA-resistant cell lines (one
duodenum and one breast) was the same as that observed
in the 12 FA-sensitive cell lines. This means that whatever
the FA sensitivity of the cell line or its basal FPGS activity,
intracellular reduced folate concentrations continuously
increased without any evidence of saturation up to 300 uM
of ¢-FA added in the culture medium. Based on a large
panel of human cancer cell lines, our observation confirms
previous data obtained from a limited number of preclinical
models [33-36]. It thus appears that the intracellular
reduced folate concentration achieved inside the cells is not
a limiting factor for 5-FU potentiation by FA. Therefore,
increasing the intracellular folate concentrations above a
certain threshold will not further improve the 5-FU cytotox-
icity probably because maximal TS inhibition has already
been reached. We further examined the possible factors
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which could explain the variability of 5-FU potentiation
under FA supplementation between cell lines. Only two cell
lines out of 14 were resistant to FA supplementation and
the 5-FU ICso values of these two FA-resistant cell lines
(4.1 and 9.7 pM) were close to the median 5-FU ICs,
value of the whole panel of cell lines (5.2 pM). It can thus
be hypothesised that the group of FA-resistant cell lines pre-
sently investigated was too small to demonstrate the pre-
viously shown relationship between F,,, (maximal 5-FU
cytotoxicity enhancement factor) and intrinsic 5-FU sensi-
tivity [23]. However, it is noteworthy that among the whole
panel of investigated cell lines, these two FA-resistant lines
were the two expressing the lowest FPGS activity (2.5 and
2.8 pmol/min/mg protein). Therefore, although the corre-
lation between FPGS activity and F, ., on the whole panel
of cells was not significant (P=0.11), the role of FPGS ac-
tivity for FA responsiveness under 5-FU therapy merits
further analysis. The use of an RT-PCR method requiring a
small quantity of tumoral tissue would be well suited to this
purpose [37].

In our previous work performed on 17 cell lines [23], a
tremendous variability was shown in [(-FA]90 values (range
0.05-200 uM). Present data confirm the variability in [¢-
FA]90 values (range 0.7-108 pM). It must be emphasised
that these concentrations are markedly higher than the
physiological concentrations of reduced folates encountered
in human plasma [29]. £-FA concentrations in the range 1-
10 pM are observed in patients receiving high-dose FA
[27], thus the wide variability in [¢-FA]90 is in favour of
high-dose FA administration in order to achieve high folate
concentrations in plasma and counteract this pharmacody-
namic variability, as well as the pharmacokinetic variability.
In support of this, a recent study performed on head and
neck cancer patients receiving cisplatin—5-FU-FA therapy
has shown that non-responding patients exhibited signifi-
cantly lower plasma concentrations of £-FA + ¢-5-methyl-
tetrahydrofolate than partial and complete-responding
patients [27]. In contrast to the 154-fold range variability
found here for [£-FA]90, the levels of [CH,FH, + FH,;]90
required for 5-FU modulation were quite close between cell
lines, showing a 5-fold range variability (7.6-38.3 pmol/mg
protein). This discrepancy between extracellular and intra-
cellular data could be due to differences in the folate trans-
port capacity between cell lines. In fact, previous studies
have reported the complexity of the folate transport system,
which involves a high-affinity cellular folate transport system
[38], as well as a membrane-binding protein [39] and a
cytosolic folate-binding protein [40].

In the literature, data on reduced folate measurement in
human tumours are very scarce [41-43]. The present study
provides new data on a set of 96 tumour samples covering
localisations usually treated 5-FU: head and neck carcinoma
(n=50), colorectal cancer (n=16) and liver metastases
from colorectal cancer (n = 30). In contrast to our in vitro
data showing no significant difference in reduced folates
between localisations (Table 1), the distribution of basal
reduced folates in tumoral biopsies from patients was sig-
nificantly different according to the tumour localisation.
Lower folate concentrations were found in head and neck
tumours (median value of the sum = 3.8 pmol/mg protein).
In this set of head and neck cancer patients, we did not
demonstrate any difference in the folate distribution
between normal and tumoral tissues. Since head and neck
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cancer patients are known to suffer from denutrition and
folate deficiency due to alcoholism [44], one could suspect
a systemic folate deficiency to be the cause of the low folate
levels found. We did not have the opportunity to measure
folate concentrations in serum and red blood cells.
However, it would be of interest to investigate further the
link between systemic and tumoral folate levels in the differ-
ent 5-FU-treated localisations. The highest tumoral folate
concentrations were observed in liver metastases. This ob-
servation could suggest the influence of the local environ-
ment, since the liver contains high folate levels. If we
consider the median [CH,FH, + FH,4]90 value (25 pmol/
mg protein), present clinical data show that all head and
neck tumours and primary colorectal tumours were located
below this optimum % vitro concentration. This information
explains and reinforces the need for FA supplementation in
order to optimise 5-FU efficacy in the clinical setting.

