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ABSTRACT. The effect of down-regulation of folylpoly-g-glutamate synthetase (FPGS) activity on intracel-
lular reduced folate accumulation and cellular proliferation was examined, using an inducible antisense
expression system in the human T-lymphoblastic leukemia cell line CCRF-CEM. FPGS catalyzes the addition
of g-glutamyl residues to natural folates and classical antifolates, which results in their enhanced cellular
retention and increased cytotoxicity. As such, this enzyme has become a focus as a potential anticancer drug
target. However, direct evidence to support this concept has been elusive. Hence, a study was undertaken using
an antisense-based expression system to down-regulate FPGS activity. This inducible expression system was used
to demonstrate that lower FPGS activity can lead to substantially lower intracellular folate content, which
coincides with suppression of thymidylate synthesis and inhibition of cellular proliferation. BIOCHEM PHARMA-
COL 55;12:2031–2037, 1998. © 1998 Elsevier Science Inc.
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FPGS§ (EC 6.3.2.17) catalyzes the magnesium- and ATP-
dependent addition of g-glutamyl residues to all natural
folates and classical folate antagonists such as methotrexate
[1–3]. Folates exist intracellularly as polyglutamate deriva-
tives with 5–7 residues that enhance both their retention
and substrate activity. Because FPGS is the only known
enzyme that can catalyze polyglutamylation, it has been
proposed that inhibition of FPGS activity could lead to
folate depletion, with a corresponding impact on prolifer-
ation. Antifolates have played a prominent role in cancer
treatment because of their ability to disrupt folate metab-
olism [4, 5], and FPGS inhibition could provide an addi-
tional target for that antagonism. However, direct demon-
stration that FPGS inhibition is antiproliferative has been
elusive. Lowe and coworkers [6, 7] were able to show an
association between FPGS level and folate content in
FPGS-negative CHO cells (AUXB1) transfected with
sheared human DNA to elevate FPGS, but only at higher

medium folate levels, and the impact on proliferation was
minimal. Another potential means to lower intracellular
FPGS activity is exposure to inhibitors thereof, but many
potent inhibitors are poorly taken up, and those that are
adequately internalized could potentially target additional
folate-metabolizing enzymes with the associated difficulty
in interpretation of such results [8–10]. To more directly
address the potential for this enzyme as a chemotherapeutic
target, an inducible FPGS antisense expression system was
developed, characterized, and used to examine the effects of
down-regulation on reduced folate accumulation and cel-
lular proliferation.

MATERIALS AND METHODS
Materials

[3H]dATP (66 Ci/mmol), horseradish peroxidase conju-
gated to donkey antimouse-IgG, and an enhanced chemi-
luminescence system were purchased from Amersham. LV
was obtained from Ben Venue Laboratories. DNA stan-
dards, EcoRI/NotI adapter, fetal bovine serum, Geneticin
(G418), IPTG, MMLV reverse transcriptase, proteinase K,
restriction endonucleases, RNase A, T4 DNA ligase, and
trypsin were purchased from Life Technologies.
[3H]FdUMP (20 Ci/mmol) was obtained from Moravek
Biochemicals. [3H]dUrd (30 Ci/mmol) and [3H]glutamic
acid (50 Ci/mmol) was purchased from DuPont/NEN. Taq
DNA polymerase was from Perkin Elmer Cetus. RNAguard
(RNase inhibitor) and Sephadex G-25 and G-50 were
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purchased from Pharmacia. The LacSwitch inducible mam-
malian expression vector system was purchased from Strat-
agene. TS (4 U/mg of protein) was purified from an
Escherichia coli strain that overproduces Lactobacillus casei
TS [11]. 5,10-Methylenetetrahydrofolate reductase (0.5
U/mg of protein) and 10-formyltetrahydrofolate dehydro-
genase (0.2 U/mg of protein) were purified from pig liver as
described previously [12, 13]. 5,10-Methenyltetrahydrofo-
late synthetase (0.1 U/mg of protein) was purified from
rabbit liver [14]. Dihydrofolate reductase (1.25 U/mg of
protein) was purified from L. casei [15]. FH4 was synthesized
from FA via FH2 by an enzymatic procedure described
previously [16]. FdUMP, guanidine thiocyanate, RPMI-
1640 medium, and other reagents were purchased from Sigma.

