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ABSTRACT

The effects of extracellular folate concentration on intracellular folate
and phosphoribosylpyrophosphate (PRPP) levels and the cytotoxicity of
methotrexate and 5-fluorouracil were studied in human KB cells grown
in fetal bovine serum-supplemented Eagle's minimum essential medium,

which contained standard high folie acid levels (23 UM) (standard or S
medium), or folie acid-free serum-supplemented medium containing ap
proximately 4 nM 5-methyltetrahydrofolate (physiological or P medium),

a folate level and form more comparable to that in normal human serum.
Macrocytosis and prolongation of the doubling time by 150% were
observed after 5-10 serial passes in P medium, but after 10-15 serial
passes, KB cells became "adapted" to P medium with return of size and

doubling time to values indistinguishable from cells maintained in S
medium. Cellular folate levels fell, and marked elevations in PRPP levels
from 68 Â±43 to 642 Â±287 pmol/mg cell protein (mean Â±SD) were
observed as KB cells were serially passed through P medium. Human
leukemia 111 -hi) and K562 cells and MJY-a mouse mammary tumor
cells serially passed in P medium also exhibited 10- to 20-fold elevations
in PRPP levels. Glucose consumption, glucose decarboxylation, thymi-

dine and adenosine specific uptake, thymidine incorporation into DNA,
and 5-fluorouracil uptake were studied in KB cells with elevated and

control PRPP levels. As determined by clonal assay, despite elevated
PRPP levels, KB cells cultured in P medium were less sensitive to 5-

fluorouracil than cells cultured in S medium unless exogenous folate was
added. These data support the concept that endogenous folate levels may
be inadequate for optimal 5-FU pharmacological action in KB cells with

a modulated increase in PRPP levels.

INTRODUCTION

Biochemical modulation of the actions of chemotherapeutic
agents to improve tumor-directed cytotoxicity without enhance
ment of side effects is an attractive theoretical possibility (1,2).
The use of methotrexate and/or leucovorin to increase the
therapeutic index of 5-FU4 has some experimental support from
i/i vitro studies (3-6). MTX pretreatment of human colon
adenocarcinoma (HCT-8) cells resulted in elevations in PRPP
levels and subsequently increased 5-FU accumulation and cy
totoxicity in a clonal assay (3). The mechanism of this increased
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sensitivity was attributed to the shunting of 5-FU ribonucleo-
tides into RNA biosynthesis, with cell death resulting from
inhibition of protein synthesis. However, 5-FU cytotoxicity has
also been attributed to its inhibition of thymidylate synthetase
(TMP synthase; 5,10-methyIenetetrahydrofolate: dUMP-C-
methyltransferase, EC 2.1.1.45) (7, 8), an enzyme essential for
normal DNA synthesis, but this action requires the presence of
an adequate concentration of the intracellular folate, 5-10
methylenetetrahydrofolate (4). In fact, enhanced 5-FU cytotox
icity was demonstrated in vitro in the presence of leucovorin
(yV-5-formyltetrahydrofolate) (5, 6), theoretically by increasing
the binding of 5-fluorodeoxyuridine monophosphate (5-
FdUMP), an active metabolite of 5-FU, to thymidylate synthe
tase in a ternary complex of drug, enzyme, and folate, thus
inhibiting DNA synthesis. Since the HCT-8 cells described
above (3) were maintained in RPMI Medium 1640, which
contains 2.3 UM folie acid (a 100-fold higher level than the
normal human plasma folate concentration), they would have
most likely contained an intracellular folate concentration ad
equate to enhance the binding of 5-FdUMP to thymidylate
synthetase.

Methotrexate cytotoxicity has been attributed to a functional
intracellular folate deficiency due to the prevention of folate
recycling by the inhibition of dihydrofolate reducÃase(5,6,7,8-
tetrahydrofolate:NADP+ oxidoreductase, EC 1.5.1.3) (8). In

cells grown in supraphysiological folate concentrations such as
are present in standard tissue culture media, MTX cytotoxicity
might be somewhat attenuated compared with cells grown in
physiological levels of folate (10-50 HM in human serum) (9).
Thus, folate deprivation of cells grown in vitro could produce
similar metabolic effects on, e.g., PRPP levels and 5-FU cyto
toxicity as in cells treated with MTX, or cells with a more
physiological folate content could have different properties. In
this study, human nasopharyngeal epidermoid carcinoma (KB)
cells were maintained in standard tissue culture medium or
medium containing ~4 nM folate (as 5-methyltetrahydrolate
from fetal bovine serum), a more physiological concentration,
for several months (6, 7), and intracellular folate levels, PRPP
levels and the sensitivity of these cells to methotrexate, and 5-
FU with and without leucovorin were investigated.