In conclusion, these data strengthen the rationale of 5-FU
modulation by FA and demonstrate the importance of the
FPGS enzyme for 5-FU responsiveness. This potentially
promising determination is currently under investigation in
our institute in an attempt to identify 5-FU + FA respond-
ing patients [45].

1. Dreyfuss Al, Clark JR, Wright JE, et al. Continuous infusion
high-dose leucovorin with 5-fluorouracil and cisplatin for
untreated stage IV carcinoma of the head and neck. Ann Int
Med 1990, 112, 167-172.

2. Swain SM, Lippman ME, Egan EF, Drake JC, Steinberg SM,
Allegra CJ. Fluorouracil and high-dose leucovorin in previously
treated patients with metastatic breast cancer. ¥ Clin Oncol
1989, 7, 890-899.

3. Peters GJ, Van Groeningen CJ. Clinical relevance of biochemi-
cal modulation of 5-fluorouracil. Ann Oncol 1991, 2, 469-480.

4. Machover D, Goldschmidt E, Chollet P, er al. Treatment of
advanced colorectal cancer and gastric adenocarcinoma with 5-
fluorouracil and high-dose folinic acid. ¥ Clin Oncol 1986, 4,
685-696.

5. Petrelli N, Herrera L, Rustum Y, er al. A prospective random-
ized trial of 5-fluorouracil versus 5-fluorouracil and high-dose
leucovorin versus 5-fluorouracil and methotrexate in previously
untreated patients with advanced colorectal carcinoma. ¥ Clin
Oncol 1987, 5, 1559-1565.

6. Erlichman C, Fine S, Wong A, Elhakin T. A randomized trial
of fluorouracil and folinic acid in patients with metastatic colo-
rectal carcinoma. ¥ Clin Oncol 1988, 6, 469—475.

7. Petrelli N, Douglas HO, Herrera L, et al. The modulation of
fluorouracil with leucovorin in metastatic colorectal carcinoma:
a prospective randomized phase III trial. ¥ Clin Oncol 1989, 7,
1419-1425.

8. Doroshow JH, Multhauf P, Leong L, er al. Prospective ran-
domized comparison of fluorouracil versus fluorouracil and
high-dose continuous infusion leucovorin calcium for the treat-
ment of advanced measurable colorectal cancer in patients pre-
viously unexposed to chemotherapy. ¥ Clin Oncol 1990, 8,
491-501.

9. Advanced Colorectal Cancer Meta-analysis  Project.
Modulation of fluorouracil by leucovorin in patients with
advanced colorectal cancer: evidence in terms of response rate.
F Clin Oncol 1992, 10, 896-903.

10. Abad A, Garcia P, Gravalos C, et al. Sequential methotrexate,
5-fluorouracil (5FU) and high dose leucovorin versus 5FU and
high dose leucovorin versus 5FU alone for advanced colorectal
cancer. Cancer 1995, 75, 1238-1244.

11. Poon MA, O’Connell MJ, Moertel CG, et al. Biochemical
modulation of fluorouracil: evidence of significant improvement
of survival and quality of life in patients with advanced colorec-
tal carcinoma. ¥ Clin Oncol 1989, 7, 1407-1417.

S. Chéradame

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

et al.

Francini G, Petrioli R, Lorenzini L, et al. Folinic acid and
fluorouracil as adjuvant chemotherapy in colon cancer.
Gastroenterology 1994, 106, 899-906.

IMPACT investigators. Efficacy of adjuvant fluorouracil and
folinic acid in colon cancer. Lancet 1995, 345, 939-944.

