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ABSTRACT

A methotrexate-resistant subline, CCRF-CEM/Ri, was se
lected stepwise from the human leukemic lymphoblast T-cell line,
CCRF-CEM, and maintained in 0.2 ^M methotrexate. The devel
opment of resistance to methotrexate (75-fold) was associated
with a 20-fold increase of dihydrofolate reducÃaseactivity. The

affinity of dihydrofolate reducÃase from the resistant cells for
methotrexate did not vary significantly as compared to the
enzyme from the parent cells.

Southern blot analysis of DNA from parent and CCRF-CEM/

R! cells demonstrated amplification of the dihydrofolate reduc
Ãasegene in the resistant line. Quantitative dot-blot ONA hybrid

ization demonstrated the presence of about 18 reducÃasegene
copies in the R1 cells. The human dihydrofolate reducÃasegene
contained at leasl 4 intervening sequences and was about 30
kilobases in size. Northern blot analysis demonstrated an in
crease in dihydrofolate reducÃasemessenger RNA species, the
predominant message was 3.8 kilobases.

Cylogenelic analysis of GCRF-CEM/Rt cells revealed an elon

gated marker chromosome containing a homogeneous slaining
region noi presenl in the parenl line. This chromosome appeared
lo be derived from chromosome 21.

INTRODUCTION

MTX4 is extensively used, both as single agent and in combi

nation regimens, for the Irealmenl of various human cancers
(37). The major basis for Ihe cyloloxic effecls of MTX is ils abilily
lo bind lighlly wilh DHFR, Ihe enzyme lhal catalyzes Ihe NADPH-

dependenl reduclion of dihydrofolate lo tetrahydrofolale (62).
Tetrahydrofolate coenzymes are required for one-carbon Iransfer

reaclions in purine nucleotide and Ihymidylale biosynlhesis. In
hibition of DHFR by MTX depletes the telrahydrofolale pool,
leading lo decreased formation of purine nucleolides and Ihymi
dylale, and ultimately results in inhibition of nucleic acid synthesis
(37).

Developmenl of resistance lo MTX occurs frequently following
continued adminislralion of Ihis drug lo cancer palienls. Tumor
cells can acquire resistance lo MTX by 4 differenl mechanisms:
(a) an increase in Ihe levels of DHFR (8, 14, 19, 24, 29, 34, 42,
46, 52, 60); (b) an alteration in DHFR leading to decreased

1Supported by USPHS Grant CA08010.
2 Leukemia Society of America Special Fellow. Present address: Cattedra di

Chemioterapia, Istituto di Farmacologia e Tossicologia, UniversitÃ ' degli Studi,

Firenze 51000, Italy.
' American Cancer Society Professor of Medicine and Pharmacology. To whom

requests for reprints should be addressed.
4The abbreviations used are: MTX, methotrexate (4-aminc-IO-methyl-pteroyl-

glutamate); IÂ»,50% inhibition; DHFR, dihydrofolate reducÃase;HSR, homogeneous
staining region; EDÂ«,,the concentration of drug required to decrease the cell count
to 50% of untreated control.

Received March 6,1984; accepted October 2,1984.

binding to MTX (2, 13, 26, 31, 36); (c) an impaired transport of
MTX (25, 30, 51, 55, 58); and (d) a reduced polyglutamylalion of
MTX (20). The increase in DHFR levels in MTX-resislanl cells

has been demonstrated to resull from an increased rale of
enzyme synlhesis (4,33), which is correlated wilh a proportional
increase in DHFR mRNA (3, 17, 23, 40), as well as in DHFR
gene copies (3, 23). Stable or slowly reversible drug resistance
due to DHFR gene amplification has been associated with the
presence of chromosomal HSR(s) (23,50). Unstable DHFR gene
amplification has been associated wilh Ihe presence of double-
minute chromosomes (39). Resistance lo MTX in Escherichia
coli (6) as well as in mouse 3T6 cells (57), as a consequence of
an alteration of DHFR, has been associated wilh changes in the
amino acid sequence, causing a marked decreased binding of
MTX to the enzyme.

