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Abstract

A major problem in cancer therapy is tumor drug resistance
such as is found with antifolates (e.g., methotrexate [MTX]).
We are specifically interested in the role of the human folate
receptor (hFR) in MTX resistance. To investigate whether
transfection of hFR results in increased MTX uptake and in-
creased drug sensitivity, human mammary carcinoma (MCF-
7) cells and Chinese hamster ovary cells (CHO) (cells which
do not express detectable levels of hFR) were transfected with
hFR cDNA. Stable human mammary carcinoma and Chinese
hamster ovary transfectants expressing high levels of hFR were
selected for further analysis. Transfected cells which express
increased levels of hFR grow more rapidly than mock trans-
fected or wild type cells in media containing physiologic con-
centrations of folates. The hFR expressed by these cells is
sorted to the plasma membrane and is functional as determined
by cell surface binding of a radiolabeled folic acid derivative
and by internalization of [*H]methotrexate. The stable trans-
fectants that express increased levels of hFR are also more
sensitive to MTX in physiologic concentrations of folates. We
conclude that increased expression of hFR by human mammary
carcinoma and Chinese hamster ovary cells cultured under
these conditions results in an enhanced growth rate, increased
folic acid binding, and increased MTX uptake and cytotoxicity.
(J. Clin. Invest. 1993. 91:1289-1294.) Key words: cell growth
drug resistance ° folate binding proteins ¢ folic acid « metho-
trexate

Introduction

Studies in normal and neoplastic human, and murine cells sug-
gest that cellular resistance to methotrexate (MTX)' cytotoxic-
ity is commonly due to a defect in MTX transport (1-8). Al-
though transport defects have been implicated in development
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of resistance to MTX, specific mutations or changes in expres-
sion of transport molecules have not been described. At least
two receptor systems seem to be involved in MTX transport.
The reduced folate / methotrexate transporter contained in mu-
rine L-1210 leukemia cells (7, 9, 10) and human CCRF-CEM
lymphoblastic cells (11, 12) has an apparent molecular weight
ranging from 36 to 78 kD on SDS-PAGE analysis (13-16) and
shows preference for reduced folates and equal affinity for
MTX. The second folate/MTX transport system consists of a
membrane-bound folate receptor with high affinities for folates
including folic acid. It is found in human nasopharyngeal epi-
dermoid carcinoma (KB) cells, MA 104 monkey kidney cells,
T47D human mammary carcinoma cells, L-1210 and CCRF-
CEM cells, and its expression increases when cells are adapted
to low folate concentrations (17-24). This folate receptor is a
40-kD glycoprotein and in some cell lines appears to be respon-
sible for internalization of folates and methotrexate. The folate
receptor cDNA has been cloned and described (25-30).

In preliminary studies of KB cell sublines selected for MTX
resistant phenotypes (31, 32), expression of human folate re-
ceptor (hFR) mRNA and protein were frequently reduced in
parallel with decreased MTX uptake. These results suggest that
hFR is an important determinant in MTX resistance or sensi-
tivity in these cells. A potential problem in the interpretation of
such studies is that when drug resistant cell lines are produced,
gene products other than the one of interest may be induced or
inhibited and these secondary changes may contribute to the
observed phenotype. To circumvent this potential problem
and to study the role of a single gene product (the human folate
receptor) in MTX sensitivity, we introduced recombinant KB
cell cDNA encoding the hFR into human mammary carci-
noma (MCF-7) and Chinese hamster ovary (CHO) cells (cells
which normally do not express detectable levels of hFR), and
asked whether increased hFR expression leads to increased
MTX sensitivity. We present data which demonstrate that
stably transfected MCF-7 and CHO cells expressing increased
levels of hFR grow better in physiologic folate concentrations,
have an increased surface binding of folic acid, internalize
more MTX, and show increased sensitivity to MTX.

