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ABSTRACT

We have successfully transferred and cloned a fragment of a human
multidrug-resistant gene by using DNA-mediated gene transfer. Macro-
molecular DNA of human multidrug-resistant K562 cells was transfected
to drug-sensitive mouse Ltk~ cells to obtain a drug-resistant transfectant

with a human resistant gene. Both primary and secondary transfectants
showed similar patterns of cross-resistance to Adriamycin and vincristine.
The mechanism of drug resistance of the transfectants was attributed to
decreased retention of the drug. Three secondary transfectants obtained
independently contained common Alu-containing EcoRl fragments 15,
6.5, 3.7, 2.6, and 1.9 kilobases long. The 2.6-kilobase Â£coRIfragment
was cloned from a X phage genomic library made from DNA of a
secondary transfectant. The 2.6-kilobase fragment was detected in the
primary and secondary transfectants but not in the parental I ,tk , Adri
amycin-resistant Ltk~, and Adriamycin-resistant P388 cells. This se

quence was found to be amplified in several multidrug-resistant cell lines
such as Adriamycin-resistant ovarian carcinoma A2780 and colchicine-
resistant KB carcinoma cells. The 2.6-kilobase fragment hybridized with
a 4.5-kilobase mRNA which is in m-x pressed in the Adriamycin-resistant
K562 cells and the Adriamycin-resistant A2780 cells but not detected in
the parental K562 cells. The gene transferred and cloned in this study
seems to be related to the P-glycoprotein gene as judged from the size of
mRNA and its overexpression in some of the multidrug-resistant cell
lines where P-glycoprotein was found to be highly expressed.

INTRODUCTION

In the chemotherapy of human cancer, the effectiveness of
anticancer agents is often limited by the emergence of multi-
drug-resistant tumor cell populations. Similar findings have
been reported in many experimental cancer systems. Drug-
resistant tumor cells often show cross-resistance to structurally
unrelated drugs such as anthracyclines and Finca alkaloids (1-
4). These multidrug-resistant cells show alterations in the com
position of plasma membrane, resulting in lowered accumula
tion and enhanced efflux of the drugs (5,6). The most frequently
reported alteration of plasma membrane of multidrug-resistant
cells is the overexpression of a M, 170,000-180,000 glycopro-
tein (P-glycoprotein) on the cell surface (7-12). Debenham et
al. (13) and Robertson et al. (14) have reported that the gene
encoding multidrug resistance (P-glycoprotein gene) in Chinese
hamster ovary cells resistant to colchicine could be transferred
to mouse L-cells. Recently, cDNA3 clones corresponding to P-

glycoprotein have been isolated from Chinese hamster cells,
and P-glycoprotein genes were found to be amplified in several
multidrug-resistant cell lines (15-18). In a separate line of
investigation, amplified DNA sequences of multidrug-resistant
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Chinese hamster cells were cloned using the technique of in-gel
renaturation (19-21). Two related human sequences, mdrl and
mdr2. have been isolated from multidrug-resistant KB cells
(22-25). The mdrl probe recognized an amplified gene which
was highly expressed as a 4.5-kilobase mRNA in several mul
tidrug-resistant cell lines.

We have recently established multidrug-resistant sublines of
human myelogenous leukemia K562 selected for VCR (K562/
VCR) (26, 27) and for ADM (K562/ADM) (28). These cell
lines express a unique membrane glycoprotein with a molecular
weight of 180,000 and possess double minute chromosomes
and homogeneously staining regions which are supposed to
contain amplified DNA sequences responsible for multidrug
resistance (28). For the purpose of identifying a gene responsi
ble for multidrug resistance, DNA-mediated gene transfer
seems to be one of the most efficient strategies. In this study,
we tried to transfer cellular DNA of multidrug-resistant human
K562 cells to murine Ltk~ cells. Secondary transfectants con

tained unique DNA sequences detected by hybridization with
Alu sequences. One of these sequences was cloned from a X
phage genomic library. This sequence was found to be amplified
in several multidrug-resistant human cell lines and to hybridize
with a 4.5-kilobase mRNA which is overexpressed in multidrug-
resistant human cell lines.