MTX resistance as a consequence of impaired Iransporl of
MTX has been presumed lo be related lo alteration in some
membrane componenl(s) of Ihe active Iransporl system. Resist
ance lo MTX can also be acquired by combination of Ihese
differenl mechanisms (20, 32, 41, 49). Wilh some exceptions
(19, 20, 36, 46, 51, 55, 60), the majority of the investigations
mentioned above has been carried out in MTX-resistant cell lines

of mouse, hamster, or ral origin. In Ihis investigation, Ihe mech
anisms of resistance to MTX in a human T-lymphoblast cell line,
CCRF-CEM, were sludied. Increased resistance lo MTX was

associated wilh elevated DHFR activity. The increased level of
DHFR was shown to be due lo gene amplification. The DHFR
gene size and organization are described.5

MATERIALS AND METHODS

Chemicals. MTX was obtained from the Divisionof Cancer Treatment,
National Cancer Institute, Bethesda, MD. MTX was dissolved in base,
and the pH adjusted to 7.0. The concentration was obtained using the
formula: f equals 8100 (Xm.,370 nm, pH 13.0) (11). Dihydrofolate was
synthesized by the method of Blakley (10). [5-3H]Deoxyuridine mono-
phosphate (12 Ci/mmol) and [3',5',7-3H]MTX (20 Ci/mmol) were pur

chased from Moravek Biochemicals, City of Industry, CA. Tritiated MTX
was purified by high-performance liquid chromatography or DEAE-cellu-
lose as described previously (38) and was >99% pure. NADPH, deox-
yuridine monophosphate, and Tris-HCI were obtained from Sigma Chem

ical Co., St. Louis, MO. Restriction endonucleases were purchased either
from New England Biolabs, Beverly, MA, or Boehringer-Mannheim Bio-

chemicals, Indianapolis, IN. Media, sera, and antibiotics for tissue culture
were purchased from Grand Island Biological Co., Grand Island, NY, and
Noble agar was purchased from Difco Laboratories, Detroit, Ml. Plas-

ticware was purchased from Corning Glass Works, Corning, NY. All
other chemicals were the highest purity available and were obtained from
standard commercial sources.

5A preliminary report on part of this work has been presented at the 75th Annual

Meeting of the American Society of Clinical Investigation, Washington, DC, 1983
(45).
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RESISTANCE TO MTX IN CCRF-CEM CELLS

Cell Lines. The human T-lymphoblast cell line, CCRF-CEM, was
obtained from Dr. A. Friedman, St. Jude's Children's Hospital, Memphis,

TN (27). A cloned subline was used in this investigation. Cells were
grown as suspension culture in RPMI Medium 1640 supplemented with
10% horse serum, penicillin (100 units/ml), and streptomycin (100 //g/
ml) at 37Â°in a 5% COz atmosphere and subcultured twice weekly.

Selection Procedure. CCRF-CEM parent cells were grown in pro

gressively higher concentrations of MTX, starting with 5 nM. The cells
were maintained in the same concentration of MTX for 2 to 3 transfers,
until the cells recovered normal growth; the MTX dose was then in
creased 1.5- to 2-fold. This stepwise procedure was continued over a

period of months yielding a resistant subline able to grow in 0.2 UM MTX.
This subline was designated CCRF-CEM/Ri.

Cell Growth Inhibition Studies. Logarithmically growing cells (CCRF-
CEM, CCRF-CEM/Ri) were prepared at a density of 5 x 10* cells/ml,

and distributed in duplicate 5-ml portions into tissue culture tubes, to

which 0.05 ml of drug solutions at various concentrations was added.
The cells were incubated at 37Â°.After 72 hr, the number of cells was

counted using a Model B Coulter Counter (Coulter Electronics, Inc.,
Hialeah, FL). The EDM was determined by plotting the cell number versus
the drug concentration.