MATERIALS AND METHODS

Human nasopharyngeal epidermoid carcinoma (KB) cells (ATCC
CL 17) and human promyelocytic leukemia (HL-60) cells (ATCC 240)
were obtained from the American Type Culture Collection, Rockville,
MD. Mouse mammary tumor (MJY-a) cells were generously provided
by Dr. Mary Jane Yagi, Department of Neoplastic Diseases, Mt. Sinai
Medical Center, New York, NY. Human erythroleukemia (K562) cells
were obtained from Dr. Kevin Scanlon, Department of Neoplastic
Diseases, Mt. Sinai Medical Center, New York, NY. MEM and RPMI
Medium 1640 with and without folie acid, Carle's balanced salt solu
tion, Hanks' balanced salt solution, FBS, trypsin-EDTA (lOx), and

penicillin-streptomycin were obtained from Gibco, Grand Island, NY.
[carboxyl-MC]Orotic acid, 30-50 mCi/mmol, and Liquaflor reagent
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were obtained from New England Nuclear, Boston, MA. [3',5',7,9-3H]-
Folic acid, 20-50 Ci/mmol, \methyl-3H]thymidme, 25 Ci/mmol,
[2-3H]-adenosine, 15-25 Ci/mmol, and d-[U-,l-, and 6-l4C]glucose, 2-

4 mCi/mmol, 2-4 mCi/mmol, and 4-5 mCi/mmol, respectively, were
obtained from Amersham, Arlington Heights, IL. OCS liquid scintil
lation fluid and NCS solubilizer were also obtained from Amersham.
Orotidine-5'-phosphate pyrophosphorylase and orotidine-5'-phos

phate decarboxylase (mixed enzymes) were obtained from Sigma, St.
Louis, MO. Methotrexate sodium and leucovorin calcium for paren-
teral injection were from Lederle Parenterals, Pearl River, NY. 5-
Fluorouracil (Adrucil) was from Adria Laboratories, Dublin, OH. Sil
icon oil was catalog number 17,563-3 from Aldrich Laboratories,
Milwaukee, WI, and dinonylphthalate was from Eastman Kodak, Roch
ester, NY. ScintiVerse liquid scintillation counting solution was ob
tained from Fisher Scientific, Piscataway, NJ. All other chemicals were
reagent grade and were obtained from Sigma or Fisher.

Maintenance of KB Cells. KB cells were maintained in monolayer in
MEM with folie acid (high folate or S medium) or without folie acid
(physiological folate P medium) supplemented with 10% (v/v) FBS
(which contained approximately 40 UM folate as predominantly 5-
methyltetrahydrolate), penicillin (5 U/ml), and streptomycin (5 Â¿Â¿g/ml)
at 37Â°Cin a humidified 7% COi atmosphere and harvested as previously

described (10-12). Cells were then resuspended in 10 ml S or P medium,
as appropriate, or as otherwise described below, and the entire suspen
sion was vigorously pipetted 10 times up and down with a 10 ml pipet
to disperse the cells into a single cell suspension. Cell counts were
determined by Coulter Counter and by hemacytometer. Cell counts
determined by the two methods agreed within 10% and counts were
routinely done using the Coulter Counter. Viability was determined by
trypan blue exclusion (13). MJY-a cells were maintained in RPMI
1640 with or without folie acid supplemented with 18% FBS and
insulin, 10 ^g/ml, and harvested as for KB cells. HL-60 and K562 cells
were maintained in suspension culture in standard RPMI 1640 or
RPMI 1640 without folie acid supplemented with 15% heat-inactivated
FBS and antibiotics as previously described (14, 15). Folie acid-free
RPMI 1640 was supplemented in some experiments with folie acid,
hypoxanthine and thymidine, or leucovorin, as indicated.

Growth Curves. To determine doubling times, KB cells were har
vested and plated into 1.6-cm2 wells in tissue culture cluster plates
(Costar, Cambridge, MA). For each data point, 1x10* cells in 1 ml S

or P growth medium were plated in quadruplicate. Samples were
harvested daily and cell counts determined as above.

