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The human P-glycoprotein gene family contains the mdrl and the mdr3 gene The mdrl P-glycoprotem 1s over-expressed m multidrug resistant

(MDR) tumor cells and 1s believed to play a role in the ehimination of certain cytotoxic drugs used in the chemotherapy of cancer The mdi3 gene

has not been found to be amplified or over-expressed in MDR cells In this study, gene-specific mdr gene probes were developed for the detection

of the gene and the total mRNA level Southern and Northern hybridization analyses showed that the mdh genes and the mRNA levels were

mcreased 30-40-fold in a MDR human colon cancer cell me In addition, this MDR cell line had an altered growth 1ate and morphology and
detectable double minute chromosomes

Co-amplification, mdr Genes, Multidrug resistance

1 INTRODUCTION

Drug resistance 1 cancer cells 1s a major himitation
to the effective treatment of human cancers Multidrug
resistant (MDR) cells are typically resistant to a wide
variety of structurally and functionally unrelated hy-
drophobic drugs to which they have not been previously
exposed [1] This phenomenon, based on 1n vitro studies
of mammalian cell lings, 1s most often associated with
an increased ATP-dependent drug efflux, a decreased
intracellular drug accumulation, gene amplification and
the over-expression of a group of plasma membrane
glycoproteins (~170kDa) designated P-glycoproteins [2]
P-glycoproteins are encoded by a family of genes,
termed md: or pgp which comprses 3 members 1n ro-
dents and 2 members in humans [3-9] Overexpression
of an mdr gene can also be found m tumor samples
obtained from patients after relapse from chemotheiapy
[10-12]. In mouse cells, 1t has been independently found
that mdrl and mdr3 (human mdrl counterparts), but
not mdr2 are over-expressed in MDR cells [13-15] In
human cells, mdrl 1s over-expressed m most MDR cell
lines [16-18] Transfection and over-expression experi-
ments indicate that the human nudrl counterpart of the
mouse genes (1.e. mdrl and mdr3) and human mdrl
c¢DNA are sufficient to confer the complete MDR phe-
notype to otherwisc drug-sensitive cells [4,8,19] How-
ever, low levels of human mdr mRNA or P-glycoprotein
arc also detectable in many normal tissues 1n a tissuc-
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specific manner [20-21] In addition, the mdr gene 1s
induced 1n hepatocarcinogenesis and regenerating rat
liver [22] and 1n the endometrial hining of the human
uterus durtng pregnancy [23], suggesting a normal func-
tional role of P-glycoprotemn 1n general This 1s suppor-
ted by the substantial hines of evidence indicating that
P-glycoprotein-like molecules are piresent in the lower
organisms, includmg bacteria [24] and the malaral
parasite Plasmodwm falciparum [25-26] However,
the 1eason as to how a normally regulated mdr gene
becomes over-expressed 1s not clear

A second class of human mdr gene, termed mdr3
which has recently been cloned, yields a transcript of
4100 bases with a deduced protein size of 140 kDa [5].
mdr3 15 genetically linked to mdrl within 230 kb as
estimated by pulse field electrophoresis [27] Substantial
amounts of mdr3 mRNA have only been found in liver
[28] and n prolymphocytic lcukemia cells of the B-cell
hineage [29] Although 1ts function 1s not clear, 1t 1s
interesting to note that alternative splicing of mdr3
transcript was detected in human hver [28], implying a
putattve function of this new md) gene However, trans-
cripts of mdr3 are marginally detectable in the MDR
cell lines examned thus far {17,30] and 1t does not show
any activity 1n transfection experiments [5] These data
provide useful information, however they also open a
great deal of questions in terms of the normal functions
and the role of mdr3 m MDR formation To delve fur-
ther mto the possible role of the mdrd gene m MDR
cells, we have analyzed 4 human MDR colon cancer cell
line {31). We arc particularly interested in the MDR
mechamsm of human colon cancer because it has only
a 15-209% response rate, even when the ghly effective
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drug 5-FU and 1ts analogues are used [32] In this paper,
we are reporting that this human MDR cell line has a
coordinated over-expression of mRNA and amplifica-
tion of mdrl and mdr3 genes The significance of the
regulation of the mdr genes will be discussed.