Preparation of Cell Extracts. The cells were harvested at midloga-

rithmic growth, centrifugea at 500 x g, and washed 3 times with
phosphate-buffered saline (140 mM NaCI, 3 HIM KCI, 8 mw Na2HPO4,1.5
HIM KHzPCu). The cells were then resuspended (1:4, v/v) in 50 mw Tris-
HCI buffer (pH 7.5) containing 100 mw KCI, 10% glycerol, and 10 HIM2-
mercaptoethanol. The cells were then disrupted by sonication at 4Â°using

a standard microtip on a Branson Sonifier (Branson Sonic Power Co.,
Danbury, CT) set at 40 watts in 20-sec bursts. The preparation was

checked microscopically for complete lysis. After centrifugation at 37,000
x g for 30 min in a Sorvall RC-5B refrigerated centrifuge (DuPont Co.,

Wilmington, DE), the supernatant was used to determine enzyme activity.
Enzyme Assays. DHFR (EC 1.5.1.3) activity was determined spectro-

photometrically as described by Berlino ef al. (7). Briefly, the decrease
in absorbance at 340 nm, which occurs when NADPH and dihydrofolate
are converted to NADP and tetrahydrofolate, respectively, at 37Â°,was

measured using a Gilford Model 2000 recorder (Gilford Instruments,
Oberiin, OH), attached to a Beckman DU spectrophotometer (Beckman
Instruments, Fullerton, CA). The standard assay mixture contained in a
final volume of 1.0 ml: 100 ^mol of Tris-HCI buffer (pH 7.0 or 8.5); 150

/imol of KCI; 0.1 >tmo\ of NADPH; enzyme; and deionized water. The
reaction was initiated by the addition of 0.05 /Â¿molof dihydrofolate
containing 0.5 Mmol of 2-mercaptoethanol.

IM values for MTX were obtained by inhibition assays in which the
drug was added at various concentrations to the standard assay mixture
described above, which contained enzyme (activity AA 0.030/min at
37Â°).After a 2-min incubation at 37Â°,0.02 (Â¿molof dihydrofolate contain

ing 0.2 i/mol of 2-mercaptoethanol was added. Thymidylate synthase

(EC 2.1.1.45) activity was determined by the isotopic method of Roberts
(53) as modified by Rode ef al. (54). Folylpolyglutamate synthetase was
assayed as described by McGuire ef al. (44).

Protein Determination. Protein concentrations were determined by
the semimicrobiuret method.

MTX Uptake. Logarithmically growing cells (CCRF-CEM, CCRF-CEM/
R,; 2 x 105 cells/ml) were harvested by centrifugation, washed twice,

resuspended in folate-free RPMI Medium 1640 supplemented with 10%
horse serum at a concentration of 0.5 to 1 x 107 cells/ml, and incubated
at 37Â°in the presence of 2 ^M [3H]MTX (specific activity, 254 fiCi/iimol).

At selected times, the cells were assayed for radioactivity as described
previously by Nahas ef al. (48).

Karyotype Analysis. Early logarithmically growing cells were treated
with Colcemid (0.001 /*g/ml) for 60 min. The cells were harvested,
centrifugea at 200 x g for 5 min, and resuspended in 10 ml of 75 HIM
KCI for 20 min at 37Â°.After hypotonie treatment, cells were centrifugea

at 200 x g for 5 min. The supernatant was removed, and cells were
fixed in ice-cold methanol:glacial acetic acid (3:1) for 60 min. Slides were

prepared as described by Francke and Oliver (28). Briefly, 3 drops of
fixed cell suspension were dropped onto each slide from a height of 25
inches. A warming plate was used to accelerate drying. The slides were
stored at room temperature for 2 days and then baked at 95Â°for 15
min. Chromosomes were banded using a trypsin:Giemsa (Wright's)

method (28). Metaphase cells were karyotyped using a Nikon Biological
Microscope (type 104; Nippon Kogaku, Tokyo, Japan) equipped with a
Nikon Microflex AFX photomicrographic attachment. Photographs were
made of representative cell spreads.