PRPP Assay. For PRPP assay, 2 x IO6 cells per T75 flask were
plated and grown for 48-72 h. Cells were harvested by trypsin-EDTA
as above and also by freeze-thawing in situ, as follows. Growth medium
was removed by aspiration, and the cells were washed with two 5-ml
portions of PBS, each removed by aspiration. Then 2 ml of the PRPP
assay buffer (Tris-HCl, 0.01 M, pH 7.4, containing 1 mM EDTA) were
added to the monolayer, and the flask was placed flat in the freezer
overnight. The sample was thawed and frozen again, and then the
thawed cell lysates were harvested by pipet. After the samples were
boiled for 40 s and cooled, PRPP was assayed enzymatically as previ
ously described (16). PRPP standards were routinely extracted and
assayed with the samples, and results were corrected for recovery
(usually 80%). Modifications yielding a more sensitive PRPP assay
have recently been reported (17).

Protein Assays. Cell suspensions were solubilized in 1% (v/v) Triton
X-100, and proteins were determined by the Lowry method (18) mod
ified for the presence of Triton X-100 (19). Bovine serum albumin was
used as a standard.

Folate Assays. Total cellular folate was determined by a competitive
radioligand binding assay (12, 20) at pH 9.3 in a borate buffer contain
ing 3 mM dithiothreitol using a folie acid standard and bovine .>'

lactoglobulin as the binder. Harvested cells were washed 3 times with
100 volumes of PBS by centrifugation at 500 x g at 4Â°Cto remove

tissue culture medium and then freeze-thawed 3 times. An aliquot of
the lysed cell suspension was diluted into the assay medium and
autoclaved for 30 min to destroy any endogenous folate binding protein
prior to folate assay.

Determination of Cytotoxicity by Clonal Assay. A clonal assay using

KB cells in monolayer was adapted from the clonal assay used for
human colon carcinoma HCT-8 cells (3). Single cell suspensions of KB
cells were plated in quadruplicate at a density of 800 cells per cm2 into
21-cm2 gridded tissue culture plates (Corning 60 x 15 mm/2-mm grid)

and allowed to attach overnight. Absence of clumping was verified
microscopically on the second day. The original medium was removed
and fresh medium without additions (control) or with the indicated
concentration of drug was added. On Day 5, the medium was removed,
cells were washed once with PBS, and the attached colonies were fixed
and visualized with either the Diff-Quik staining technique (Dade
Diagnostics, Aguada, Puerto Rico) or eosinated mÃ©thylÃ¨neblue in
methanol (Jenner stain; Harleco, Gibbstown, NJ). Colonies were quan
tified by manually counting at x 40 magnification using an inverted
stage microscope. A colony was composed of 8-32 cells (3-5 doublings).
Twelve fields (each 4 mm2) equally distributed over four quadrants of

the plate were counted and averaged for each sample. Viability was
assessed by trypan blue exclusion. No attached cells were trypan-blue
positive. Results were expressed as percentage of control. Cloning
efficiencies were determined for the various control samples and were
approximately 50% for cells in P or S medium.

Determination of Glucose Consumption by Human KB Cells. KB cells
were plated into T25 flasks in S or P medium and allowed to attach
overnight. The medium was aspirated and replaced with 3 ml of fresh
medium. Glucose content in the medium was determined by the color
imetrie coupled hexokinase-glucose-6-phosphate dehydrogenase
method (Sigma Diagnostic Kit 16-U). Samples of P and S media were
assayed prior to and at various times after exposure to cells, and the
amount of glucose consumed per 10'' cells per unit time was calculated.

Determination of Rate of Glucose Decarboxylation. KB cells were
plated into T25 flasks in S or P medium and allowed to attach overnight.
Conditioned medium was aspirated and replaced with medium contain
ing either U-[l4C]glucose, l-['4C]glucose, or 6-[l4C]glucose. A modified
Pasteur pipet containing a rolled 1 x 3-cm strip of filter paper soaked
with NCS reagent was inserted such that the end containing the paper
did not come in contact with the medium, and the flask was quickly
sealed with a plastic stopper (22). Cells were incubated at 37Â°Cin their

incubator for 3 h. After removal from the incubator, 0.1 ml 4.5 N
1I;S( )4 was injected through the plastic stopper into the medium to
acidify it and release dissolved < <>>The flasks were allowed to stand
at 20Â°Cfor 30 min to trap I4CO2on the NCS soaked filter paper. The

papers were then removed and the radioactivity was determined by
liquid scintillation counting in Liquaflor reagent (170 ml dissolved in
4 liters of toluene as per package insert). The rate of CO2 production
was calculated using the specific activities of the labeled glucoses, the
glucose concentration in the medium, the radioactivity adsorbed onto
the filter papers, and the cell counts from duplicate flasks.