Methods

Materials. '*1-labeled pteroylglutamic acid (folic acid, [ '*’I]histamine
derivative, [l1-carboxy-3-(N)2-(4-['*I}iodoimidazolyl] ethyl [car-
bonoyl]-1-pteroyl-amino propane) (histamine derivative of folic
acid), [**S]methionine and [*S]cysteine were purchased from New
England Nuclear, Boston, MA. Methotrexate was purchased from
Sigma Chemical Co. (St. Louis, MO). [3',5,7-*H] MTX (sp act, 20
Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA).
Scintillation fluid was 3a70D from Research Products International
(Mt. Prospect, IL). Acrylamide and low molecular weight markers
were purchased from Bio-Rad Laboratories (Richmond, CA). Agarose
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was obtained from Bethesda Research Laboratories (Gaithersburg,
MD). All restriction enzymes and enzymes and reagents for radiolabel-
ing cDNA probes were purchased from Promega Corp. (Madison,
WI). S[alpha-*?P] dCTP and dGTP (each with a sp act of > 800 Ci/
mmol ) were obtained from Amersham Corp. (Arlington Heights, IL).
Nytran membranes were obtained from Schleicher & Schuell (Keene,
NH). All other chemicals were of reagent grade or higher, and were
purchased from Sigma Chemical Co., Fisher Scientific (Pittsburgh,
PA), or J. T. Baker Inc. (Phillipsburg, NJ).

Plasmid construction. The pRc/cytomegalovirus (CMV) vector
(Invitrogen Corp., San Diego, CA) contains a cytomegalovirus promo-
tor and a neomycin resistance gene. The cDNA encoding hFR (FR-
P10) was isolated from a placental cDNA GT11 library (Elwood, P. C.,
K. Price, Y. Saikawa, S. T. Page, P. Pacheco, and K.-N. Chung, manu-
script in preparation ) and subcloned at the EcoRI multiple cloning site
(MCS) of pGEMA4Z (Promega Corp.). The insert-purified FR-P10
cDNA containing EcoRI ends was blunt-ended using Klenow large
fragment (33). The HindIlI linearized pRc/CMV expression vector
was treated with Klenow large fragment and alkaline phosphatase, and
vector was ligated with blunt-ended insert using T4 DNA ligase. Com-
petent Escherichia coli (JM109) were transformed with the ligation
mixture and recombinant plasmids were isolated by maxiprep kit (Qia-
gen, Inc., Chatsworth, CA ). The sense orientation of the folate receptor
cDNA in pRc/CMYV vector (pRc/P10) was verified by restriction en-
zyme digests. We designated the plasmid construct containing pRc/
CMYV vector and the human nasopharyngeal epidermoid carcinoma
(KB) cell folate receptor cDNA (FR-P10) as pRc/P10.

Transfection. For stable transfection of MCF-7 and CHO cells with
pRc/P10, we used the calcium phosphate method (34). MCF-7 and
CHO cells were also transfected with pRc/CMYV vector only. We found
that the wild type and neo control cells are identical in their phenotype.
These wild type and transfected clones served as controls in our experi-
ments. Stable transfectants of MCF-7 cells and CHO cells were clonally
selected in 1 mg/ml geneticin sulfate (antibiotic G418; Gibco Labora-
tories, Grand Island, NY) and 500 ug/ml G418, respectively, using
cloning cylinders. 1,000 cells were plated per 10-cm tissue culture
plates, and ~ 10 clones were picked from each plate. Stable transfec-
tants of both cell types are being maintained in cytotoxic concentra-
tions of G418 (200 ug/ml). The clones were initially selected in mini-
mal essential media (RMEM, 2.2 uM folic acid; Gibco Laboratories)
and then transferred to media containing low concentrations of folates
(DMEM, 1-10 nM folates derived from the added fetal calf serum).
Wild type and transfected cell lines have been maintained in DMEM
for > 12 mo. For all experiments reported herein, cells were cultured in
DMEM for > 6 passages (> 30 doublings).