Cell Line

A human T-lymphoblastic leukemia cell line, CCRF-CEM,
was purchased from the American Type Culture Collection
and used for all studies [17]. Cells were maintained at 37° in
5% CO2 in RPMI-1640 medium supplemented with 10%
fetal bovine serum. Cells were passaged twice weekly, and
exhibited a doubling time of 24 hr under these conditions.

Construction and Transfection of FPGS Antisense
Expression Vector

Human FPGS cDNA (2.2 kb) was provided by Dr. B.
Shane, University of California [18]. An EcoRI/NotI
adapter was ligated to each end, digested with NotI, and
cloned at the NotI site of the commercial mammalian

expression vector pOPRSVI (Stratagene). This construct
contains a neomycin-resistant gene for selection of trans-
fected cells with G418 and two Lac operators that are
located in the RSV promoter region (bp 2577–2613) and in
the SV40 intron region (bp 2963–2999), that controls the
expression of FPGS antisense (see Fig. 1). The Lac operator
is repressed by LacI repressor protein, which is expressed by
a second vector p39SS (Stratagene). IPTG suppresses Lac
repressor expression, which, in turn, induces expression of
FPGS cDNA.

Antisense orientation of FPGS cDNA with respect to
the Lac operator was established by predicted fragment size
from multiple restriction enzyme digestions. Further confir-
mation was obtained from PCR product size using primers
that predicted 320-bp fragments for antisense RNA versus
a 7-kb fragment for sense RNA. Transfection of CCRF-
CEM cells was accomplished with 20 mg each of the FPGS
antisense expression vector, pOPRSVI-FPGSAS, and
p39SS, by electroporation. Two million cells in 200 mL of
serum-free RPMI-1640 medium were electroporated at 110
V and 3000 microfarads using an Electro Cell Manipulator
600 (Biotechnologies & Experimental Research). Transfected
cells were incubated with 800 mg/mL of G418 for 2 weeks for
selection. Antibiotic-resistant single colonies were selected by
limiting dilution in 96-well tissue culture plates.

FPGS Activity

FPGS activity was determined by the [3H]glutamic acid
incorporation microassay previously reported [19]. Cells

FIG. 1. Schematic representation of the FPGS antisense construct.
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were disrupted in a lysis buffer using an Ultrasonic W-380
Sonicator (Heat Systems Ultrasonics) and centrifuged.
These supernatants were incubated with [3H]glutamic acid
and FH4 at 37° for 30 min, a time point demonstrated to be
in the linear region of product accumulation [19]. L. casei
TS and FdUMP were added and allowed to react at 37° for
30 min to form a ternary complex. Reaction mixtures were
then passed through Sephadex G-50 columns to remove
free radioactive ligand. Bound radioactivity was determined
by scintillation counting, and used to establish FPGS
activity.