Grem JL. Fluorinated pyrimidines. In Chabner BA, Collins
JM, eds. Cancer Chemotherapy, Principles and Practice.
Philadelphia, PA, Lippincott, 1990, 180-225.

Aschele C, Sobrero A, Faderan M, Bertino JR. Novel mechan-
ism(s) of resistance to 5-fluorouracil in human colon cancer
(HCT-8) sublines following exposure to two different clinically
relevant dose schedules. Cancer Res 1992, 52, 1855-1864.
Johnston PG, Lenz HJ, Leichman CG, et al. Thymidylate
synthase gene and protein expression correlate and are associ-
ated with response to 5-fluorouracil in human colorectal and
gastric tumours. Cancer Res 1995, 55, 1407-1412.

Lenz HJ, Leichman CG, Danenberg KD, er al. Thymidylate
synthase mRNA level in adenocarcinoma of the stomach: a
predictor for primary tumor response and overall survival. ¥ Clin
Oncol 1996, 14, 176-182.

Keyomarsi K, Moran RG. Mechanism of the cytotoxic syner-
gism of fluoropyrimidines and folinic acid in mouse leukemic
cells. ¥ Biol Chem 1988, 28, 14402-14409.

Boarman DM, Allegra CJ. Intracellular metabolism of 5-for-
myltetrahydrofolate in human breast and colon cell lines.
Cancer Res 1992, 52, 36-44.

Danenberg PV, Danenberg KD. Effects of 5,10-methylenete-
trahydrofolate on the dissociation of 5-fluoro-2'-deoxyuridylate
from thymidylate synthase: evidence for an ordered mechan-
ism. Biochemistry 1978, 17, 4018-4024.

Radpavar S, Houghton PJ, Houghton JA. Effect of polygluta-
mylation of 5,10-methylenetetrahydrofolate on the binding of
5-fluoro-2'-deoxyuridylate to thymidylate synthase purified
from a human colon adenocarcinoma =xenograft. Biochem
Pharmacol 1989, 38, 335-342.

Wang FS, Aschele C, Sobrero A, Chang YM, Bertino J.
Decreased folypolyglutamate synthetase expression: a novel
mechanism of fluorouracil resistance. Cancer Res 1993, 53,
3677-3680.

Beck A, Etienne MC, Chéradame S, et al. Wide range for opti-
mal concentrations of folinic acid in fluorouracil modulation.
Experimental data on human tumour cell lines. Eur ¥ Cancer
1994, 10, 1522-1526.

Carmichael J, De Graff WG, Gazdar AF, Minna JD, Mitchell
JB. Evaluation of tetrazolium-based semi-automated colori-
metric assay in assessment of chemosensitivity testing. Cancer
Res 1987, 47, 936-942.

Bunni M, Doig MT, Donato H, Kesavan V, Priest D. Role of
methylenetetrahydrofolate depletion in methotrexate-mediated
intracellular thymidylate synthesis inhibition in cultured L1210
cells. Cancer Res 1988, 48, 3398-3404.

Montero C, Llorente P. Single step LC method for determi-
nation of folylpolyglutamate synthetase activity and separation
of polyglutamates. Chromatographia 1993, 37, 73-78.

Schneider M, Etienne MC, Milano G, et al. Phase II trial of
cisplatin, fluorouracil and pure £-folinic acid for locally
advanced head and neck cancer: a pharmacokinetic and clinical
survey. ¥ Clin Oncol 1995, 13, 1656-1662.

Bertrand R, Jolivet J. Lack of interference by the unnatural iso-
mer of 5-formyltetrahydrofolate with the effects of the natural
isomer in leucovorin preparation. ¥ Narl Cancer Inst 1989, 81,
1175-1178.

Kones R. Folic acid, 1991, an update with new recommended
daily allowances. Southern Med ¥ 1990, 83, 1454-1458.
Houghton JA, Williams LG, Cheshire PJ, Wainer I'W, Jadaud
P, Houghton PJ. Influence of dose of [6RS]LV on reduced
folate pools and 5-fluorouracil-mediated thymidylate synthase
inhibition in human colon adenocarcinoma xenografts. Cancer
Res 1990, 50, 3940-3946.