Immunoprecipitation of hFR. MCF-7 stable transfectants (desig-
nated as clones neo, A6, and A4) were plated in 3 ml of DMEM,
containing 10% FCS, 100 U/ml penicillin, 100 ug/ml streptomycin,
0.25 ug/ml fungizone (PSF), and 200 ug/ml G418, in 35-mm wells
(Falcon Plastics, Cockeysville, MD) at 37°C, 5% CO, . Plating densities
were adjusted so that cells were 75% confluent when we carried out the
immunoprecipitation experiments. Cells were washed once with 2 ml
media containing no methionine or cysteine (Gibco Laboratories),
and incubated in 2 ml of the same media for 1 h at 37°C, 5% CO,.
Newly synthesized proteins were radiolabeled by pulsing the cells in 1
ml of the same media containing 100 xCi [**S ] methionine and 100 xCi
[**S]cysteine for 1 h at 37°C, 5% CO,. The cells were washed once (2
ml) in media containing added cold methionine (15 mg/liter; Gibco
Laboratories) and cysteine (24 mg/liter; Gibco Laboratories), and
proteins were chased in this complete media (2 ml) for 5 h at 37°C, 5%
CO,. At the end of the chase period, cells were washed three times with
(2 ml each) ice-cold PBS, pH 7.4 (10 mM Na-phosphate, 150 mM
NaCl; Biofluids Inc., Rockville, MD). Cells were scraped into (5 ml)
ice cold PBS, 20 mM EDTA, pH 7.4, and 0.3% PMSF, and centrifuged
at 3,000 g for 15 min at 4°C. Cell pellets were resuspended in ice-cold
(1 ml) 10 mM potassium phosphate, pH 7.4, and freeze-thawed twice.
Cell membranes were spun for 15 min at 13,000 g at 49°C. Membrane
proteins were solubilized in 1 ml PBS containing 1% Triton X-100
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(vol/vol) for 18 h at 4°C on a shaking platform. ( All subsequent steps
were carried out in buffers containing PMSF). Debris was removed by
centrifugation for 15 min at 13,000 g at 4°C. Supernatant samples were
used for immunoprecipitation as follows: Protein A-Sepharose (Sigma
Chemical Co.) was prewashed in immunoprecipitation buffer (10 mM
Tris, 150 mM NaCl, 2 mM EDTA, pH 7.4, and 1% Triton X-100) and
resuspended 1:1 (vol/vol)inimmunoprecipitation buffer. Protein sam-
ples were preabsorbed with 100 ul of prewashed Protein-A Sepharose
for 2 h at 4°C and centrifuged for 1 min, 14,000 g, at 4°C. Preabsorbed
protein samples were assayed for protein by the Biuret method (Pierce
Chemical Co., Rockford, IL) and volumes were adjusted to give identi-
cal protein concentrations. BSA was used as the standard. Protein sam-
ples (10 ug each) were immunoprecipitated with 50 ul rabbit anti-hFR
antiserum in 750 ul immunoprecipitation buffer containing 0.1% SDS
for 3 h at 25°C. Immunoprecipitates were incubated with 100 ul Pro-
tein A-Sepharose for 30 min at room temp and washed four times (1
ml) with immunoprecipitation buffer. SDS-PAGE sample buffer (50
ul consisting of 0.125 M Tris, pH 6.8, 2% SDS, 20% glycerol, 0.08%
bromophenol blue, and 100 mM DL-dithiothreitol) was added to the
final Protein-A Sepharose pellets. Samples were boiled for 5 min and
Protein-A Sepharose pelleted in the microcentrifuge. Supernatants (50
ul) and prestained low molecular weight markers (Bio-Rad Laborato-
ries) were electrophoresed on a 12.5% SDS-PAGE and the gel was
treated three times (15 min each) with 50% methanol and 10% acetic
acid, rinsed once with H,O, and incubated for 1 h in Enlightening
(New England Nuclear). After drying, the gel was autoradiographed at
—70°C in cassettes with two intensifying screens.

RNA slot blot. Total RNA (10 ug) isolated from stably transfected
clones of MCF-7 cells was transferred to Nytran membranes by means
of a slot blot apparatus (Schleicher & Schuell, Inc.). The blot was pre-
hybridized, hybridized with radiolabeled FR-P10, and washed as previ-
ously described (25). Under these conditions, a single species of
mRNA (~ 1,100 bp) hybridizes with radiolabeled hFR-P10 cDNA on
Northern analysis of cells expressing the hFR. Signal intensities of each
band were quantitated using a spectrophotometer (DU65; Beckman
Instruments, Inc., Fullerton, CA) equipped with a densitometer. Hy-
bridization with radiolabeled actin was used to correct for RNA loaded.