MATERIALS AND METHODS

Chemicals and Reagents. VCR and ADM, formulated for clinical
use, were obtained from Shionogi Co., Ltd. (Osaka, Japan), and Kyowa
Hakko Kogyo Co., Ltd. (Tokyo, Japan). [14-14C]ADM hydrochloride

(28.4 mCi/mmol) was from the Pharmaceutical Resources Branch,
Division of Cancer Treatment, National Cancer Institute (Bethesda,
MD). [a-32P]dCTP (3000 Ci/mmol) was purchased from Amersham

Japan, Ltd. (Tokyo, Japan). Restriction enzymes were from Boehringer
(Mannheim, West Germany). Xgtll phage DNA digested with EcoRl
and treated with bacterial alkaline phosphatase was from Vector Clon
ing Systems (San Diego, Ã‡A).A Xphage in vitro packaging system was
obtained from Promega Biotec (Madison, WI). All other reagents were
of the highest purity available.

Cell Culture and Assay of Drug Sensitivity. Human myelogenous
leukemia K562 cells resistant to ADM (K562/ADM) were established
in our laboratory as described previously (28) and were maintained in
RPMI 1640 supplemented with 10% fetal bovine serum and 100 n%/
ml kanamycin. Murine Ltk~ cells were provided by Dr. M. Yoshida of

our Foundation and maintained in a minimal essential medium sup
plemented with 10% fetal bovine serum and 100 //u/ml kanamycin.
Human ovarian cancer A2780 and its ADM-resistant variant 2780AD
were kind gifts of Drs. R. F. Ozols and T. C. Hamilton, National
Cancer Institute (Bethesda, MD) (29, 30). Human KB carcinoma cell
line KB3-1 and its colchicine-resist Â¡mlvariant KBC4 were generously

provided by Dr. I. Pastan, National Cancer Institute (31). These cell
lines were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum.

The sensitivity of these cell lines to ADM or VCR was evaluated by
the inhibition of cell growth after incubation at 37Â°Cfor 72 h with

various concentrations of drugs as described previously (26-28). The
number of cells was counted in a Coulter Counter, and the ICso was
determined (26-28).

DNA Transfert ion. Escherichia coli HB101 containing neomycin-
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resistant plasmid pIPBl was a generous gift of Dr. M. Yoshida of our
Foundation. Plasmid DNA and cellular macromolecular DNA were
extracted by the method of Maniatis et al. (32). Cotransfection of
murine Ltlr cells was carried out by the calcium phosphate precipita
tion procedure as described by Pellicer et al. (33) with some modifica
tions. Briefly, Ltk" recipient cells were seeded at 6 x IO5cells/100-mm
I'd ri dish (Corning Glass) in 10 ml of Â»â€¢â€¢minimalessential medium
supplemented with 10% fetal bovine serum 1 day before DNA transfec-
tion. On the day of DNA transfection, medium was changed and 4 h
later 1.5 ml of DNA-Ca2+ phosphate complex containing 0.5 ng of

pIPBl and 30 ng of cellular DNA were added dropwise to 10 ml of
Ltk~ recipient cell culture. Absorption was allowed for 16 h at 37Â°C,

then 5 ml of 30% dimethyl sulfoxide were added to the cell culture,
and the culture was incubated further for 30 min. The medium was
then aspirated and replaced with 10 ml of fresh medium. Cells were
incubated for 24 h at 37Â°C;then they were trypsinized and split in a

ratio of 1:4. The following day, the cultures were subjected to G418
selection at 400 Â¿ig/ml.Four days later, medium containing 400 ng/ml
G418 was changed and surviving G418-resistant cells were selected
with 30 ng/ml of ADM or VCR. Medium and drug were changed every
3 or 4 days. Eighteen days after the ADM or VCR selection, surviving
small colonies were further cultured with drug-free medium. ADM- or
VCR-resistant colonies were then trypsinized, picked up with cloning
cylinders, and grown as mass populations. For the secondary transfec-
tions, DNA was extracted from the primary transfectant clones and
transfection was carried out as described above.