Zhang ZG, Rustum YM. Effects of diastereoisomers of 5-for-
myltetrahydrofolate on cellular growth, sensitivity to 5-fluoro-
2'-deoxyuridine, and methylenetetrahydrofolate polyglutamate
levels in HCT-8 cells. Cancer Res 1991, 51, 3476-3481.
Romanini A, Lin JT, Niedzwiecki D, Bunni M, Priest DG,
Bertino JR. Role of folylpolyglutamates in biochemical modu-
lation of fluoropyrimidines by leucovorin. Cancer Res 1991, 51,
789-793.



33.

34.

35.

36.

37.

38.

39.

Tumoral Folylpolyglutamate Synthetase and Reduced Folates for 5-FU Efficacy

Keyomarsi K, Moran RG. Folinic acid augmentation of the
effects of fluoropyrimidines on murine and human leukemic
cells. Cancer Res 1986, 46, 52295235,

Houghton JA, Williams LG, Loftin SK, er al. Factors that in-
fluence the therapeutic activity of 5-fluorouracil [6RS] leucov-
orin combinations in colon adenocarcinoma xenografts. Cancer
Chemother Pharmacol 1992, 30, 423-432.

Wright JE, Pardo M, Sayeed-Shah U, Alperin W, Rosowsky A.
Leucovorin and folic acid regimens for selective expansion of
murine 5,10-methyltetrahydrofolate pools. Biochem Pharmacol
1995, 49, 677-685.

Omura K, Misaki T, Hashimoto T, ez al. Changes in folate
concentration in Yoshida sarcoma after administration of leu-
covorin or cisplatin. Cancer Chemother Pharmacol 1995, 35,
183-187.

Lenz HJ, Danenberg K, Schnieders B, et al. Quantitative analy-
sis of folylpolyglutamate synthetase gene expression in tumor
tissues by the polymerase chain reaction: marked variation of
expression among leukemia patients. Oncol Res 1994, 6, 329—
335.

Henderson GB, Suresh MR, Vitols KS, Huennekens FM.
Transport of folate compounds in L1210 cells: kinetic evidence
that folate influx proceeds via the high-affinity transport system
for 5-methyltetrahydrofolate and methotrexate. Cancer Res
1986, 46, 1639-1643.

Weitman SD, Weinberg AG, Coney LR, Zurawski VR, Jenning
DS, Kamen BA. Cellular localization of the folate receptor: po-
tential role in drug toxicity and folate homeostatis. Cancer Res
1992, 52, 6708-6711.

40

41.

42.

43.

44.

45.

959

Matherly LH, Czajkowski C, Muench SP, Psiakis JT. Role of
cytosolic folate-binding proteins in the compartmentation of
endogenous tetrahydrofolates and the 5-formyltetrahydrofolate-
mediated enhancement of 5-fluoro-2'-deoxyuridine antitumor
activity in vitro. Cancer Res 1990, 50, 3262-3269.

Trave F, Rustum YM, Petrelli NJ, ez al. Plasma and tumor tis-
sues pharmacology of high-dose intravenous leucovorin calcium
in combination with fluorouracil in patients with advanced
colorectal carcinoma. ¥ Clin Oncol 1988, 6, 1184-1191.

Kiihl M, Jauch K, Engemann B, Riedelsheimer C, Schalhorn
A, Wilmanns W. Tissue levels of 5,10-methylenetetrahydrofo-
late in patients with colorectal carcinoma with or without pre-
operative treatment with folinic acid or 5-
methyltetrahydrofolate. Proc Am Soc Clin Oncol 1994, 13,
(abstract 136).

Dohden K, Ohmura K, Watanabe Y. Ternary complex for-
mation and reduced folate in surgical specimens of human ade-
nocarcinoma tissues. Cancer 1993, 71, 471-480.

Combs GF. Folate. In The Vitamins—Fundamental Aspects in
Nutrition and Health. San Diego, Academic Press Inc., 1992,
357-376.

Chazal M, Schneider M, Milano G, ez al. Clinical resistance to
fluorouracil-folinic acid is linked to low folylpolyglutamate
synthetase activity in tumors. Proc Am Assoc Cancer Res
1996, 37 (abstract 1197).

Acknowledgement—The authors are grateful for financial support
from the FEGEFLUC.