Growth studies. Stable transfectants of wild type MCF-7 cells, were
seeded at 50,000 cells/3 ml in DMEM containing 10% FCS, PSF, and
200 pg/ml G418 in 35 mm wells, at 37°C, 5% CO,. Cells were har-
vested 5 d later. Cells were rinsed twice with (3 ml) cold PBS and
solubilized as described above (see immunoprecipitation studies). Pro-
tein concentration in each solubilized sample was determined as de-
scribed above. Growth experiments were carried out three separate
times. Values from separate experiments varied by < 10%.

Cell surface folic acid binding assay. MCF-7 stable transfectants
were plated as described above (see immunoprecipitation studies). KB
cells were maintained in the same media without G418. Plating densi-
ties were adjusted so that cells were 75% confluent for the folic acid
binding assays. The form of radiolabeled folic acid used is an iodinated,
histamine derivative of folic acid obtained from New England Nuclear.
Cells were washed two times with (3 ml) ice-cold pH 4.5 saline (10 mM
Na-acetate, 150 mM NaCl) to dissociate surface-bound folates from
cell surface folate receptor. Cell monolayers were subsequently washed
two times with (3 ml) ice-cold PBS, pH 7.4, to return the pH to neutral.
For cell surface-binding of radiolabeled folic acid, cells were incubated
in 2 ml of ice-cold DMEM (without FCS), containing iodinated, hista-
mine derivative of folic acid (20,000 cpm total added to 50 nM cold
folic acid) and 50 ug/ml BSA for 15 min in an ice-H,O bath. To
determine specific cell surface binding (cpm/mg protein), parallel ex-
periments were performed in which 1,000-fold excess of cold folic acid
was added. The monolayer was washed two times with (with 3 ml each)
ice-cold PBS, pH 7.4. Cells were solubilized as described above (see
immunoprecipitation studies). Supernatant samples were counted in a
gamma counter (55B; Beckman Instruments, Inc.) at ~ 70% effi-
ciency. Protein concentration in each solubilized sample was deter-
mined as described above. The data reflect specific cell surface-binding
of radioligand, since in the presence of 1,000-fold excess of nonradioac-



tive folic acid, the amount of folic acid binding was < 5% of that seen in
controls. Cell surface folic acid binding experiments were carried out
three separate times. Values from separate experiments varied by
< 10%.

Folic acid binding assay. Folic acid binding assays on detergent-so-
lubilized protein extracts were carried out as previously described (19).

Methotrexate transport studies. MCF-7 stable transfectants and KB
cells were plated as described above (see folic acid binding assays). Cell
monolayers were washed two times with (3 ml) ice-cold pH 4.5 saline
and two times with (3 ml) ice-cold PBS, pH 7.4. For internalization of
SH-MTX, cells were incubated in 2 ml of prewarmed (37°C) DMEM
(without FCS or other additives), containing 50 ug/ml BSA, and 2 uM
[*H]MTX, for 30 min at 37°C, 5% CO,. To determine specific MTX
internalization (pmol/mg protein), parallel experiments were per-
formed in the presence of 5S00-fold excess cold MTX. To differentiate
transport mediated by hFR from the reduced folate transporter, paral-
lel experiments were run in the presence of molar ( 100-fold ) excess of
cold folic acid which inhibits transport via hFR. The monolayer was
washed once with 2 ml ice-cold PBS (pH 7.5), once with 2 ml pH 4.5
saline to remove surface-bound *H-MTX, and finally with 2 ml of
ice-cold PBS (pH 7.5). Cells were solubilized as described above (see
immunoprecipitation studies). Samples (500 ul) were added to 10 ml
of liquid scintillation cocktail and counted on a liquid scintillation
counter ( Tri-carb; Packard Instrument Co., Inc., Downers Grove, IL)
at ~ 50% efficiency. The data reflect specific internalization of *H-
MTX, since in the presence of excess nonradiolabeled MTX, MTX
internalization was < 10% of total uptake for all data points. Protein
concentration in each solubilized sample was determined as described
above. The *H-MTX transport studies were carried out three separate
times. Values from separate experiments varied by < 10%.