Estimation of FPGS mRNA by RT-PCR

Quantitative RT-PCR techniques were used to measure
FPGS mRNA levels in antisense transfected cells as previ-
ously described [20]. Briefly, cells were incubated with 5
mM of IPTG for 72 hr. Total cellular RNA was isolated by
the guanidinium thiocyanate extraction method [21], and
the concentration was determined spectrophotometrically
at 260 nm. Total RNA was reverse transcribed with MMLV
reverse transcriptase using random oligo primers. PCR
amplification of incremental amounts of resultant cDNA
was carried out with specific gene primer pairs for FPGS
and 0.5 mCi of [3H]dATP using Taq DNA polymerase.
PCR cycles were: 1 min at 94°, 1 min at 55°, and 1 min at
72° for 30 cycles. Following PCR, the product was centri-
fuged through Sephadex G-50 columns to separate free
labeled nucleotide from nucleic acid incorporated
[3H]dATP, and radioactivity was determined by scintilla-
tion counting. The linear amplification regions were deter-
mined by plotting the amount of PCR product versus the
amount of starting cDNA. The slopes of the linear ampli-
fication regions under each condition were used to calcu-
late the expression ratio (transfected cells/control cells).
The FPGS primers were 59-GTCTTCAGCTGCATT-
T C A C A T G C C T T G C A A T G G A - 3 9 a n d 5 9 -
CTACTGGGACAGTGCGGGCTCCA GCAGCTT-39,
which encompass bases 1489–1708 of the FPGS cDNA
sequence [18]. They were prepared with a 380B DNA
synthesizer (Applied Biosystems). Automated fluorescence
sequencing confirmed that the sequence of this PCR
product was identical to the published FPGS cDNA.

Estimation of Folate Polyglutamate Chain Length

The polyglutamate chain length of the intracellular
CH2FH4 1 FH4 pool was determined by a modification of
the previously described ternary complex method [22].
Briefly, cells were washed with cold PBS, and lysed by
freeze/thaw in the presence of 100 mU of TS and 250 nM
of [3H]FdUMP to immediately entrap cellular folate poly-
glutamates. This approach prevented hydrolysis by folyl-
polyglutamate hydrolase, which was present in lysates [23].
Electrophoresis on 7% polyacrylamide was used to separate
complexes based on the number of charged glutamate
residues present. After transfer to Immobilon-P membranes,

L. casei TS antibody, developed in rabbits as described
below, and horseradish peroxidase conjugated to donkey
anti-rabbit IgG were introduced. Then the ECL system was
used to visualize bands, and their relative intensity was
quantitated by scanning densitometry. This approach to
detection of ternary complexes was compared with fluorog-
raphy of [3H]FdUMP-labeled complexes [22] and found to
provide greater sensitivity with the same relative detection
of individual polyglutamate species.

Antibody Preparation

Polyclonal antibodies raised against L. casei TS were pro-
duced in female New Zealand white rabbits. Approximately
100 mg of purified TS mixed with Freund’s complete
adjuvant was injected intradermally. Two weeks later an
additional 100 mg of protein mixed in Freund’s incomplete
adjuvant was administered intradermally. Four weeks after
the first immunization, a booster dose of 50 mg of protein in
Freund’s incomplete adjuvant was injected intradermally.
Rabbits were bled 2 weeks after the last injection to collect
antisera.

Estimation of Reduced Folates

The ternary complex assay described previously was used to
quantitate reduced folates [22]. This assay is based upon
enzymatic cycling of reduced folates to CH2FH4 followed by
entrapment into a stable ternary complex with excess L.
casei TS and [3H]FdUMP [24]. Briefly, cells were washed
twice with cold PBS, lysed by sonication, and centrifuged at
10,000 g for 5 min at 4° to remove cellular debris. Resultant
supernatants were immediately boiled for 3 min and recen-
trifuged to remove precipitated protein. Aliquots of super-
natant were incubated at 25° for 30 min in a 50 mM of
Tris–HCl buffer (pH 7.4) with 20 mU of L. casei TS, 125
nM of [3H]FdUMP, 50 mM of sodium ascorbate, and 1 mM
of EDTA in a total volume of 200 mL. Additional enzymes
and cofactors were added as necessary to convert each
reduced folate to the CH2FH4 form [25, 26]. After stopping
reactions by boiling for 10 min in 1% SDS, aliquots were
applied to Sephadex G-25 mini-columns and eluted by
centrifugation to separate tritiated complexes from free
[3H]FdUMP. Radioactivity was determined by scintillation
counting and used to estimate reduced folate content.