Cellular Retention of [14qADM. Cellular retention of [14C]ADM in

the transfectants was observed as described previously (34). Briefly,
tumor cells (2 x 10s) were seeded in 6-well plastic plates (Corning
Glass). Twenty-four h after seeding, [14C]ADM (150 or 300 HM;specific

activity, 28.5 mCi/mmol) was added and the cells were incubated at
37Â°C.At various time intervals, the medium was removed. The cell
layer was washed 3 times with 5 ml of ice-cold phosphate-buffered
saline and trypsinized by the addition of 0.5 ml of 0.05% trypsin-0.02%
EDTA. The cells were suspended in 1 ml of phosphate-buffered saline
containing 2% fetal bovine serum. An aliquot of 1 ml of cell suspension
was mixed with 0.1 ml of 4 N NaOH, heated at 60Â°Cfor 30 min to

ensure the lysis of the cells, transferred to a scintillation vial, and
counted in 10 ml of acidified Aquasol 2 (New England Nuclear) (34).
The radioactivity was counted in a Beckman LS7500 liquid scintillation
system equipped with automatic quench compensation. Cells were
enumerated with a Coulter Counter on a 0.3-ml aliquot.

Detection of Alu Sequence. Blur 8 plasmid which contains human-
specific Alu sequence (35) was a kind gift of Dr. M. Yoshida. Cellular
DNA was digested with 10 units of Â£coRIper pg DNA at 37Â°Cfor 16

h under the conditions recommended by the supplier. After ethanol
precipitation, DNA samples (10 /Â¿g/well)were run on 1% agarose gel
in 40 HIMTris-HCl, pH 8.3-2 mM EDTA-20 mM sodium acetate buffer.
The gel was stained with 5 Mg/ml ethidium bromide and photographed.
DNA was transferred from the gel to a nitrocellulose filter by the
method of Southern (36). The filter was dried in a vacuum and baked
at 80Â°Cfor 2 h.

Blur 8 plasmid consisting of Alu DNA sequence and pBR322 vector
(37) was digested with HamHl and the Alu sequence was separated by
using low-melting-point agarose gels. The Alu DNA was labeled to give
a specific activity of 2 x 10*cpm/jtg DNA by nick translation using [a-
32P]dCTP (3000 Ci/mmol) (38). The baked filters were incubated for 6
h at 65Â°Cin lOx Denhardt's solution (Ix Denhardt's solution = 0.2 g

Ficoll 400, 0.2 g polyvinylpyrrolidone, 0.2 g bovine serum albumin per
liter) containing 0.5% SDS and then hybridized for 16 h at 65Â°Cin a

hybridization mixture containing 4x SSC (Ix SSC = 0.15 M NaCl-
0.015 M sodium citrate, pH 7.2), 4x Denhardt's solution, 0.2% SDS,

100 Mg/ml sonicated and denatured E. coli DNA, 40 ng/ml polyaden-
ylate, and IO7cpm of 32P-labeled Alu sequence. Filters were washed 3
times (30 min each) at 65Â°Cin 2 x SSC and twice in 0.5 x SSC and
then autoradiographed at -70Â°Cwith intensifying screens.

Construction and Screening of Bacteriophage Library. One Â¿igof DNA
from a secondary transfectant clone (L-N4-S1 ) was cleaved completely
with Â£coRI and ligated to Â£coRI-cleaved Xgtll phage DNA (39)
previously treated with bacterial alkaline phosphatase. The phage DNA

was packaged In vitro by the method of Grosveld et al. (40). Phages
were plated and screened by hybridization with the Alu sequence
according to the method of Benton and Davis (41). Positive phages
were plaque purified and grown to large scale in culture. Phage DNA
was extracted essentially by the method of Shih and Weinberg (37).