Adenosine and Thymidine Specific Uptake by KB Cells. KB cells were
harvested and resuspended in uptake medium (Earle's balanced salt

solution). Radioactive adenosine or thymidine. 50 nM, was added to
triplicate suspensions of KB cells (1 x IO'Vml) without or containing

1000-fold excess cold nucleoside (so that nonspecific uptake could be
determined and subtracted from total uptake to measure specific up
take). Aliquots (200 n\) of cell suspension were removed every 30 s for
2 min and cells were almost instantaneously separated from their
incubation medium by centrifugation (Beckman Microfuge B) for 10-
15 s through an oil gradient (silicon oil: dinonylphthalate, 2:1, v/v)
(23). The pellets were harvested by cutting off the tip of the plastic
microfuge tube using a razor blade. Pellets were transferred to counting
vials and radioactivity was determined in ScintiVerse by liquid scintil
lation counting.

Incorporation of [3H]Adenosine and |3HjThymidine into Nucleic Acids.

KB cells were plated into S or P medium and allowed to attach overnight
in 24 well plates. Incubation medium (Tris-buffered Hanks' balanced
salt solution), 1 ml, was added, and either [3H]adenosine or |'l l|

thymidine was added. In some experiments, deoxyuridine, 100 MM,was
added concurrently. Cells were incubated for 3 h at 37Â°C.Medium was
aspirated and cells were washed with two 1-ml aliquots of PBS at 4Â°C.

Cells were harvested with trypsin-EDTA, resuspended in 2 ml PBS,
transferred to test tubes, and pelleted by centrifugation at 500 x g for
10 min at 4Â°C.Supernatant was aspirated, 2 ml 10% TCA were added
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at 4'C, and samples were incubated for 10 min at 4"( '. Samples were

centrifuged as above, the supernatant was removed, and pellets were
washed twice with 2 ml 10% TCA. The resulting pellets were solubilized
in NCS and radioactivity was determined by liquid scintillation count
ing in OCS.

5-rc Fluonmraril Uptake by KB Cells. KB cells were plated as for
growth curves at a density of 5 x IO4 cells/ml and allowed to attach

overnight. Growth medium was aspirated and replaced with incubation
medium (PBS: folie acid-free MEM, 1:1, v/v), 1 ml. Cells were prein-
cubated at 37Â°Cfor IS min. 5-FIuorouracil was added to half of the

wells at a final concentration of 10 mvi to block specific uptake of
radioligand. S-[MC]Fluorouracil was then added to all wells at a Final
concentration of 10 MMand cells were incubated for 3 h at 37Â°C.The

incubation medium was rapidly removed by aspiration and the cell
layers were rapidly washed with two I-nil portions of incubation me
dium. Cells were solubilized in 0.01 M potassium phosphate, pH 7.5,
containing 1% (v/v) Triton X-100 for at least 2 h at 37Â°C,and

radioactivity was determined in 0.9-ml aliquots in Santi Verse. Specific
uptake was determined as for thymidine and adenosine uptake. Cell
number and viability were not affected by incubation with 5-FU and
were determined as described above for growth curves in wells incubated
with nonradioactive 5-FU or incubation medium alone.

Determination of Radioactivity. Aqueous samples were dissolved in
ScintiVerse, 7 or 10 ml, or solubilized in NCS and dissolved in 10 ml
OCS, and radioactivity was determined on a Beckman liquid scintilla
tion counter. "CO: trapped on filter paper was counted in toluene-
Liquaflor as above. Efficiency of 3H counting was 35-40%, and of 14C

counting, 50%.
Statistical Analysis. Statistical significance was examined using the t

test (24).

RESULTS

Growth Characteristics and Folate Content of KB Cells. The
doubling time of KB cells grown in S medium was 24 h, as
previously observed (25). The doubling time of KB cells passed
into P medium became prolonged (to 36 h) after 5-6 passes
and the cells became enlarged. After 10-15 passes, the doubling
time of cells serially passed in P medium shortened to 24 h,
their morphology normalized, their growth curve was super-
imposable on that of cells maintained in S medium for 96 h
after plating (Fig. 1, inset), and the cells remained in this
"adapted" state for more than 60 passes. The folate level of
cells maintained in S medium was 60 pmol/106 cells. After 5

passes in P medium, the folate level of the KB cells was 5.2
pmol/106 cells; after 18 passes, 4 pmol/106 cells; and after 31
passes, 1 pmol/106 cells as shown in Fig. 1.

