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Abstract—Folate-binding protein (FBP) is responsible for the cellular transport of folate and metho-
trexate (MTX) in human KB (nasopharyngeal epidermoid carcinoma) cells. The levels of membrane-
associated FBP and FBP mRNA are decreased 70-80% in an MTX-resistant KB subline (KB1BT)
(Hsueh C-T and Dolnick BJ, Oncol Res 4: 497-505, 1992). Southern blot analysis did not reveal any
differences in FBP gene organization or copy number between KB1BT and KB cells. However, there
was a 70% decrease in the FBP gene transcription rate and no change in FBP mRNA stability in KB1BT
cells. Assessing genomic DNA methylation by Mspl and Hpall restriction analysis suggested that the
FBP gene in KB1BT cells was more methylated than in KB cells. These alterations in the expression,
transcription rate and DNA methylation state of the FBP gene did not change when KB1BT cells were
grown in the absence of MTX for 8 months (MTX-free KB1BT). When MTX-free KB1BT cells were
exposed to 2.5 uM 5-aza-2'-deoxycytidine for 72 hr, the FBP gene became hypomethylated and the
levels of membrane-associated FBP and FBP mRNA increased by 2- to 3-fold. These data indicate that

decreased FBP gene expression in KB1BT cells results from increased DNA methylation.
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FBP{, a folate receptor expressed in certain normal
and malignant cell lines and tissues [1, 2], is a high-
affinity folate binder responsible for the cellular
transport of folate and structurally related antifolates
such as MTX in human KB (nasopharyngeal
epidermoid carcinoma) cells [3-5]. Thus far, two
forms of FBP, membrane-associated (M-FBP) and
soluble, have been identified [6]. The M-FBP,
anchored to the cell membrane via a glycosyl-
phosphatidylinositol linkage [7], is involved in the
receptor-mediated transport of folate, and recent
evidence indicates that caveolae also participate in
this transport process [8]. The function of soluble
FBP remains unknown, but it is likely that soluble
FBP is derived from protease or lipase digestion of
M-FBP and may be involved in the storage, transport
and uptake of folate [9, 10].
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c¢DNAs for FBP mRNA have been cloned from
KB cells {11, 12], human colon carcinoma cells [7],
human ovarian carcinoma cells [13], human placenta
[14, 15], and murine leukemia cells [16]. Expression
of human FBP mRNA has been detected in choroid
plexus, lung, thyroid, and kidney [1]. All the cDNAs
derived from human cancer cells have the same
protein coding sequences, but their 5'-untranslated
regions vary and this may have functional significance
[13]. There are at least three FBPs expressed in
human placenta; one of these appears to be identical
to KB FBP (putative adult form), while the other
two (putative fetal forms) share approximately 70—
80% identity with KB FBP [14,15]. An FBP
multi-gene family has been localized recently to
chromosome 11q13, including an adult gene, a fetal
gene, and one or more pseudogenes [17, 18].

MTX, a folate analog, has been used extensively
in clinical cancer chemotherapy, including the
treatment of head and neck cancer [19]. Defective
MTX transport is a documented mechanism of MTX-
resistance, both in vitro [20-22] and ir vivo [23, 24].
Decreased FBP gene expression can mediate
transport-defective MTX resistance in KB cells [25-
27]. We showed previously that M-FBP and FBP
mRNA levels are decreased by 70-80% in an MTX-
resistant KB subline (KB1BT) when compared with
the parental cells, and the decreased FBP gene
expression leads to defective cellular MTX uptake
[27]. The possible molecular mechanisms for the
altered FBP gene expression in KBIBT cells were
investigated in the present study. We observed an
approximately 70% decrease in the transcription
rate of FBP gene accompanied by FBP gene
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hypermethylation in KB1BT and KBIBT grown in
the absence of MTX for 8 months (MTX-free
KBI1BT), as compared with KB cells. Moreover, cell
exposure to a DNA methylation inhibitor induced
FBP gene expression in MTX-free KBIBT cells.
The implication of these findings is discussed.