RNA Isolation and Analysis. Total cellular RNA was extracted ac
cording to the method of Maniatis et al. (32) using the methods of
guanidine thiocyanate extraction and cesium chloride centrifugation.
RNA samples (10 /jg/well) were run on a 1% agarose gel in 40 mM 3-
(Ar-morpholino)propanesulfonic acid-10 mM sodium acetate-1 mM

EDTA, pH 7.0, containing 13.4% formaldehyde and transferred di
rectly to a nitrocellulose filter. The filter was dried, baked, and hybrid
ized with 32P-labeled probe as described above. After hybridization, the
nitrocellulose filter was washed at 65Â°Ctwice in 2x SSC and twice in

0.2x SSC containing 0.1% SDS.

RESULTS

DNA-mediated Transfer of Multidrug-resistant Gene. In each
transfection experiment, Ltk" cells of 12 or 24 dishes were

cotransfected and split the next day in a ratio of 1:4. All the
cells except those carrying the pIPBl DNA were killed by G418
selection at 400 Mg/ml within 1 week. From IO2to IO3colonies
of Ltk" cells per 100-mm Petri dish were found to be resistant
to G418. Ltk" recipient cells were selected with 30 ng/ml of

ADM or VCR, which was about 5 times higher than the ICso
values of the parental Ltk" cells (ADM and VCR IC50 values
for Ltk" cells were 6.4 and 6.3 ng/ml, respectively). ADM or

VCR selection was performed for an 18-day period by changing
the medium containing drug every 3-4 days. This selection
produced with ADM or VCR was necessary to eliminate the
drug-sensitive Ltk" cells. However, we avoided using a higher

concentration of ADM or VCR for a longer period so that the
induction of ADM resistance encoded by an in situ rodent gene
could be minimized.

The number of dishes containing drug-resistant transfectants
is presented in Table 1. An estimated number of resistant
colonies in each experiment was calculated by using a Poisson
distribution (Table 1). As the medium was changed repeatedly,
viable cells from a single colony may have been translocated to
another position of the dish. Therefore, colonies grown in a
dish were regarded as being of a single cell origin. ADM- or
VCR-resistant Ltk" cells appeared in about 20% of the dishes
when the Ltk" cells were transfected with DNA from K562/

ADM cells. No resistant colonies appeared when DNA from
parental K562 cells was transfected. This result supports the
assumption that the multidrug-resistant gene of K562/ADM

Table 1 Efficacy of DNA transfection

ExperimentDonor DNASelection"Total dishesNo.

ofdishes
with

viable cellsCalculatedestimate

ofresistant

colonies*Primary

transfection12345K562/ADMK562/ADMK562K562/ADMK562/ADMADMVCRADMADMVCR96%4848482120011626250147

Secondary transfection

678Ltk-L-T4L-N4ADMADMADM48%9625102611

Â°ADM or VCR selection was performed at 30 ng/ml for 18 days.
b Poisson distribution was used to calculate an estimated number of resistant

colonies.
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was introduced into Ltk cells and the cells became resistant to
ADM or VCR. The frequency of the emergence of primary
transfectants was approximately 2 x 10~7as calculated by using

a Poisson distribution.
In order to eliminate human genes unrelated to drug resist

ance, Ltk~ cells were cotransfected with DNA from primary

transfectants. The efficiency of the transfection is also presented
in Table 1. In the secondary transfection, ADM- or VCR-
resistant Ltk" colonies appeared in about 5-10% of the dishes.
Two colonies were isolated as ADM-resistant cells when Ltk"
cells were transfected with DNA from parental Ltk" cells (Table

1). This result indicates that spontaneous acquisition of resist
ance cannot be avoided in the secondary transfection.