Methotrexate sensitivity. MCF-7 stable transfectants (clones neo,
A4, and A6) and CHO stable transfectants (CHO, clones 1 and 2) were
plated as described above (see growth studies). After 24 h (to allow the
cells to attach to the plates), medium containing increasing concentra-
tions of MTX (0-1,000 nM) was added. Cells were harvested 5 d later.
Cells were rinsed twice with 3 ml cold PBS, and solubilized as described
above (see immunoprecipitation studies). The protein concentration
of each sample was determined as described above. The MTX sensitiv-
ity studies were carried out three separate times and the values from
separate experiments varied by < 5%.

Results and Discussion

Previous studies (32) have demonstrated a correlation between
decreased internalization of methotrexate (MTX) and reduced
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Figure 1. pRc/P10 construct. The pRc/P10 construct (6,372 bp)
consists of the pRc/CMV vector (5,452 bp) and cDNA insert (920

bp).

Figure 2. Immunopreci-
pitation of hFR protein.
MCF-7 cells (clones
neo, A6, and A4) were
incubated in 35-mm
plates in DMEM con-
taining 10% FCS, PSF,
and 200 ug/ml G418.
Newly synthesized pro-
teins were radiolabeled
with [**S]methionine
and [**S]cysteine, and
immunoprecipitated us-
ing rabbit anti-hFR an-
tiserum as described in
Methods. The immuno-
precipitates were elec-
trophoresed on 12.5%
SDS-PAGE and the au-
toradiogram is shown.
(Lane /) 10 ug of mem-
brane proteins of neo
clone. (Lane 2) 10 ug of
membrane proteins of
A6 clone. (Lane 3) 10
ug of membrane pro-
teins of A4 clone. The
molecular weight mark-
ers are indicated.

MCF-7 CLONES

neo A6 A4 MW std

- 106 kd
- 80

- 495

- 325

- 275

- 18.5

expression of the folate receptor in KB clones selected for resis-
tance to MTX. To determine if increased expression of the
folate receptor contributes to MTX cytotoxicity, we trans-
fected hFR cDNA into mammalian cells. Fig. 1 shows the plas-
mid construct containing pRc/CMYV vector and the human
KB cell folate receptor cDNA (FR-P10), which we designate as
pRc/P10. Compared to the previously reported KB cell c32
cDNA (25), the FRP10 cDNA contains an identical open
reading frame, but shorter 5’ and 3’ untranslated regions. We
chose this construct because the length of the 5S'UTR may af-
fect the efficiency of translation or stability of the transcript
and because the S'UTR of ¢32 contains several termination
codons upstream to the translational initiation site.

Since human mammary carcinoma (MCF-7) cells do not
express detectable levels of hFR mRNA or protein (25), we
transfected MCF-7 cells with pRc/P10 and obtained clones
that stably express hFR. We selected a clone transfected with
vector alone (neo), and two clones transfected with pRc/P10
(clones A6 and A4) for further analysis. As determined by
immunoprecipitation of radiolabeled newly synthesized pro-
teins, stable transfectants (clones A6 and A4) express high lev-
els of the hFR protein when compared to control cells (neo
clone ) which do not contain detectable levels of hFR, as shown
in Fig. 2. The A6 clone expressed the highest level and A4 clone
expressed the next highest level of hFR.

To assess the hFR levels more quantitatively, the level of
hFR transcripts expressed by stable MCF-7 transfectants were
determined by slot blot analysis of total cellular RNA. Fig. 3 4
shows that clones A6 and A4 express increased levels of hFR
transcripts. As previously reported, MCF-7 cells transfected
with pRc/CMYV vector alone (neo clone) did not express de-
tectable levels of hFR transcript, represented in Fig. 3 4 as
“u.d.” (undetectable).
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A Figure 3. (A) Slot blot