MATERIALS AND METHODS

Materials. [a-3*P]JdCTP (3000 Ci/mmol) and [a-
2PJUTP (3000 Ci/mmol) were obtained from
DuPont/New England Nuclear (Boston, MA).
[3',5',7.9-*H]Folic acid (29 Ci/mmol) was purchased
from Moravek Biochemicals, Inc. (Brea, CA).
Hybond N nylon membranes were obtained from
Amersham (Arlington Heights, IL), and ultrapure
cesium chloride, RPMI 1640 medium, horse serum
and fetal bovine serum from GIBCO BRL
(Gaithersburg, MD). MTX was obtained from the
Drug Synthesis and Chemistry Branch of the National
Cancer Institute (Rockville, MD). Guanidine
thiocyanate, actinomycin D and 5-aza-2'-deoxy-
cytidine (5-aza-dC) were purchased from the Sigma
Chemical Co. (St. Louis, MO), and restriction
endonucleases from United States Biochemical
(Cleveland, OH). All other reagents were of the
highest quality available.

Cell lines and cultures. KB cells (ATCC CCL 17)
and the clonally derived MTX-resistant KB1BT
cell line were cultured in RPMI 1640 medium
supplemented with 5% horse serum. KBI1BT cells
were maintained in the presence of 50 uM MTX
unless otherwise specified. KBIBT exhibits DHFR
gene amplification, and overexpresses DHFR and
DHFR mRNA approximately 250-fold [28,29].
Experiments involving 5-aza-dC treatment were
performed 24 hr after cell passage, and cells
(approximately 20-30% confluent) were exposed to
the indicated concentration of 5-aza-dC. All other
experiments were performed when cells were grown
to confluence. Cell lines were examined every
3 months for Mycoplasma contamination and
consistently tested negative.

Plasmids and probes. pG4ZF511, a gift from Dr.
Stephen W. Lacey (University of Texas Southwestern
Medical Center, Dallas, TX), contains a 991-bp
EcoRI DNA fragment prepared from human Caco-
2 (colon carcinoma) FBP mRNA [7]. The 344-bp
human B-actin cDNA, spanning positions 317 to 860
of the mRNA sequence [30], was generated from
KB RNA by using a $-actin mRNA sequence-specific
complementary primer in a reverse transcription
reaction and amplification of the resulting cDNA by
the polymerase chain reaction {31]. For northern
and Southern blot analyses, the EcoRlI-restricted
cDNA fragments from pG4ZF511 and pTZ18U-
hFPGS, and pB-actin polymerase chain reaction
product were used in preparing *P-labeled probes
by random priming [32]. p11/14 containing a chicken
B-actin cDNA was a gift from Dr. Joseph T. Y. Lau
(Roswell Park Cancer Institute, Buffalo, NY)
[33]. pG4ZF511, p11/14 and pGEM-1 (Promega,
Madison, WI) were used as DNA filter hybridization
probes for nuclear run-off transcription assays.

Preparation and analysis of nucleic acids. RNA
was isolated from cultured cells using guanidine
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thiocyanate according to the method of Chirgwin er
al. [34]. Northern blot analysis and genomic DNA
isolation were carried out as previously described
[35]. Restriction enzyme digestion of DNA and
Southern blot analysis were performed as described
by Sambrook et al. [36]. To assess the equivalence
of sample loading and gel transfer, RNA samples
were treated with ethidium bromide prior to loading
[37], and DNA samples were fractionated in agarose
gels containing ethidium bromide. Samples were
then visualized by UV illumination of the gels after
electrophoresis and the nylon filters after capillary
transfer. DNA and RNA blots were prehybridized
at 42° for 12 hr, and then hybridized to the indicated
#P-labeled DNA probe of specific activity greater
than 10° cpm/ug at 42° for 12-16 hr. Unbound probe
was removed by washing blots with two changes of
a solution containing 2x SSC and 0.2% SDS for 30
min each at room temperature, and two changes for
30 min each of 0.2x SSC and 0.2% SDS at 60°.
Blots were exposed to Kodak X-OMAT AR film
with intensifying screens, and specific bands were
quantitated with a Phosphorimager (Molecular
Dynamics, Sunnyvale, CA).