Sensitivity of primary or secondary transfectants to ADM or
VCR is presented in Table 2. Degrees of resistance of transfec
tants were about 3- to 13-fold. L-N4, a primary transfectant
with the highest resistance, was used mainly in the following
studies. All the secondary transfectants in Table 2 were isolated
after the transfection with L-N4 DNA. Degrees of resistance of
the secondary transfectants were slightly lower than those of
the parental L-N4. All the transfectants including those trans
fected with Ltk" DNA (L-L1 and L-L2) showed cross-resistance

to ADM and VCR. Although this type of cross-resistance is an
important characteristic of pleiotropic drug-resistant tumor
cells, it is of little consequence that all the transfectants (except
L-L1 and L-L2) acquired a human multidrug-resistant gene, as
we cannot neglect a spontaneous induction of resistance in Ltk"

cells. Therefore, the selection with human-specific Alu sequence
is essential to identify secondary transfectants carrying human
drug-resistant gene as shown later.

Fig. 1 shows the retention of [14C]ADM in parental Ltk" cells

and several transfectants. Retention of ADM in all the trans
fectants was significantly lower than that of the parental Ltk".

The retention of L-N4, a transfectant showing the strongest

Table 2 Sensitivity of transfectants to Adriamycin and vincristine

1CÂ»(nM)

Cell lines ADM VCR

Donor of DNA
K562

K562/ADMRecipient

of DNA
Ltk"13

Â±3Â°
1,750 Â±200(135)'11

Â±11.7

Â±0.4
1,030 Â±300(606)7Â±2

Primary transfectant'
L-T4 76 Â±12(7) 28 Â±3 (4)
L-M1 50 Â±3(5) 23 Â±1(3)
L-N3 43 Â±5 (4) 26 Â±2 (4)
L-K4 45 Â±1 (4) 27 Â±1 (4)
L-C3 78 Â±3 (7) 41 Â±5 (6)
L-N4 183 Â±16 (13) 69 Â±7 (10)

Spontaneously obtained resistant
cell line''

L-L1 22 Â±2 (2) 19 Â±1 (2)
L-L2 42 Â±4 (4) 25 Â±4 (3)

Secondary transfectant'
L-N4-S1 90 Â±7 (8) 40 Â±2 (6)
L-N4-T4 66 Â±1 (6) 26 Â±1 (4)
L-N4-R3 72 Â±4 (7) 23 Â±2 (3)
L-N4-H4 48 Â±6 (4) 23 Â±2 (3)
L-N4-C3 45 Â±5 (4) 23 Â±4 (3)
L-N4-M2 47 Â±3 (4) 27 Â±5 (4)
" Mean Â±SD of 3 determinations.
* Numbers in parentheses, degree of resistance (x-fold) as compared to the

corresponding parent line.
' Primary transfectants were obtained after transfection with K562/ADM

DNA.'' Spontaneously obtained resistant cell lines were obtained after transfection
with Ltk" DNA.

' Secondary transfectants were obtained after transfection with L-N4 DNA.

Time ( hr )

Fig. 1. Intracellular accumulation of [MC|ADM in Ltk" and transfectants.
Ltk" (â€¢),primary transfectant L-M1 (O), L-T4 (A), L-N4 (D), and secondary
transfectant L-N4-S1 (â€¢)were incubated in 1 ml <if RI'M I 1640 supplemented
with 10% fetal bovine serum at 37"C with 150 nM (A) or 300 nM (A) [14C]ADM.

At various time intervals, the amount of labeling drug incorporated into the cells
was determined.

resistance, was the lowest. Resistance of transfectants to ADM
as well as K562/ADM and other pleiotropic drug-resistant cell
lines is supposed to be attributed to decreased retention of the
drug to the cells (5, 6, 26-28). The reason that there is only a
2- to 3-fold difference in ADM retention in spite of a 3- to 13-
fold difference in resistance of the transfectants is not clear at
the present time; however, such a phenomenon is commonly
observed in drug uptake experiments (5, 6, 26-28, 30).