[3H]dUrd Incorporation Assay

Incorporation of tritium from [3H]dUrd into DNA requires
the synthesis of thymidylate and, hence, can be used to
determine the effect of FPGS down-regulation on intracel-
lular TS activity [27]. Briefly, after treatment cells were
incubated with 2 mCi [3H]dUrd for 30 min, washed twice
with cold PBS, and lysed, and DNA was isolated as
previously reported [20]. DNA-incorporated radioactivity
was measured by scintillation counting.
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RESULTS

A two-part inducible expression system for FPGS antisense
was constructed with the vector shown in Fig. 1 and a
second vector that causes IPTG sensitivity. This dual
vector system was transfected into CCRF-CEM cells by
electroporation. Two antisense transfected clones, AS1 and
AS2, were selected with antibiotic and used for further
study. FPGS activity was determined by the [3H]glutamic
acid incorporation microassay in lysates from these clones
[19], and results are shown in Fig. 2. It can be seen that
activity is suppressed 40–50% compared with control cells.
There was essentially no suppression of FPGS activity in
untransfected control cells treated with IPTG and only a
modest loss of activity in uninduced FPGS antisense trans-
fected cells. In addition, there was no suppression of FPGS
activity in cells transfected with the vector system without
the FPGS antisense insert (results not shown). To support
the concept that this FPGS activity down-regulation is
antisense based, the level of FPGS mRNA was evaluated by
RT-PCR in IPTG-induced clones. The results shown in
Fig. 3 indicate a loss of 50–60% of FPGS mRNA.

To evaluate the impact of antisense down-regulation of
FPGS activity on intracellular polyglutamylation, folate-
depleted cells were exposed to high levels of LV for 4 hr,
and accumulation of folate polyglutamates was evaluated by
the ternary complex approach [22]. Table 1 shows that
IPTG induction of antisense expression in both of the
transfected cell lines resulted in suppressed formation of
longer chain length polyglutamates compared with con-
trols. The distribution of polyglutamate species associated

with the CH2FH4 1 FH4 pool is shown as a percentage of
the total, but absolute concentrations of each can be
calculated from the total cellular concentration of this pool
shown in Table 2. Hence, antisense transfection of this cell
line resulted in both lower cell-free extract FPGS activity
and impaired intracellular polyglutamylation of reduced
folates.

To examine the impact of down-regulation of FPGS
activity on intracellular reduced folate content, total folate
levels in IPTG-induced cells were examined using the
ternary complex assay [22, 25, 26]. It can be seen in Fig. 4
that the total reduced folate content, determined from
separate estimation of the CH2FH4 1 FH4, 5-CH3FH4,
10-CHOFH4, 5-CHOFH4, and FH2 1 FA pools, was
suppressed 30–35%. In addition to steady-state folate con-
tent, the effect of down-regulation of FPGS activity on the

FIG. 2. Evaluation of FPGS activity from antisense transfected
cells. Ten million CEM (C) and two FPGS antisense transfected
cell lines (AS1 and AS2) were treated with 5 mM of IPTG (I)
for 72 hr. FPGS activity was determined by [3H]glutamic acid
incorporation microassay [16] and presented as a percentage
where 100% represents 240 pmol/hr/mg of protein. Values
represent the means 6 SEM from 3 separate experiments.

FIG. 3. FPGS mRNA levels in transfected CEM cells induced to
express FPGS antisense RNA. Ten million CEM (C) and two
FPGS antisense transfected cell lines (AS1 and AS2) were
treated with 5 mM of IPTG (I) for 72 hr. Total cellular RNA
was isolated and reverse transcribed. PCR amplification was
performed using primer pairs specific for FPGS RNA. Incorpo-
ration of [3H]dATP was estimated by passage of PCR products
over Sephadex G-50 columns followed by scintillation counting.
Values are the means 6 SEM from 3 separate experiments.