Nuclear run-off transcription assay. Nuclei were
isolated and further purified over a sucrose cushion
by published methods [38,39]. Nuclear run-off
transcription assays with 5 x 107 nuclei and isolation
of nuclear RNAs were performed based upon the
method described by Celano ef al. [40], except that
330 uCi [a-*PJUTP and 0.6 mM ATP, GTP and
CTP were used in the transcription reactions. The
amount of [@-*PJUTP incorporated into nuclear
RNA was determined by the trichloroacetic acid
precipitation method [36], and equal amounts of **P-
labeled nuclear RNA from KB and KB1BT nuclei
were used in filter hybridizations. Immobilization of
the DNA probes onto nylon filters was performed
according to the method of Kafatos er al. [41]. Five
micrograms of denatured plasmid DNAs and 0.5 ug
of genomic KB and KB1BT DNAs were dot-blotted
to nylon filters using a 96-well filtration manifold
with 3-mm wells. The filters were UV irradiated and
prehybridized at 50° for 12-16 hr. ¥P-labeled RNAs
from nuclear run-off reactions (usually more than
1 x 107 dpm) were incubated in 2 mL hybridization
buffer at 80° for 10 min, then combined with filters
containing the f-actin cDNA, FBP ¢cDNA, pGEM-
1 vector DNA and genomic DNA, and incubated at
50° for 72hr. Filter-washing conditions, and
buffer for prehybridization and hybridization were
essentially the same as described by Flaspohler and
Milcarek {42], except that 2 ug/mL. RNase A was
used in the washing solution. Autoradiography and
Phosphorimager quantitation were performed as
described above.

mRNA stability study. KB and KB1BT cells were
exposed to 5ug/mL actinomycin D as previously
described [28]. Total cellular RNAs from drug-
treated cells were isolated at various times, and
analyzed by northern blotting with the P-labeled
FBP cDNA probe.

Membrane preparation and M-FBP quantitation.
Membrane preparation and M-FBP quantitation
were performed as previously described with some
modifications [3]. Briefly, 24 x 10° cells from each
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cell line were suspended in ice-cold homogenizing
buffer (10mM Tris-HCI, pH 7.5, and 2 mM
dithiothreitol) at a concentration of 2 X 10° cells/
mL. Cells were lysed by freeze-thawing and
sonication[3]. The cellhomogenates were centrifuged
at 27,000 g for 30 min at 4°, then the pellets were
resuspended in ice-cold homogenizing buffer, and
protein estimation was performed by the method of
Bradford [43]. M-FBP determination was performed
by the [*H]folic acid binding assay. The endogenously
bound folates in 10 ug of membrane preparations
were removed by treatment with 40 mM acetic acid
at 4° for 10 min. After neutralization with sodium
hydroxide, total M-FBP was determined by meas-
uring binding in the presence of a large excess
(100nM) of [*Hlfolic acid at 37° for 10min.
Subsequently the binding reactions were placed at
4°, and filtered through 0.45 um Metricel membrane
filters (Gelman Sciences, Inc., Ann Arbor, MI). The
filters were washed with 20mL of ice-cold
homogenizing buffer, air-dried, and then counted in
SmL of Ready Safe scintillation fluid (Beckman
Instruments, Inc., Fullerton, CA). Counting
efficiency was determined to be approximately 37%.

Statistical analysis. All experiments were per-
formed at least twice with similar results, and the
results of one representative experiment are
reported. The curve-fitting analysis in the mRNA
stability studies was performed by linear regression.