Preparation of Genomic DNA and Southern Blot Analysis. Prepa
ration of genomic DNA, restriction endonuclease digestions, Southern
blot analysis, and hybridizations were carried out according to a proce
dure published previously (60). Genomic DNA was isolated from cells
using the method of Blin and Stafford (12) and digested by restriction
endonucleases according to the manufacturer's directions; ^P-end-la-

beled Hind\\\ fragments were used as molecular weight standards. The
digested DNA was electrophoresed on a 0.8% agarose in Tris-ace-

tate:EDTA buffer as described (35). Gels were denatured, neutralized,
and DNA transferred to Genescreen (New England Nuclear, Boston, MA)
as described by Southern (59), with modifications suggested by the
manufacturer. The method of Wahl ef al. (61) was used for prehybridiza-

tion and hybridization.
DHFR-specific restriction fragments were identified by using a "P

nick-translated human DHFR cDNA probe, pHD84, kindly provided by

Dr. G. Attardi, California Institute of Technology, Pasadena, CA (47). For
a comparison, the Southern blots were also analyzed by using a Å“P

nick-translated mouse DHFR cDNA probe, pDHFRÂ«, kindly provided by

Dr. R. T. Schimke, Stanford University, Stanford, CA (16). Specific
restriction fragments from pHD84 were isolated from polyacrylamide
gels, according to the method described by Maxam and Gilbert (43), and
labeled with Å“P, for mapping the DHFR gene.

Dot Blot Assay for DHFR Gene Copy Number. The DHFR gene copy
number was determined as described by Carman ef al. (15). Briefly,
genomic DNA (200 nQ/m\) was denatured and then spotted on Gene-

screen (8 replicates). The filter was neutralized, dried, cut in half (4
replicates of each spot on each half) to yield duplicate filters, and baked.
One of the filters was hybridized with Å“P nick-translated human DHFR
cDNA, pHD84. The other was hybridized with KP nick-translated human

globin cDNA, JW102, kindly provided by Dr. S. Weissman, Yale University
School of Medicine, New Haven, CT. The degree of hybridization was
determined by autoradiography and quantitated by counting the individ
ual dots in a liquid scintillation system. An average value was determined
for the 4 replicates. Standards were constructed by mixing the appro
priate amounts of DNAs from K562 parent and K562/R4 MTX-resistant

cells to yield 200 Â¿ig/ml;the K562/R4 subline contains 200 DHFR gene
copies (60). The gene copy number of a test sample was obtained from
a plot of the ratio of DHFR counts to globin counts versus the gene copy
number of the standards.

Northern Blot Analysis of mRNA. Total cytoplasmic RNA from sen
sitive and MTX-resistant cell lines was prepared according to the method
of Kellems ef al. (40). The poly A-containing mRNA was selected by
oligo-dT-cellulose chromatography as described by Aviv and Leder (5).

After electrophoresis on 1% agarose gels containing 10 mM CH3HgOH,
RNAs were transferred to diazobenzyloxymethyl paper (61) and hybrid
ized with pHD84 using the procedure described by Setzer ef al. (56).

RESULTS

Development of the MTX-resistant Cell Subline CCRF-
CEM/Ri. A stepwise selection of a clone of CCRF-CEM cells in
increasing concentrations of MTX, as described in "Materials
and Methods," over a period of about 4 months, resulted in the
establishment of a resistant cell subline CCRF-CEM/R,, able to
grow in 0.2 pM MTX.

The resistant cell line, CCRF-CEM/Ri, had a doubling time of
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RESISTANCE TO MTX IN CCRF-CEM CELLS

26 hr as compared to 21 hr for the parent cell line. The inhibitory
effects of MTX on the growth of CCRF-CEM and CCRF-CEM/
R! cells were determined. The EDso for MTX of CCRF-CEM/R!

was 0.9 fiM, while that of the parent cell line was 0.012 /Â¿M.On
this basis, the Ri cells were about 75-fold more resistant to MTX

than were the parent cells. The resistance in the Ri cells was
stable; the EDso values for MTX did not vary during a 4-month
period of growth in drug-free medium.

Enzyme Activity. DHFR specific activity and (50values for
MTX of crude extracts from parent and MTX-resistant cells, as

measured by spectrophotometric assay (7), are reported in Table
1. In Ri cells, DHFR specific activity was about 20-fold higher

than in the parent line, (sovalues for MTX were 0.80 nu for crude
extracts from CCRF-CEM/Ri cells, as compared to 0.62 nw for

that from the parent cells. There was no evidence for a significant
decreased affinity of MTX for DHFR for the resistant line. Ele
vation of DHFR levels in Ri cells was stable over a period of 4
months, during which cells were grown in MTX-free medium.