Detection of Human DNA Sequences in Transfectants. Human
DNA segments which were introduced into rodent cells can be
detected by filter hybridization (37), because the human genome
contains more than 3 x IO5copies of the Alu sequence, which
is interspersed widely throughout human cellular DNA (42-
44). The detection of the Alu-containing Â£coRIfragments of
DNA of transfectants was carried out by Southern blot hybrid
ization (Fig. 2). Under these conditions, the Alu related se
quences cannot be detected in DNA from murine Ltk" cells.

The primary transfectant, L-N4, and three secondary transfec
tants, L-N4-S1, L-N4-T4, and L-N4-R3, acquired human DNA
sequences. Some of these sequences were commonly observed
in all the transfectants. The common EcoRl fragments with the
human Alu sequence were 15, 6.5, 3.7, 2.6, and 1.9 kilobases
long. This result indicates that the transfectants are carrying a
specific gene. This gene is of K562/ADM origin and supposedly
is responsible for the multidrug resistance of the transfectants.

Genomic Cloning of DNA Sequences Introduced to a Second
ary Transfectant. DNA extracted from a secondary transfectant
L-N4-S1 was used to construct a library by using the Xgtll
vector. Approximately 2 x IO6recombinant phages were plated,

and the resulting plaques were screened by the human Alu
sequence as a hybridization probe. Of the 20 positive plaques
obtained in the first screening, 6 phages were identified as true
positives after 3 rounds of screening and plaque purification
procedure. Among them, a recombinant phage with a 2.6-
kilobase insert was obtained. This insert was similar to the size
of an Alu-containing EcoRl fragment which has been observed
in every transfectant (Fig. 2). The recombinant phage contain
ing 2.6-kilobase DNA was designated XKA2.6 and used for
further studies.

Detection of the 2.6-KHobase Fragment by Southern Hybridi
zation. The presence of a sequence homologous to the 2.6-
kilobase fragment of XKA2.6 was examined in the transfectants
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Fig. 2. Southern blot analysis of human Alu sequence in the primary and
secondary transfectants. Genomic DNA, 10 pg from each cell line, was digested
with EcoRl. Filters were hybridized with the 0.3-kilobase BamHl fragment of the
Blur 8 probe. K562/ADM is the human donor multidrug-resistant cell line; Ltk~

is the mouse recipient drug-sensitive cell line; L-N4 is a primary transfectant
introduced with K562/ADM DNA; L-N4-S1, L-N4-T4, and N-L4-R3 are sec
ondary transfectants introduced with L-N4 DNA.

as well as in some drug-sensitive and resistant rodent cell lines.
The result of Southern blot hybridization with the 2.6-kilobase
probe was presented in Fig. 3. The 2.6-kilobase EcoRl fragment
was detected in a primary transfectant L-N4 and two secondary
transfectants L-N4-S1 and L-N4-R3 as well as K562/ADM. In
K562/ADM, the 2.6-kilobase sequence was highly amplified
(Fig. 3). On the contrary, the sequence could not be detected in
the parental Ltk , a spontaneously obtained resistant cell line
L-L2, or Adriamycin-resistant P388 cells (2, 6). This result
indicates that the 2.6-kilobase sequence of XKA2.6 is certainly
a sequence of exogenous human cell origin and not a mouse
gene expressed with some Alu sequence.