. analysis of mRNA. The
slot blot containing to-
tal RNA from each
transfectant of MCF-7
cells was prepared and
hybridized as described
in Methods. The
mRNA levels were de-
tected by using a radio-
labeled hFR cDNA
probe and the intensity
of the signal for each
clone was quantitated
using a densitometer.
Since clone A6 ex-
B pressed the highest level,
all values were normal-
ized to the-transcript
abundance observed in
clone A6. The neo clone
had undetectable (u.d.)
hFR mRNA levels. (B)
Determination of
growth. MCF-7 cells
(clones neo, A6, and
A4) were incubated for
5 d in DMEM containing 10% FCS, PSF, and 200 ug/ml G418. Cells
were solubilized with PBS containing 1% Triton X-100 overnight at
4°C. Supernatant was assayed for protein, and results are expressed
as a percentage of protein in control cells (neo clone, 100 ug).
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hFR mRNA
(% of stable clone A6)

neo A6 A4

400 7

300

200

Growth
(% of neo clone)

100

neo A6 A4

Next we examined whether clones A6 and A4 expressing
increased levels of hFR replicate faster than the neo clone in
low concentrations of folates. We found a positive relationship
between hFR expression levels and growth in low concentra-
tions of folates as shown in Fig. 3 B. Stable transfectants ex-
pressing increased levels of hFR (A6 and A4) grew 3.2- and
2.8-fold faster than cells transfected with vector alone (neo) or
parental MCF-7 cells (data not shown). Similar findings were
recently reported (35).

The hFR expressed by clones A6 and A4 is sorted to the
plasma membrane and binds ligand. Fig. 4 4 shows that clones
A6 and A4 bind high levels of radiolabeled folic acid (iodin-
ated, histamine derivative of folic acid) at the cell surface, at
levels (50-70% ) approaching that seen in KB cells (normally, a
high hFR expressing cell line). Fig. 4 4 also shows that the neo
clone did not contain detectable levels of cell surface folic acid
binding (“u.d.”). We have also carried out our studies on the
cell surface-binding of this radioligand for 30 min at 0°C and
found no difference between surface-binding at 15 and 30 min
(data not shown). We have performed preliminary ligand-
binding studies using the physiological circulating form of fo-
late (5-methyltetrahydrofolate) and observed identical results
(data not shown). When compared to control cells (neo
clone), the solubilized total cellular extracts of clones A6 and
A4 also showed proportionate increases in their total folic acid
binding capacity at levels (40-50% ) approaching that seen in
KB cells (data not shown).

To show that the folate receptor is functional at the cell
surface in these transfectants, we measured specific internaliza-
tion of [*H]methotrexate. As shown in Fig. 4 B, stable transfec-
tants expressing elevated levels of hFR show increased *H-
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MTX uptake when cultured in DMEM: clones A6 and A4
internalize 3.2- and 2.4-fold more *H-MTX than cells mock
transfected with vector alone (neo). Fig. 4 B also shows that
MTX transport found in clones A6 and A4 are approaching
levels found in KB cells which internalize 3.6-fold more H-
MTX than the neo clone. Interestingly, the neo clone demon-
strated folic acid insensitive MTX uptake consistent with the
absence of cell surface folic acid binding. In contrast, MTX
uptake by the A6 and A4 transfectants is inhibited by both cold
MTX (> 90%) and folic acid (> 60%). The absence of cell
surface folic acid binding and the lack of inhibition of MTX
influx in the presence of excess folic acid suggest that MCF-7
cells have a hFR-independent method of accumulating MTX
such as the reduced folate transporter (1-8). However, trans-
fection of MCF-7 cells with hFR appears to further increase
(2.4- and 3.2-fold) their ability to internalize additional MTX.

To determine whether the differences in MTX uptake are
reflected in MTX cytotoxicity, growth inhibition in increasing
concentrations of MTX was measured for each transfectant. As
shown in Fig. 5 A4, clones A4 and A6 are 8- and 10-fold respec-
tively more sensitive to MTX than cells mock transfected with
vector alone (neo) and wild type MCF-7 cells (data not
shown). These results also demonstrate that the growth of
mock transfectants was not completely inhibited, even at MTX
concentrations 100-fold greater than that which inhibited
> 99% of the growth of clones A4 and A6. The experiments on
the sensitivity to MTX were carried out for 5 d. We have found