RESULTS

Southern blot analysis of the FBP gene. To
determine whether an altered gene copy number or
organization of the FBP gene could account for
decreased FBP mRNA levels in KBIBT cells,
genomic DNAs from KB and KB1BT cells were
digested to completion by various restriction
enzymes, and then subjected to Southern blot
analysis with *P-labeled FBP ¢cDNA as a probe.
The Apal, BamHI, and PstI-restriction patterns of
the FBP gene were essentially the same between KB
and KB1BT cells (Fig. 1), and additional restriction
analysis by EcoRI and HindIII also yielded the same
patterns in the two cell lines (data not shown).
Moreover, there was no difference in the FBP gene
copy number as determined by Phosphorimager
analysis. Since there is a high degree of similarity
between adult FBP ¢cDNA, fetal FBP ¢cDNAs and
pseudogene(s) [14, 15,17, 18], it is likely that the
adult FBP ¢cDNA probe used in this study hybridized
to DNA fragments from more than one member of
the FBP gene family. Nevertheless, identical
restriction patterns indicate that both cell types are
essentially identical with respect to gene organization
and dosage.

Transcription rate of the FBP gene. 'The
transcription rates of the FBP gene between KB and
KBI1BT cells were compared by a nuclei run-off
assay. Nuclei from KB and KBIBT cells were
isolated, and the amounts of RNA transcription
were measured for S-actin, FBP and genomic DNAs
by filter hybridization (Fig. 2A). No significant
difference was observed in the transcription rate of
the B-actin gene between KB and KB1BT nuclei;
however, there was an approximately 70% decrease
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Fig. 1. Southern blot analysis of the FBP gene in KB and
KB1BT cells. KB and KB1BT genomic DNAs (15 ug) were
digested with various restriction endonucleases (as
indicated), fractionated by electrophoresis through 0.6%
agarose gels, blotted to nylon filters, then hybridized with
a ¥P-labeled FBP cDNA probe. M.M. represents the
HindlII-digested A phage DNA molecular weight markers,
and the sizes of the markers are indicated to the left in
kbp.

Apal

in the transcription rate of the FBP gene in KB1BT
cells, compared with KB cells (Fig. 2B).

FBP mRNA stability. In a previous report, we
observed that increased FBP mRNA stability is
partly responsible for increased FBP gene expression
in KB cells grown under folate-deficient conditions
[44]. Thus, FBP mRNA stability was explored to
determine whether altered mRNA stability could
account for the decreased FBP mRNA levels in
KBI1BT cells. KB and KB1BT cells were exposed to
5 ug/mL of the transcription inhibitor actinomycin
D [45]. At various times RNAs were isolated and
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Fig. 2. Transcription rate of the FBP gene in KB and
KBIBT cells. (A) Nuclear run-off transcription analysis.
Nuclei (5 x 107) from KB and KB1BT cells were used in
nuclear run-off transcription assays as described under
Materials and Methods. Equal amounts of *P-labeled
nuclear RNA were hybridized to filters blotted with 5 ug
of denatured plasmid DNAs containing chicken f-actin
c¢DNA, human FBP cDNA and pGEM-1 vector, and 0.5 ug
KB or KB1BT genomic DNA. (B) Relative transcription
rate of the FBP gene. The radioactivity of each dot of the
filters was quantitated by a Phosphorimager. Background
hybridization to pGEM-1 was subtracted from values for
B-actin ¢DNA, FBP ¢cDNA and genomic DNAs. The
transcription rate of the FBP gene was normalized to that
of the B-actin gene, and presented as the percent change
from the relative transcription rate of KB cells. The data
shown are the means + SEM of three experiments. Similar
results were observed when the transcription rate of the
FBP gene was normalized to that of respective genomic
DNA.

subjected to northern blot analysis with ¥*P-labeled
FBP cDNA as a probe (Fig. 3A). There was no
difference between KB and KBIBT cells in FBP
mRNA stability within the time frame studied (Fig.
3B) The FBP mRNA half-life in KB cells grown in
RPMI 1640 medium supplemented with 5% horse
serum was observed to be approximately 12 hr in
the present study, while the FBP mRNA half-life in