Amplification of 2.6-Kilobase DNA in Multidrug-resistant
Human Tumor Cell Lines of Different Origins. Gene amplifica
tion of DNA introduced to the transfectants in three multidrug-
resistant human tumor cell lines, K562/ADM, 2780AD, and
KBC4, was examined with the 2.6-kilobase insert from XKA2.6
as a hybridization probe. Fig. 4 shows that the 2.6-kilobase
EcoRl fragment was highly amplified in K562/ADM and KBC4
and slightly amplified in 2780AD. The single-copy sequence of
the parental cell line K562 was not seen in this exposure,
although it could be seen in longer exposures. However, the
longer exposures also had a higher background, probably as a
result of the repetitive sequences (45). These results indicate
that the amplification of the gene was commonly observed in
multidrug-resistant human cells of different origins.

Transcription of the 2.6-Kilobase DNA. To determine whether

Fig. 3. Southern blot analysis of the XKA2.6 with genomic DNA from trans
fectants, multidrug-resistant rodent cell lines, and K562/ADM. Ltk" is a mouse
drug-sensitive cell line used as a recipient of DNA transfection; L-L2 is a
spontaneously obtained multidrug-resistant cell line transfected with lit DNA;
P388/ADM is an Adriamycin-resistant variant of mouse P388 leukemia; L-N4
is a primary transfectant introduced with K562/ADM DNA; L-N4-S1 and L-N4-
R3 are secondary transfectants introduced with L-N4 DNA; K562/ADM was the
donor of multidrug-resistant DNA. kh, kilobase.

the 2.6-kilobase fragment of XKA2.6 contained a transcribed
sequence, the fragment was used as a probe for RNA blot
hybridization with total cellular RNA extracted from the paren
tal K562, multidrug-resistant K562/ADM, and 2780AD cells.
Under the conditions of high hybridization stringency, the 2.6-
kilobase DNA hybridized to a single mRNA species of 4.5-
kilobase (Fig. 5). This mRNA was highly expressed in these
drug-resistant cells but was not detected in the parental K562
cells (Fig. 5).

DISCUSSION

This paper describes the successful transfer of human multi-
drug-resistant gene to mouse Ltk" cells. Debenham et al. (13)

and Robertson et al. (14) have reported previously that the gene
encoding multidrug resistance in Chinese hamster ovary cells
resistant to colchicine could be transferred to mouse L-cells.
However, in those studies it was not possible to distinguish
exactly whether the hamster gene or the endogenous mouse
gene was responsible for the acquired resistance. In this study,
we have transferred human DNA to mouse cells, and a human
specific Alu sequence was used to detect human DNA fragments
in murine transfectants. Cloning of the human DNA sequence
introduced to the transfectants was also successfully demon
strated by using the Alu sequence as a hybridization probe.

The degree of resistance of the transfectants to ADM or VCR
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Fig. 4. Southern blot analysis of the AKA2.6 with genomic DNA from human
multidrug-resistant cell lines. DNA was extracted from K562, K562/ADM,
2780AD, and KBC4 and digested with EcoR\. Filters were hybridized with 2.6-
kilobase (**) Â£coRIfragment of the XKA2.6. Denatured Blur 8 (30 Â¿ig/ml)was
added to the hybridization mixture to minimize the background.
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Fig. 5. Northern blot hybridization of K562, K562/ADM, and 2780AD with
the XKA2.6 probe. Ten jig of total RNA were denatured, electrophoresed in an
agarose gel, and transferred to a nitrocellulose filter. The RNA was hybridized
with the nick-translated XKA2.6 probe, kb, kilobase.

obtained in this study was only 3- to 13-fold. Such resistance
could occasionally be acquired by the exposure of Ltk~ cells to

sublethal concentrations of ADM for several weeks. To mini
mize this artifactual acquisition of resistance in mouse Ltk~

cells, ADM selection was performed at a relatively lower con
centration of the drug (30 ng/ml) for only 18 days. Mouse Ltk~

cells seem to possess their own resistant gene of a single copy.