PRPP Levels in Human KB Cells. Preliminary studies using
trypsin-harvested cells suggested significant differences in the
levels of PRPP in KB cells grown in S and P media, but results
were erratic as previously observed when cells grown in mono-
layer were harvested by trypsinization (5). When cells were
harvested by freeze-thawing them in the hypotonie assay buffer
directly in monolayer, PRPP levels were more reproducible,
indicating that levels of this metabolite were somewhat labile.
As shown in Fig. 2, PRPP levels in KB cells maintained in S
medium were 68 Â±43 (mean Â±SD, n = 7) pmol/mg protein,
and increased as KB cells were serially passed into P medium.
Although cell growth and morphology normalized after 10-15
passes into P medium, PRPP levels in cells in P medium
remained 10-20 times higher than in cells maintained in S
medium. PRPP levels were increased an additional 2- to 3-fold
in KB cells (after 40 passes in S or P medium) after exposure
to methotrexate (10 /Â¿M)for 19-43 h.

The elevation in PRPP levels in response to culture in low
folate medium was not unique to KB cells. When HL-60 and
K562 cells were serially passed 5 times in P medium, the
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Fig. 1. Total cellular folate levels in KB cells originally maintained in S
medium which were serially passed through P medium. Folate levels were deter
mined as described in "Materials and Methods" after various passes as indicated.

KB cells were also passed in S medium and assayed simultaneously with cells in
P medium. The mean result for KB cells maintained in S meÃ³um is shown at 0
passes into P medium. Values, means of quadruplicate assays. SD, less than 10%
of the mean for samples from KB cells in S medium, but 30-50% of the mean
for values less than 5 pinol/11)'' cells. Inset, growth curves for KB cells in S

medium (â€¢)or adapted to P medium for 35 passes (O). Points, mean for
quadruplicate samples, harvested and counted by Coulter Counter as detailed in
"Materials and Methods." SD, less than 10% for all means.

SO

Fig. 2. PRPP levels in KB cells originally maintained in S medium and serially
passed in P medium. PRPP levels were determined enzymatically after various
passes. KB cells passed in S medium were also assayed for PRPP simultaneously
and are shown at 0 passes into P medium.

intracellular folate levels fell from 4-5 pmol/106 cells to unde-
tectable in HL-60 cells and 1.8 pmol/106 in K562 cells. PRPP
levels were approximately 20-fold higher compared with cells
in standard medium. A 10-fold elevation in PRPP levels to
7000 pmol/mg protein was also observed in MJY-a cell line
grown in P medium compared with S medium. The presence
of hypoxanthine and thymidine in P medium of KB cells
lowered the PRPP elevations seen, but the addition of 6-25 HM
leucovorin did not.

Glucose Uptake and Decarboxylation in KB Cells Grown in S
and P Media. As shown in Fig. 3, elevated PRPP levels could
be due to increased utilization of a precursor, e.g., glucose,
which is decarboxylated at the CI position as it enters the
hexose monophosphate shunt pathway in which it gives rise to
PRPP. Fig. 4A shows that initial glucose consumption is more
than 2-fold higher in cells in P medium than in S medium, but
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Glucose

NAD

80-1

Fig. 3. Metabolic pathways in mammalian cells in which PRPP is an inter
mediate. Glucose is the major precursor of PRPP via reactions involving the
hexose monophosphate pathway. PRPP is a precursor for purine and pyrimidine
nucleotide synthesis by both the salvage and de novo pathways as well as for
nucleotides derived from nicotinic acid. The pathways which require folate cofac-
tors are indicated by (F). A, G. H and ('. adenosine, guanosine. hypoxanthine,

and uridine, respectively. PPh pyrophosphate.

decreased to a stable rate by 6 h after change of medium. The
rate of glucose consumption by cells in S medium remained
relatively constant over a 24-h period. Glucose consumption
was further elevated 2- to 3-fold in KB cells in P medium and
1.5-fold in KB cells in S medium after a 2- or 4-h exposure to
10 jiM MTX compared with no methotrexate exposure. As
shown in Fig. 4B, decarboxylation of U-['4C]glucose and 1-
[l4C]glucose was similar in cells in P medium to those in S
medium; 6-['4C]glucose decarboxylation was very low and the

same under both conditions.
[3H]Adenosine and [3H|Thymidine Uptake and Incorporation