The possibility that other folate enzyme genes were closely linked
to the DHFR gene and amplified as well, in particular thymidylate
synthase, the activity of this enzyme and that of folylpolygluta-

mate synthetase were determined. The activities of these 2 folate
enzymes in the resistant and in the parent cell line were similar
(data not shown).

[3H]MTX Uptake. The uptake of [3H]MTX by CCRF-CEM

parent and MTX-resistant cells, R,, was measured at 2 nu

external concentration. In the parent line, MTX uptake was linear
for 15 min, thereafter reaching a steady-state level. In the MTX-

resistant subline, a higher level of MTX was accumulated as
compared to that of the parent cells; a steady-state level was

not reached by 60 min. The initial rate of uptake was higher in
the resistant cells (data not shown). Thus, impaired MTX trans
port was not involved in the development of resistance in CCRF-

CEM/R, cells.
Karyotype Analysis. Karyotypic changes have been noted in

several mammalian cell lines resistant to MTX (8, 9,14,19, 22,
23, 60). To determine whether there were any changes in the
parent CCRF-CEM and resistant CCRF-CEM/Ri lines, the chro
mosomes were examined by a chromosome G-banding tech

nique (28). Optimal results for both the parent and Ri cells were
obtained with exposure to Colcemid (0.001 /Â¿g/ml)for 60 min, to
trypsin for 48 sec, and with Wright's staining for 52 sec.

Chromosomes from 44 CCRF-CEM cells were counted. The
modal number of chromosomes was 92. Eight cells were kary-
otyped, and 3 marker chromosomes were found. Twenty-five
CCRF-CEM/R! cells were counted and 10 karyotyped. The

modal number of chromosomes was 91. One elongated marker
chromosome, not present in the parent line, was observed to
contain a HSR in the long arm. This marker appeared to be
derived from chromosome 21 (Fig. 1, A and B). Double-minute

Table 1
DHFR specific activity in CCRF-CEM parent and MTX-resistant cell lines

OHFR activity and inhibition by MTX in the crude extracts of the parent cell line,
CCRF-CEM, and in the MTX-resistant subline, CCRF-CEM/R,, were measured by

the spectrophotometric assay (7).

Cell Line

DHFR specific activ
ity (mol/hr/mg pro

tein) lw of MTX (nut)

chromosomes were not present in the Ri line or in the parent
line.

Dot Blot Assay for DHFR Gene Copy Number. Quantitative
dot-blot DNA hybridization was used to determine the DHFR
gene copy number in CCRF-CEM/Ri cells (15). Chart 1 shows

the autoradiographs of the DHFR probed and globin probed
DNAs of Ri cells and of standards, in fixed amounts (1 fig). Chart
1 also shows the curve generated by plotting the measured
ratios of DHFR counts to globin counts versus the known gene
copy number of the standard DNAs. The gene copy number of
the MTX-resistant cells, as determined by comparing the ratio
for CCRF-CEM/R, DNA counts to that for standard DNAs, was

18.
Southern Blot Analysis. The restriction patterns of the DHFR

gene in CCRF-CEM parent and in R, MTX-resistant cells were

examined by Southern blot analysis using 4 different restriction
enzymes (EcoR1, H/ndlll, Psfl, and Sg/ll) and a human DHFR
cDNA probe, pHD84 (47) (Fig. 2, A and B). No qualitative differ
ences were noted in the restriction patterns between the resist
ant and the parent cells, but greater intensity of hybridization
bands of the resistant line (Fig. 23) as compared to the parent
line (Fig. 2A) demonstrated amplification of DHFR sequences in
the resistant cells.