TABLE 1. Folate polyglutamate formation in FPGS down-
regulated CEM cells after incubation with LV

Cell line

Polyglutamate distribution (% of total)

glu1 glu2 glu3 glu4 glu5 glu6 glu7

CEM 1 I 10 12 15 15 20 19 9
AS1 1 I 20 22 25 20 7 4 2
AS2 1 I 40 22 20 10 4 3 1

CEM and two FPGS antisense transfected cell lines (AS) were grown in 10 nM LV
for 72 hr in the presence of 5 mM of IPTG (I) before introduction of 10 mM of LV
for 4 hr. After incubation for 4 hr, polyglutamate chain length distribution was
estimated densitometrically from immunoblots of electrophoretically separated ter-
nary complexes.
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uptake and retention of folates was also examined. CCRF-
CEM cells were first depleted of folate for 72 hr followed by
exposure to high LV (10 mM). Intracellular reduced folate
accumulation was monitored over an 8-hr period. It can be
seen in Fig. 5 that total folate content had plateaued by 4
hr in both control and the two antisense-induced cell lines.
However, FPGS down-regulated cells acquired only ap-
proximately 50% as much total folate as control cells. The
effect of down-regulation of FPGS activity on the distribu-
tion among intracellular folate pools was also evaluated,
and results are shown in Table 2. It can be seen that each
individual reduced folate pool was influenced to essentially
the same extent as the total pool. Therefore, while there
was a substantial impact of down-regulation of FPGS
activity on total steady-state folate content, there was little
impact on folate pool distribution.

Because TS requires CH2FH4 as a substrate, and it has

been shown that polyglutamylation of CH2FH4 enhances
TS activity [28, 29], the impact of down-regulation of
FPGS activity on intracellular thymidylate synthesis was
determined using the incorporation of [3H]dUrd into DNA
[27]. It can be seen in Fig. 6 that there was about 30–40%
suppression of [3H]dUrd incorporation in FPGS down-
regulated cells compared with control or uninduced trans-
fected cells. Because impaired polyglutamylation could
inhibit growth, the impact of down-regulation of FPGS
activity on proliferation was examined. FPGS antisense
transfected and control cells were maintained in the pres-
ence of IPTG, and cell growth was monitored for 6 days. It
can be seen in Fig. 7 that the antisense-induced clones grew
more slowly and the confluence level achieved was well
below that of uninduced clones or controls.

TABLE 2 Effects of down-regulation of FPGS activity on folate pools in CEM cells

Cell line

Reduced folates (pmol/mg protein)

CH2FH4 1 FH4 5-CH3FH4 10-CHOFH4 5-CHOFH4 FH2 1 FA Total

CEM 61.9 6 9.0 (7) 18.1 6 9.9 (2) 667.9 6 72.5 (73) 146.6 6 48.5 (16) 17.1 6 15.0 (2) 911.6 6 32.1
AS1 1 I 44.1 6 6.3 (11) 3.3 6 2.0 (1) 279.7 6 52.9 (71) 63.1 6 12.0 (16) 2.3 6 1.9 (1) 392.5 6 62.3
AS2 1 I 39.0 6 5.9 (7) 12.3 6 3.9 (2) 417.7 6 64.6 (70) 114.1 6 18.0 (19) 10.3 6 2.9 (2) 593.4 6 31.9

CEM and FPGS antisense transfected (AS) cells (1 3 107) were grown in 10 nM of LV medium for 72 hr in the presence of 5 mM of IPTG (I) before introduction of 10 mM
of LV. After a 4-hr incubation, each reduced folate pool was determined by the ternary assay. Values represent the means 6 SEM of duplicate analyses from 3 separate experiments.
Numbers in parentheses indicate percent of total for each folate.

FIG. 4. Effect of FPGS antisense expression on total folate
content of CEM cells. Ten million CEM (C) and two FPGS
antisense transfected cell lines (AS1 and AS2) were treated with
5 mM of IPTG (I) in standard RPMI-1640 medium for 72 hr.
Individual folate pools were measured by the ternary complex
assay, and summed to obtain total folate. Values represent the
means 6 SEM of duplicate analyses from 3 separate experi-
ments.