Even if a copy of a human resistant gene is introduced to Ltk
cells, selection of transfectants at a high concentration of the
drug for a long period may preferentially activate and amplify
the innate resistant gene of murine origin. Therefore, in this
experiment, the selection with higher concentrations of ADM
or VCR was avoided, differing from the previous reports (13,
14). All the transfectants showed similar patterns of cross-
resistance to ADM and VCR. This result suggests that ADM
and VCR resistance are controlled by the same gene.

A human multidrug-resistant gene(s) introduced to both pri
mary and secondary transfectants was detected as Alu-contain-
ing DNA sequences by Southern blot hybridization. Several
DNA sequences were common to four primary and secondary
transfectants, the sizes of which were 15, 6.5, 3.7, 2.6, and 1.9
kilobases. This result indicates that the transfectants carry a
special gene. The length of the human resistant gene of the
transfectants can be assumed to be the sum of the common
Alu-containing sequences described above. However, because
human DNA also contains a number of EcoRl fragments with
out Alu sequence (42-44), the real length of the transferred
resistant gene may be longer than the calculated length as
described above (29 kilobases).

Multidrug resistance has been reported to correlate with the
expression of P-glycoprotein on the cell surface (7-12, 28)
which is also expressed in K562/ADM (28, 46), 2780AD (46),
and KBC4 (12) cells. Recently, cDNA clones corresponding to
P-glycoprotein have been isolated, and the length of the mRNA
was shown to be 4.5 kilobases (15-18). In a separate line of
investigation, amplified DNA sequences of multidrug-resistant
KB cells were cloned. One of the sequences, designated mdrl,
was shown to hybridize with a 4.5-kilobase mRNA (22-25).
The protein encoded by mdrl is likely to be P-glycoprotein,
judging from the size of mdrl mRNA and its amplification in
some of the multidrug-resistant cell lines where the P-glycopro
tein gene was found to be amplified.

Very recently, Gros et al. (47) reported the isolation of DNA
clones complementary to the cellular mRNA transcripts of
hamster mdr genes and showed that high-level expression of a
full-length cDNA clone in a drug-sensitive cell confers a com
plete multidrug-resistant phenotype. Shen et al. (48) reported
that the human mdrl gene was found to be amplified and
expressed in multidrug-resistant transfectants of mouse
NIH3T3 cells carrying the DNA of multidrug-resistant human
KB cells. In this study, the 2.6-kilobase Alu-containing sequence
of XKA2.6 has been cloned from a secondary transfectant. To
the best of our knowledge there are no reports where the
amplified multidrug-resistant gene has been cloned by using the
method of DNA-mediated gene transfer. In our results, the 2.6-
kilobase sequence was not amplified in the transfectants (Fig.
3), although Shen et al. (48) reported that the mdrl gene was
amplified in the NIH3T3 cells transfected with DNA from
multidrug-resistant human KB carcinoma cells, followed by
selection with increasing concentrations of colchicine.

The 2.6-kilobase fragment hybridized with a 4.5-kilobase
mRNA which is overexpressed in the K562/ADM and 2780AD
cells. The length of mRNA is almost equal to that of mdrl or
P-glycoprotein as has been reported previously (22-25, 48).
Three human multidrug-resistant cell lines K562/ADM,
2780AD, and KBC4 have been reported to express a high
amount of P-glycoprotein. In this study, these cells contained
amplified the 2.6-kilobase fragment and highly expressed the
4.5-kilobase mRNA as detected with the 2.6-kilobase probe. In
2780AD, amplification of the 2.6-kilobase sequence and expres
sion of the 4.5-kilobase mRNA were relatively lower than those
observed in K562/ADM. In accordance with these results, our
current report indicates that the expression of P-glycoprotein
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of 2780AD is lower than that of K562/ADM as determined by
monoclonal antibodies (46). These results suggest that the gene
transferred and cloned in this study is the P-glycoprotein gene
as judged from the size of mRNA and its overexpression in
some of the multidrug-resistant cell lines where P-glycoprotein
was found to be highly expressed.
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