A Figure 4. (A) Determi-
nation of cell surface
folic acid binding.
MCEF-7 cells (clones
neo, A6, and A4) were
incubated in 35-mm
plates in DMEM con-
taining 10% FCS, PSF,
and 200 ug/ml G418.
KB cells were grown in
DMEM containing 10%
FCS and PSF. After dis-
sociating surface-bound
folates from cell surface
folate receptors with
acid saline as described
in Methods, cells were
incubated with radiola-
beled folic acid for 15
min at 0°C with or
without excess cold li-

_gand. Aliquots of solu-
bilized cells were
counted and the results
are expressed as cell
surface binding relative
to that observed in KB

cells. (B) Determination of [*H] methotrexate transport. MCF-7 cells

from each clone were incubated in DMEM containing 10% FCS,

PSF, and 200 ug/ml G418. KB cells were grown in DMEM contain-

ing 10% FCS and PSF. After dissociating surface-bound folates from

cell surface folate receptor as described in Methods, cells were allowed
to internalize [ *H ] methotrexate for 30 min at 37°C. Aliquots of sol-
ubilized cells were counted, and the results from clones A6 and A4,
and KB cells are expressed as a percentage of control cells (neo clone).
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400 7

300 4

200 4

MTX uptake
(% of neo clone)




A MCF-7 cells
—{— neo
100 -W
—O0— A4
—&— A6
80 -
= 60
£8
3E
28
O2  40-
20 +
0 4#/ T T
[} 1 10 100 1000
MTX (nM)
B CHO cells
100 -P’ —0— cHoO
—O— chone1
80 4 —&— clone 2
— 60
=8
3E
e8
Oé 40
20 A
0 q—/
0 1 10 100 1000
MTX (nM)

Figure 5. Determination of MTX sensitivity in transfected cells.
MCF-7 cells (4) and CHO cells (B) from each clone were incubated
for 5 d in DMEM containing 10% FCS, PSF, and 200 ug/ml G418
with increasing MTX concentrations. After solubilization of cells, the
supernatant was assayed for protein. Results are expressed as a per-
centage of protein at each MTX concentration relative to total protein
in the absence of MTX for each separate clone.

identical results when the experiments were carried out for 10d
(data not shown ). Identical results were observed when growth
inhibition was determined by cell counts.

We have confirmed our findings in MCF-7 cells by estab-
lishing and characterizing Chinese hamster ovary (CHO)
transfectants which stably express functional hFR. Fig. 5 B
shows that when compared to control cells, these stable trans-
fectants (clones 1 and 2) are approximately 5-fold more sensi-
tive to MTX. Furthermore, compared to control CHO cells,
clones 1 and 2 also bind more radiolabeled folic acid at the cell
surface, internalize 2 to 3-fold more *H-MTX and grow 4-fold
better in physiologic concentrations of folates (data not
shown).

In these studies, we have observed that sensitivity to MTX
depends on the concentration of folates contained in the me-
dium. When folate concentrations are low, stable transfectants
that express elevated levels of hFR are more sensitive to MTX

than wild type cells (Fig. 5, 4 and B). However, in standard
medium, we did not observe a difference in MTX sensitivity
between neo and A4/A6 clones (data not shown). Since stan-
dard medium (e.g., RMEM) contains 2.2 uM folic acid and
since intracellular folate concentrations are a direct function of
folate concentration in culture medium (36), it is likely that
the reduced MTX cytotoxicity that we observed in transfec-
tants cultured in RMEM results from competitive inhibition of
MTX transport by folic acid [which has a higher affinity than
MTX for the hFR]. This effect of folic acid concentration on
MTX cytotoxicity has also been observed in KB cells (36).

In conclusion, we have established stable transfectants
which express high levels of hFR, to levels approaching that
found in KB cells. These clones show that in physiologic con-
centrations of folic acid, increased levels of hFR expression are
related to cell growth, folic acid binding and transport, MTX
transport, and MTX sensitivity. We have also observed small
but reproducible differences in the expression of hFR between
clones A6 and A4 which are consistent with different biochemi-
cal assays for hFR function. Although it is possible that other
factors may be different between these two clones and their
controls, there appears to be a correlation between levels of
hFR and function of the hFR.
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