C.-T. HSUEH and B. J. DOINICK

A

KB KB1BT
03 6 9

Hour 0 3 6 9

FBP

1009— T T T
80

60

T

40

% Initial FBP mRNA

20

T

0 1 1
0 3 6 9 12
Time (h)

Fig. 3. FBP mRNA stability in KB and KB1BT cells. (A)
Northern blot analysis. KB and KB1BT cells were exposed
to actinomycin D (5 ug/mL) for the indicated times. Total
cellular RNAs (10 ug) at each time point were subjected
to northern blot analysis with #P-labeled FBP ¢cDNA as a
probe, as described under Materials and Methods. The
photograph of the nylon filter exhibiting ethidium bromide
fluorescence is displayed in the lower panel, demonstrating
equal loading and even transfer of the gel. (B) Half-life
determination of FBP mRNA. Specific FBP mRNA bands
for KB (C) and KBIBT cells (@) in the RNA blots were
quantitated by a Phosphorimager. The lines represent the
results of best fit analysis determined by linear regression.

KB cells cultured in minimum essential medium
supplemented with 10% fetal bovine serum was
found to be 5.7 hr in a previous report [44]. The
difference in the FBP mRNA stability under those
two cell culture conditions was also reflected in the
FBP mRNA levels.* Since serum and medium
conditions were not variables in the current study,
this phenomenon was not investigated further.
Methylation pattern of the FBP gene. Methylation
of cytosine at specific CpG dinucleotides has been
implicated in transcriptional control of gene
expression [46-49). To compare the methylation

* Hsueh C-T and Dolnick BJ, unpublished observation.
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patterns of the FBP gene between KB and KB1BT
cells, Mspl-and Hpall-restricted genomic DNAs
were subjected to Southern blot analysis and probed
with *P-labeled FBP ¢cDNA. Mspl and Hpall are
isoschizomer restriction-enzymes that recognize the
sequence CCGG. Mspl does not cleave DNA when
the external cytosine is methylated and its activity
is unaffected by internal cytosine methylation,
whereas Hpall does not digest DNA if the internal
cytosine is methylated [50]. Identical restriction
patterns generated from Mspl and Hpall digestions
are indicative of unmethylated DNA, whereas DNA
methylation is revealed by the presence of higher
molecular weight DNA fragments after Hpall
digestion. While the Mspl-restriction patterns of the
FBP gene from KB and KB1BT cells were identical
(Fig. 4A), the Hpall-restriction patterns were not
(Fig. 4B). The Hpall-restricted FBP gene in KB1BT
cells exhibited a novel fragment of approximately
12 kbp, and diminished intensity in several fragments
of approximately 10.4 to 9.4, 7.2, 5.6 and 4.5 kbp,
when compared with KB cells. These results indicate
CpG methylation is increased at some Hpall/Mspl
sites of one (or more) FBP gene in KB1BT cells.

Effects of MTX and 5-aza-dC on the expression
and DNA methylation state of the FBP gene in
KBI1BT cells. KB1BT cells are not stably amplified
for DHFR [28]. When KB1BT cells were grown in
the absence of MTX for 8 months (approximately
65-70 generations), the DHFR mRNA levels
decreased by 95-99% (data not shown), but there
were no significant changes in the levels of M-FBP
or FBP mRNA (Fig. 5A, lane 3), the FBP gene
transcription rate (data not shown), or the FBP gene
methylation state (Fig. 5B, lane 3). These data
indicate that the methylation state of the FBP gene
in KB1BT cells is stably inherited, even when the
selection pressure of MTX exposure is removed.