into Nucleic Acids in KB Cells in S and P Media. Since folates
are required for de novo biosynthesis of both purines and
pyrimidines (26) as shown in Fig. 3, changes in intracellular
folate levels could affect the relative amounts of nucleotides
arising from the de novo and salvage pathways incorporated
into nucleic acids. The elevated PRPP levels in cells containing
lower intracellular folate levels could result from accumulation
of this metabolite secondary to reduced metabolic flux through
the de novo pathways, and thus increased utilization of pre
formed nucleosides for nucleic acid synthesis via the salvage
pathways could occur. Fig. 51 shows that specific uptake of
thymidine and adenosine was 20 and 15% higher, respectively,
in cells in P medium compared with cells in S medium, but
these differences were not statistically significant. As shown in
Fig. 55, TCA-precipitable [3H]thymidine incorporation was
significantly less (/'â€¢"0.025) in KB cells in P medium incubated
with 5 nM and 25 nM, but not 50 nM, [3H]thymidine. The
presence of deoxyuridine (100 ^M) suppressed [3H]thymidine

(50 nM) incorporation by KB cells in S medium and KB cells
adapted to P medium to the same extent (5%, a "normal" dU

suppression test) (27). There was no difference in TCA-precip
itable [3H]adenosine.

Specific Uptake of 5-|uC]Fluorouracil by KB Cells Grown in
S and P Media. As shown in Table 1, specific uptake of 5-FU
was increased in KB cells in P medium compared with S
medium at all three temperatures, but the differences were not
statistically significant (P > 0.05). Specific uptake of 5-FU at
22V was almost 3-fold greater than specific cell-associated
radioactivity at 4'C, which was presumably mostly due to
surface binding. Specific accumulation at 37Â°Cwas twice that
at 22'C.

Cytotoxicity of Methotrexate. When toxicity was assessed
using a clonal colony-forming assay in which cells were exposed
to methotrexate for 72 h, as shown in Fig. 61, increased
sensitivity of the KB cells maintained in P medium was observed

U 1 6 U 1 6
Position of 14 C in Glucose

Fig. 4. Glucose metabolism by KB cells grown in S (â€¢)and P (P) media. In
I. glucose consumption was measured at various times after the addition of fresh

culture medium to attached cells as described in "Materials and Methods." SD,

approximately 5% of the mean values. In B, glucose decarboxylation was deter
mined in KB cells in monolayer using [>4C)glucose labeled in the positions
indicated as described in "Materials and Methods." Samples were analyzed in

triplicate and mean Â±SD is shown.

with EDso = 7 nM compared with 20 nM for the cells maintained
in S medium.

Cytotoxicity of 5-FU. When toxicity was evaluated using the
colony-forming assay as shown in Fig. 65, 5-FU sensitivity of
KB cells in P medium, with elevated PRPP levels, was reduced
compared with KB cells in S medium. The ED50s for cells in S
and P media were 2 and 20 JJM, respectively. The effect of
leucovorin was to increase the sensitivity of cells in P medium
to a degree comparable to that of cells in S medium, with ED50s
of 0.9 MMand 1.3 nM, respectively (not significantly different).

DISCUSSION

After 10-15 serial passes, human KB cells became adapted
to growth in P medium after a transient period of macrocytic
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100 I

Thymidine Adenosine

Â» 60

30

25 50
Thymidine Concentration CnM)

25 50
Adenosine Concentration (nM)

Fig. 5. Nucleoside uptake and incorporation into nucleic acids by KB cells
grown in S (â€¢,â€¢)or P (O, O) medium. In i. the initial rate of specific uptake of
SO nM [3Hjadenosine or SO nM [3HJthymidine was determined in KB cells in
single cell suspension using the oil gradient technique as described in "Materials
and Methods." In B, the incorporation of the indicated concentrations of ['111
thymidine or [3H]adenosine into nucleic acid as measured by TCA-precipitable
radioactivity was determined in KB cells in monolayer as described in "Materials
and Methods." Results are the mean of triplicate determinations. SD, less than

15% of the mean.

Table 1 Specific uptake of 5-["C]fluorouracil by KB cells in monolayer

Specific uptake
(pmol/106 cells)

Temperature('C)4

22
37S

medium45
Â±18"

123Â±24
246 Â±56P

medium68
Â±19

153 Â±31
310 Â±107

" Mean Â±SD for triplicate determinationsas in "Materials and Methods."

change and growth retardation. Elevated PRPP levels preceded
and accompanied this adaptation (Fig. 2). Cellular folate levels
fell rapidly over the first five serial passes of KB cells into P
medium (Fig. 1) and were similar to those reported in normal
nonhepatic human tissues (28-30). The marked PRPP eleva
tions in 111,60 and K562 cells after serial passes into P medium
were also related to decreases in intracellular folate.