FIG. 5. Time dependence of total folate accumulation by FPGS
down-regulated CEM cells after introduction of 10 mM of LV.
Ten million control (M) and FPGS antisense transfected AS1
(‚) and AS2 (j) cells were treated with 5 mM of IPTG in a
medium containing 10 nM of LV for 72 hr. After the introduc-
tion of 10 mM of LV, reduced folates were monitored by the
ternary complex assay and summed to obtain total folate. Values
represent the means 6 SEM of duplicate analyses from 3
separate experiments.
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DISCUSSION

Because FPGS regulates polyglutamylation and thus reten-
tion of intracellular folates, it has been proposed as an
anticancer drug target [1–3]. However, this concept has
been difficult to directly demonstrate in a quantitative
manner with FPGS inhibitors because their intracellular
specificity for FPGS versus other folate-metabolizing en-
zymes cannot be assured [8–10]. And, a FPGS negative
CHO cell system transfected with sheared human DNA to
elevate FPGS expression did not cause profoundly dimin-
ished proliferation [7]. In this report, we address the
concept through use of an antisense expression system to
directly suppress intracellular FPGS activity.

The antisense expression system developed for these
studies has allowed several questions related to proliferation
to be addressed. First, the extent to which intracellular
reduced folate content depends upon FPGS activity has not
been clear. Longer chain length polyglutamates have been
shown to be preferentially retained [1–3], but whether
modest changes in FPGS activity can influence folate pool
levels has been somewhat uncertain. In a sheared human
DNA transfection system with AUXB1 cells, Shane and
coworkers were only able to demonstrate an effect of FPGS
level on intracellular folate content at high medium folate
levels [7]. In this study, we have demonstrated that the
folate content of CCRF-CEM transfectants was responsive
to the level of FPGS activity at both low and high medium
folate levels. In medium that contained 2.3 mM of FA
(standard RPMI-1640), and in folate-depleted medium,

steady-state folate content in antisense-induced cells was
only approximately half that in control cells. In both
instances, folate content was almost directly proportional to
FPGS activity. These results strongly support the concept
that FPGS-mediated polyglutamylation is a powerful deter-
minant of homeostasis between intra- and extracellular
folate pools. An additional outcome of this study is dem-
onstration that there is little influence of FPGS on intra-
cellular folate pool distribution, at least over the limited
suppression of folate content examined in this system. That
is, as total folate content falls in response to lower FPGS
levels, each pool declines to nearly an equivalent extent so
that the relationship between individual pools is not altered.

It has been shown that TS displays a distinct preference
for longer chain length polyglutamates of CH2FH4 [28, 29].
Consistent with this, the results in this study show that
intracellular TS activity in FPGS antisense transfected cells
was about 70% that in control cells. However, because
CH2FH4 levels were also lower, it is not possible to assign
an unequivocal role to polyglutamate status versus cofactor
level.

In summary, FPGS was examined as a potential antican-
cer drug target. Inducible antisense transfection permitted
down-regulation, which allowed demonstration that lower-
ing FPGS activity by about 50% causes significantly slower
intracellular polyglutamylation of newly introduced folate,
lower steady-state folate content, diminished thymidylate
synthesis, and cellular proliferation. Thus, based on these
studies, FPGS appears to be a suitable target for the
development of anticancer agents.

FIG. 6. Effects of FPGS down-regulation on intracellular TS
activity. Ten million CEM (C) and two FPGS antisense trans-
fected cell lines (AS1 and AS2) were treated with 5 mM of
IPTG (I) for 72 hr. Cells were then exposed to [3H]dUrd to
determine intracellular TS activity through incorporation of
radioactivity into DNA. Results are presented in terms of
percentages where 100% represents 29,040 cpm/mg of DNA.
Values represent the means 6 SEM from 3 separate experi-
ments.

FIG. 7. Effects of FPGS antisense expression on the growth of
CEM cells. Ten million IPTG treated (■) and untreated (h)
sets of control cells and two IPTG-treated (Œ, F) and -untreated
(‚, E) sets of transfected cells were grown for 6 days in standard
RPMI-1640 medium with repleting every 72 hr. Values repre-
sent the means 6 SEM from 3 separate experiments.
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