It is very likely that DNA hypermethylation
suppresses FBP gene expression in KBIBT cells
through decreased transcriptional activity, even in
the absence of MTX. To test further this hypothesis,
KB1BT cells grown in the absence of MTX for 8
months (MTX-free KB1BT cells) were exposed for
72 hr to 2.5uM 5-aza-dC, a DNA methylation
inhibitor [46]. The 72-hr exposure time corresponds
to approximately three cell generations for KB1IBT
cells grown in the absence of MTX for 8§ months,
and the concentration of 5-aza-dC used is within
the effective concentration range which induces
significant DNA hypomethylation without severe
cytotoxicity [51, 52]. The levels of FBP mRNA and
M-FBP, and FBP gene methylation in the treated
cells were compared with those of untreated cells.
After exposure to 5-aza-dC, MTX-free KB1BT cells
exhibited decreased FBP gene methylation (Fig. 5B,
lane 4) and a 2- to 3-fold increase in the levels of
FBP mRNA (Fig. SA, lane 4) and M-FBP
(determined by M-FBP quantitation, data not
shown). There was no induction in FBP gene
expression when KB cells were exposed to 2.5 uM
S-aza-dC for 72 hr (data not shown).

DISCUSSION

We reported previously that the levels of M-FBP
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and FBP mRNA in KB1BT cells are decreased by
70-80% when compared with parental KB cells, and
that the decreased FBP gene expression leads to
defective cellular uptake of MTX [27]. Since the
levels of M-FBP and FBP mRNA are decreased to
approximately the same degree in KB1BT cells, the
altered FBP gene expression is probably not
translationally regulated. In the current study,
genomic organization and gene copy number of the
FBP gene were compared between KB and KB1BT
cells, and no differences were found. Saikawa et al.
[26] have reported similar findings in MTX-resistant
KB cells grown under folate-deficient conditions
(less than 10 nM folate vs 2.3 uM folate in standard
medium) with decreased FBP gene expression.
These findings suggest that chromosomal deletions,
additions or translocations of the FBP gene are not
involved in the down-regulation of FBP gene
expression in KB cells grown either under folate-
replete or folate-deficient conditions.

An approximately 70% decrease in the tran-
scription rate of the FBP gene was observed in
KB1BT cells compared with KB cells. Since the
degrees of decrease in FBP gene transcription rate
and expression levels are approximately the same in
KB1BT cells, FBP gene expression is likely
transcriptionally down-regulated in KB1BT cells.
An increase in the FBP gene methylation state was
found in KB1BT cells compared with KB cells.
The alterations in the DNA methylation state,
transcription and expression of the FBP gene were
stably inherited from passage to passage, even when
KBI1BT cells were grown in the absence of MTX for
up to 8 months. Further exposure of those MTX-
free KB1BT cells to a DNA methylation inhibitor
resulted in FBP gene hypomethylation and a 2- to
3-fold induction of FBP gene expression. These data
suggest that DNA hypermethylation suppresses FBP
gene expression in KB1BT cells through decreased
transcriptional activity. Many lines of evidence
indicate that DNA methylation is somatically
inherited and is mediated by a specific DNA
methyltransferase {53,54]. An inverse correlation
between the extent of DNA methylation and the
level of gene expression has been demonstrated for
many genes [55-57]. Several methyl-CpG binding
proteins have been identified recently [48, 58]. It is
speculated that these proteins could complex with
methylated CpG dinucleotides in the promoter
regions of certain genes, and suppress gene
expression by interfering with the access of
transcription factors.

We also observed hypermethylation of the
folylpolyglutamate synthetase gene in KBI1BT
compared with KB, but there was no difference in
the folylpolyglutamate synthetase mRNA levels
between those two cell lines as determined by
Northern blot analysis [59]. This suggests that
increased DNA methylation in KB1BT cells is not
restricted to the FBP gene, but that only the
expression of some genes such as FBP correlate
inversely with DNA methylation. The sensitivity of
gene expression to DNA methylation may depend
upon whether altered methylation sites are critical
for transcription. Since the complete genomic
sequence of the FBP multi-gene family is not
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Fig. 4. DNA methylation state of the FBP gene in KB and KB1BT cells. KB and KB1BT genomic
DNAs (15 ug) were restricted by Mspl and Hpall, fractionated by electrophoresis through 0.6% agarose
gels, blotted to nylon filters, and then probed with *P-labeled FBP ¢cDNA. The sizes of HindIII-
digested A phage DNA molecular weight markers (not shown) are indicated to the left in kbp. (A)
Mspl-restriction patterns of the FBP gene in KB and KB1BT cells. (B) Hpall-restriction patterns of
the FBP gene in KB and KB1BT cells. The arrow to the right indicates the position of one Hpall-
restriction fragment of the FBP gene that was present in KB1BT cells, but not evident in KB cells.
Asterisks indicate those Hpall-restriction fragments of the FBP gene that were less apparent in KB1BT,
compared with KB cells.