Thus, PRPP levels were markedly higher in cancer cells
cultured in medium containing more physiological folate levels
compared with cells in standard tissue culture medium. In
human KB cells in S medium, PRPP levels of 68 pmol/mg
protein were much higher than levels reported in the tissues of
patients with colorectal cancer (3-6 pmol/mg protein) or in the
lymphocytes of those patients (0.3-10 pmol/mg protein) (31)
but similar to levels reported in human lung and colon tumors
in another study (30-60 pmol/mg protein) (32). That measured
PRPP levels are labile and can be influenced by methods of
tissue handling was previously reported (5, 21) and was ob
served in the present study. Delay in sample processing could
explain the differences observed in the PRPP levels in human
tumors in these two studies. In cultured normal human lym-
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'fl---n
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Log [MTX], M

-e
Log [5-FU] ,M

Fig. 6. Effect of chemotherapeutic agents on clonal growth of KB cells in S
(â€¢.â€¢)or P (D. O) medium. In A. dilute suspensions of KB cells were plated,
allowed to attach, and incubated in medium containing the indicated concentra
tions of methotrexate for 72 h. Quantitation of clonal growth was as described in
"Materials and Methods." B, as in A, except that cells were incubated in medium
containing the indicated concentration of S-FU for 72 h without (â€¢,D) or with
(â€¢,O) 10 MMleucovorin for 72 h. Bars, SD. Control values, number of clones
present in the absence of added drugs. All determinations were performed in
quadruplicate.

phoblasts, PRPP levels were 53.1 pmol/106 cells (33) (~ 150
pmol/mg protein assuming ~ 0.3 mg protein/IO6 cells). In
HCT-8 cells, PRPP levels were 500 pmol/106 cells (1700 pmol/

mg protein) prior to MTX treatment, whereupon they rose to
6000 pmol/106 cells after a 72-h exposure to 10 MMMTX (3).

In murine B16 melanoma cells, PRPP levels were 253 pmol/
IO6cells (~ 800 pmol/mg protein) and increased almost 3-fold
after a 2-h exposure to 1 /*M MTX (5). In human IGR3
melanoma cells, base-line PRPP levels were 87 Â±10 pmol/106

cells (5). PRPP levels in mouse mammary tumor CD8F, cells
were 420 pmol/mg protein and rose 2- to 8-fold after drug
treatment (32). Thus, PRPP levels vary widely in cells grown
in vivo and in vitro in standard tissue culture medium. Like
MTX treatment in vitro or in vivo, folate deprivation in vitro in
the present study resulted in 10- to 20-fold increases in PRPP
levels. MTX treatment then produced an additional 2- to 3-
fold increase in PRPP levels.

As previously observed (5,21), PRPP levels were not elevated
if cells were exposed to nucleosides (hypoxanthine and thymi
dine in the present study), indicating active utilization of PRPP
to produce nucleotides via the salvage pathways as shown in
Fig. 3. The addition of leucovorin to the P medium of KB cells
did not result in a return of PRPP levels to base-line after at
least three passes, although the addition of hypoxanthine and
thymidine did.

Small, but not statistically significant, increases in initial
glucose consumption and l-[14C]glucose decarboxylation in KB

cells adapted to P medium suggested that an increased flux of
glucose through the hexose monophosphate shunt (Fig. 3)
contributed to the elevated PRPP levels. Whether changes in
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oxidized and reduced nucleotide ratios, increased PRPP syn-

thetase activity, or other metabolic regulators contribute to this
effect remain to be investigated.

If lower intracellular folate levels reduced the flux of PRPP
through the de novo purine and pyrimidine biosynthetic path
ways, increased uptake and incorporation of exogenous nucle-
osides into nucleic acids via salvage enzyme pathways might be
expected. Although small but not significant increases in thy-
midine and adenosine uptake were observed, incorporation of
[3H]adenosine into a TCA-precipitable fraction was the same

for cells cultured in S and P media. A significant decrease in
thymidine incorporation into DNA in cells cultured in P me
dium at the lower | ll I ]th\ midine concentrations suggested the

possibility of a slower rate of DNA synthesis; however, the rate
of cell growth for 96 h after plating was not different from cells
in S medium. The lack of change in rate of proliferation in KB
cells adapted to P medium implies no change in net rates of
DNA and RNA synthesis. This contrasts with frankly folate-
deficient cells in which the rate of | '111thy midine incorporation