The size and number of restriction fragments containing coding
sequences indicate that the human DHFR gene is about 30
kilobases in size (Fig. 2, A and B), although less than 600
nucleotides are required to code for human DHFR with a molec
ular weight of about 21,000. The comparison of the Â£coR1
restriction pattern between genomic DNA and human cDNA,
which contained only one Â£coR1 restriction site, revealed the
presence of at least 4 intervening sequences in the gene.

I8r

I6

14

12

10

<Â§ 8

Globin
probe

CCRF-CEM
CCRF-CEM/R,

0.30
6.50

0.62
0.80

0 24 68 10 12 14 16 18 20

GeneCopy Number
Chart 1. DHFR gene copy number of CCRF-CEM/R, cells. Autoradiographs of

the DHFR probeo and globin probed genomic DNAs of CCRF-CEM/R, cells and of
standards (1 fig). The standards were constructed as described in "Materials and
Methods" using a mixture of DMAs from K562 parent and K562/R4 MTX-resistant

cells in order to obtain an appropriate number of gene copies (2 to 16 copies). The
standard curve was obtained by plotting the ratios of DHFR probed counts over
globin probed counts versus the known gene copy number of the standard DNAs
(â€¢).DHFR gene copy number for CCRF-CEM/R, cells was calculated from the
standard curve (x).
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RESISTANCE TO MTX IN CCRF-CEM CELLS

Organization of the Human OHFR Gene. The organization of
the human DHFR gene from MTX-resistant CCRF-CEM/R, cells

was determined by the use of probes prepared from specific
restriction fragments of human cDNA (Chart 2). The data used
to generate this map are shown in Fig. 3. The hybridization
patterns revealed that 1.8-kilobases Â£coR1,22-kilobases H/ndlll,
8.5-kilobases Psf I, and 3.7-kilobases Bgl II fragments resulted
from the 5' end of the gene (Fig. 3a), while the 14-kilobases

Â£coR1, 4.2-kilobases H/ndlll, 7.5-kilobases Psfl, and 3.5-kilo-
bases Bgl II fragments resulted from the 3' end of the DHFR

gene (Fig. 3, e and f). The fragments used in these experiments
to map the human DHFR gene are shown in Fig. 3. Hybridization
of human CCRF-CEM/R, DNA with mouse DHFR cDNA,
pDHFR26, showed little homology between the 3' noncoding

region of the human (Fig. 3g) and mouse gene (Fig. 3/7).
Northern Blot Analysis of mRNA. The hybridization pattern

of cytoplasmic polyadenylated mRNA from CCRF-CEM/R! cells

obtained using the human pHD84 cDNA probe was determined.
Two predominant species, 0.8 and 3.8 kilobases and one minor
species, 1.2 kilobase, of DHFR mRNAa in both sensitive and
MTX-resistant cells were found (data not shown). The intensity
of hybridization demonstrated that the MTX-resistant cells con-

95 -

6.7 â€¢

23 â€¢
2.0 -

43 â€”

23 â€”
20 â€”-

Â»t*tot r

ifiÃ¶

2A CCRF-CEM/S 2B CCRF-CEM/RI

Fig. 2. Hybridization of human DHFR cDNA to genomic DNA from parent CCRF-
CEM cells (A) and MTX-resistant CCRF-CEM/R, cells (B). Restriction enzyme
digestions were performed to completion using 20 jig of DNA from parent and 5
i*g of DNA from R, cells. The exposure times of autoradiographs were 48 and 12
hr for the parent and the MTX-resistant cells, respectively.

EcoRI

4 Hind HI

Bgl II

Chart 2. Organization of the DHFR gene in CCRF-CEM cells. The order of
restriction fragments containing DHFR sequences was determined by hybridization
with specific MP-labeled fragments obtained from human DHFR cDNA (pHD84).

The diagrammatic representation of the cDNA components and hybridization
pattern of EcoRI, Hindlll, Psil, and Bg/ll digested genomic DNA from CCRF-CEM/

R, cells is shown in Fig. 3.

I.85.83.7

3.98.54.0

I.7I422

5.44.21

52 l'9!351,

38 , 75 ,

tained elevated levels of DHFR-specific mRNA over that present

in the sensitive cells.