currently available, we were unable to identify which
Hpall/Mspl sites of the KB1BT FBP gene harbor
the methylation changes. CpG islands in the
gene promoters are regions of interest for the
transcriptional regulation of CpG methylation,
though other sites of methylation changes can also
affect gene expression [60-62]. It is possible there
are other gene products modulating FBP gene
expression, and that their expression is controlled
by DNA methylation.

In a previous report, we observed a decrease in

FBP gene methylation but no change in the FBP
gene transcription rate in KB cells grown in
folate-deficient versus folate-replete medium [44].
Hypomethylation of the FBP gene induced by
exposure to DNA methylation inhibitors also fails
to increase FBP gene expression in KB cells grown
in folate-replete medium. Moreover in KB cells,
increased FBP mRNA stability is partly responsible
for the induction of FBP gene expression under
folate-deficient growth conditions. Based upon those
results and the current findings, we speculate that a
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Fig. 5. Effects of MTX and 5-aza-dC on the FBP mRNA levels and FBP gene methylation in KB1BT
cells. (A) Northern blot analysis. Northern blot analysis was performed as described, and the nylon
filters were sequentially hybridized to *P-labeled FBP and f-actin cDNAs. The photograph of the
nylon filter exhibiting ethidium bromide fluorescence is shown in the lower panel, demonstrating equal
loading and even transfer of the gel. (B) Hpall-restriction patterns of the FBP gene. Southern blot
analysis was performed as previously described. The positions of HindIll-digested A phage DNA
molecular weight markers (not shown) are indicated to the left in kbp. Lane 1, KB cells. Lane 2,
KBI1BT cells. Lane 3, KB1BT grown in the absence of MTX for 8 months. Lane 4, KB1BT cells grown
in the absence of MTX for 8 months but treated with 2.5 uM 5-aza-dC for 72 hr.

certain degree of FBP gene hypomethylation is
required for basal-level gene expression, but that
under folate-deficient conditions further increase in
FBP gene expression may rely on mechanisms
besides DNA methylation.

Drug-induced DNA hypermethylation has been
documented as one component of the response of
human tumor cells to toxic concentrations of
commonly used cancer chemotherapy agents includ-
ing MTX [63]. It has also been reported that ara-C
is able to induce DNA hypermethylation in
mammalian cells [46, 64]. It has been shown that
human tumor cells resistant to ara-C, presumably
due to the presence of an inactive deoxycytidine
kinase gene, could be reactivated for deoxycytidine
kinase enzyme expression by a DNA methylation

inhibitor with concomitant resensitization toward
ara-C [65, 66]. It is possible that hypermethylation
induced by chemotherapeutic agents could selectively
suppress expression of certain genes and lead to
drug resistance in tumor cells. If indeed, the
increased DNA methylation of the FBP gene leads
to decreased FBP gene expression in certain cancer
cells and tissues, the clinical combination of DNA
methylation inhibitors and MTX may be beneficial
in preventing and reversing MTX resistance resulting
from decreased FBP gene expression, or inincreasing
cellular uptake of MTX by turning on FBP gene
expression in some MTX-unresponsive tumors.
However, further mechanistic studies regarding FBP
gene expression and a demonstration of clinical
MTX resistance resulting from decreased FBP gene
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expression are needed before justification would
exist for such treatment regimens.
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