into DNA is increased (increased salvage pathway utilization)
and the addition of deoxyuridine does not suppress this ['111

thymidine incorporation as it does in folate replete cells (de
creased de novo pathway utilization) (27, 34). The effect of
deoxyuridine on | 'I I |thymidine incorporation (i.e., suppression)

in KB cells adapted to P medium was similar to that for KB
cells maintained in S medium, indicating that these cells were
not metabolically folate deficient and that an adequate level of
intracellular folate coenzyme (5,10-methylenetetrahydrofolate)
for thymidylate synthetase conversion of normal substrate was
present.

Unlike the increase in specific uptake of met hot rexate which
was previously observed in KB cells grown in P medium (11),
S-FU specific uptake was not significantly increased in KB cells
grown in P medium compared with S medium, despite the
elevated PRPP levels. A significant increase might have been
expected in cells with elevated PRPP levels as was reported in
HCT-8 cells (3). An increased 5-FU uptake would have been
consistent with increased incorporation into RNA in the pres
ence of elevated PRPP.

As expected, the cytotoxicity of methotrexate was increased
in KB cells cultured in P medium compared with S medium.
KB cells with high intracellular folate levels were partially
protected from the antifolate effect of methotrexate.

If 5-FU exerted its major cytotoxic effect on inhibition of
cellular RNA synthesis after phosphorylation via salvage path
ways with PRPP, the KB cells grown in P medium with mark
edly higher PRPP levels might have been more sensitive to 5-
FU than cells grown in S medium. However, despite 10-fold
higher PRPP levels, KB cells in P medium were 10-fold less
sensitive to 5-FU, suggesting that the lower intracellular folate
levels resulted in less binding of 5-FdUMP to thymidylate
synthetase and thus toxicity was reduced. Reduced incorpora
tion of 5-FU into RNA despite high PRPP levels in KB cells
with low intracellular folate also could have contributed to the
reduced cytotoxicity because of reduced availability of RNA
nucleotide precursors, but the similar growth rates of KB cells
in P and S media suggest maintenance of the normal rates of
RNA synthesis. The addition of leucovorin to KB cells in P
medium did not lower PRPP levels but abolished this 5-FU
resistance, and the l;IXÂ»became essentially the same as for KB

cells in S medium. Leucovorin had no significant effect on the
sensitivity of the KB cells in S medium to 5-FU, compatible
with the presence of already high intracellular folate levels. In
contrast, other studies demonstrated leucovorin enhancement

of 5-FU toxicity in leukemia cells grown in S medium (6). This
difference is probably related to the lower intracellular folate
levels found in leukemia cells grown in S medium as compared
with KB cells. Thus, interpretation of in vitro cytotoxicity data
for 5-FU, MTX, and possibly other antimetabolites needs to be
made in the context of the status of intracellular folates and
other relevant coenzymes or metabolites.

The effectiveness of sequential therapy of MTX-5-FU-leu-
covorin may be more profoundly affected by intracellular folate
content than by the PRPP levels of the target cells. Response
rates of patients with colorectal carcinoma were higher when
the interval between methotrexate and 5-FU was longer than 1
h in 17 studies summarized by Kemeny et al. (31), or the drugs
were given as 36- and 24 h overlapping infusions (35). In 23
patients treated with leucovorin-5-FU, nine were partial re-
sponders, with responses lasting from 6 to more than 16 mo
even in patients with liver involvement (36). Augmentation of
5-FU by leucovorin was demonstrated by the fact that six of
the responders were among 12 patients previously treated with
chemotherapy including 5-FU. Folate levels were not reported
in any patients in any of these studies. Folate levels in nonhu-
man primates and patients treated with methotrexate are low
ered, however (28, 30).

Thus, although both folate depletion and methotrexate treat
ment result in elevated PRPP levels, 5-FU cytotoxicity ap
peared to be attenuated in KB cells with high PRPP levels
unless folate supplementation were provided, implicating thy
midylate synthetase inhibition as the major, but not necessarily
the only, mechanism of cytotoxicity in KB cells. This suggests
that biochemical modulation of 5-FU by pretreatment with
MTX in some tumor cells should include a folate supplement,
e.g., leucovorin, prior to 5-FU administration. The metabolic
changes leading to PRPP elevation may include increased glu
cose catabolism via the hexose monophosphate shunt, but more
extensive studies are needed to further define the key etiology
of this change.
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