DISCUSSION

Although the development of new effective drugs and combi
nation regimens has markedly improved the therapy of some
neoplastic diseases, drug resistance remains a major problem in
curing cancer patients. During the past several years, substantial
progress in elucidating the molecular basis of MTX resistance
has been accomplished. In particular, the genetic mechanism by
which cells become able to synthesize higher levels of DHFR
has been clarified (3, 23).

As part of a program to study MTX resistance in human
neoplasia, a MTX-resistant subline, CCRF-CEM/R,, was devel

oped by stepwise selection from a human lymphoblast line,
CCRF-CEM. This RI line was about 75-fold more resistant to

MTX as compared to the parent line; resistance was associated
with a 20-fold increase in DHFR activity. No significant differ

ences in binding affinity of MTX to DHFR from parent and
resistant cell lines were noted.

In the R! cells, the increased DHFR activity correlated with the
increased levels of DHFR mRNA species, and the increased
number of DHFR gene copies. Resistance to MTX in R, cells
was stable and associated with the presence of an elongated
marker chromosome. This chromosome (M4) contained an HSR
in the long arm and appeared to be derived from chromosome
21. These data are consistent with observations in other mam
malian cell lines demonstrating the association of an HSR with
DHFR gene amplification (23, 50). Karyotypic analysis from hu
man lines with HSRs associated with resistance have shown
that the site of the HSR is chromosome 10 in KB cells (63),
chromosome 5 in RAJI/MTX-R cells (22), and chromosomes 5,
6, and 19 in K562/R4 cells (60). Double-immune chromosomes,

generally associated with unstable MTX resistance (39), were
not present in the Ri or in the parent cells. The demonstration
that the M4 chromosome containing the HSR is the site of the
amplified DHFR genes must await in situ hybridization studies.

The modal number of chromosomes of both parent and R,
cells was in the tetraploid range. The reported chromosome
number of CCRF-CEM cells from other laboratories is 46 (1, 27).

The data presented are consistent with selection occurring dur
ing in vitro culturing.

The size and the restriction patterns of the DHFR gene in
CCRF-CEM cells were the same as those of the human myelo-

geneous leukemic K562 cells (60). Thus far, we have not been
able to obtain evidence for DHFR "pseudogenes," either in the

sensitive or in the DHFR-amplified cell line. Of interest was the

finding that neither of the other 2 folate enzymes examined,
thymidylate synthase or folylpolyglutamate synthetase, was el
evated. Thus, these genes appear not to be involved in the
amplification process. Elevation of DHFR levels as a conse
quence of gene amplification as well as increased activity of
thymidylate synthase has been shown in Lactobacillus case/ or
Leishmania tropica (18,21 ). In the latter circumstance, the DHFR-

thymidylate synthase enzymes were part of the same protein
synthesized by this organism (18).

This human leukemic lymphoblast line, CCRF-CEM/Rn, will be

useful for further studies of gene regulation and mechanism of
gene amplification, as well as for studies of new drug develop-
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ment directed toward selective killing of these drug-resistant

cells.
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Fig. 1. Karyotype of a single representativeCCRF-CEMparent (A)and R, cell (B).A, this cell had 92 chromosomes, the modal number for the CCRF-CEMline. It also
contained M, and M2markers found in all parent cells karyotyped and the M3marker found in half the cells. M, was the longest chromosome in the cell and was derived
from chromosome 1 (1p+). B, this cell contained 94 chromosomes,3 more than the modal number for the R, line. M4was found in all cells karyotyped, contained a large
HSR in the long arm, had satellite arms, and was derived from chromosome 21 (21q+). Four other marker chromosomeswere found in R, cells, 2 of which, Msand M6,
are shown. Mswas 6q- and was also found in all cells karyotyped.
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Fig. 3. Hybridization of specific fragments (a to f) of human DHFR cDNA pHD84 (g) to restnction enzyme-digested genomic DNA from CCRF-CEM/R, cell line. The
genomic DNA from CCRF-CEM/Ri cells was digested with Â£coR1(Â£),H/ncNII (H), Psfl (P), and Sg/ll (B). As a comparison, mouse DHFR cDNA (/?)was also used as a
hybridization probe.
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