2 MATERIALS AND METHODS

21 Cell lines and culiure conditions

The established human colonic cancer cell hine SW620 (ATCC
CCL221), and 1ts adriamycin-resistant SW620-ADR [31] were used as
study matenals Cells were grown in Dulbecco’s modified Eagle's
medium (DMEM) contamning 10% fetal calf serum (Gibeo), peniaillin
(100 w/ml) and streptomycin (100 x#g/ml) and maintained according to
the supplier’s protocol SW620-ADR cells were grown tn culture me-
dium containing 1000 ng/mi of adnamycin to mamntain drug re-
sistance

22 Chenucals and cytotoxicity

Stock solutions of 500 rg/ml of adnamycin (Sigma) were prepared
n sterile distilled water, dispensed n aliquots and kept frozen at
—-20°C 1n the dark Stocks were quickly thawed before use Appro-
piate numbers of exponentially growing cells were harvested and
washed before seeding into 96-well microtiter plates contaiming me-
dium with increasing concentrations of cytotoxic drugs All the pla-
tings of cells were in 5 duplicates The tieated cells were allowed to
grow for 5 days and processed for toxicity analysis by colorimetric
MTT assays [33] Fold resistance was deterrmined by the ratio of the
ID;, (the drug concentration causing 50% cell killing) of SW620 to the
IDso of SW620-ADR cells

23 Morphology and chromosome analysis

For morphological analyss, cell preparations were stamed with
May-Grunwald (iemsa, according to routine procedures For chro-
—osome analysis, the cells were prepared as follows Three hours
before harvesting, 0 05 wg/ml colcermd was added, after which the cells
were centrifuged for 5 min at 250 x g The pellets were resuspended
in 0 06 M KCl, incubated for 20 mun at 37°C, centrifuged, resuspended
i a mixture of ice-cold ethanol/glacial acetic acid (3 1), centrifuged,
resuspended again, and left in the tube for 20 min After a final
centnfugation, the suspension was pipetted onto shdes and air dried
After staining with Giemsa for 30 mun, 10 metaphases were analyzed
and 25 werc chromosomally counted

24 MDR hybridization probe

The probe used 1n Northern and Southern analysis was a DNA
fragment cut out from human mdr!l and mdr3 cDNA clones in the 5
structural region Human mdrl and mdr3 ¢cDNA sequences were clo-
ned in pGEM3Zf(~)-mdr! and pFRCMVmdr3, respectively (a kind
gift from Dr Piet Borst, The Netherlands Cancer Institute) mdrl was
subeloned into pBS(+) (Stratagene) through BamHI and Sall restric-
tion digestion resulting i pBSmdrl For labeling, the cDNA frag-
ments were purtfied by electrophoresis on a NA45 DEAE membrane
(Schleicher and Schuell) and radiolabeled by the random priming
method with (a-*?P]dCTP [34] 1o a specific activity of ~10° cpm/ug
DNA

25 Northern, Southern, and slot blot hvbridizations

All solutions and procedutes involving clectrophorests, blot trans.
fers, and hybridizations were carried out by standard methods [35]
For Northern blots, 10 ug of total RNA from the cell lines were
fractionated by electrophoresis on 1% (w/v) agarose contaiming 6 7%
(viv) formaldehyde. For Southern blots, 10 zg of DNA was digested
with restiiction enzymes Hind 1H or EcoRI (New England Biolabs)
under the conditions specified by the supplier and separated tn a 1%
dgarose gel. After clectrophotesis, gels were processed and RNA or
DNA was transferred to Hybond-N filters (Amersham), UV-cross-
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lnked by Stratalinker (Stratagene), and hybridized at 42°C for 16 h
n hybridization buffer (6x SSC, 50% (v/v) deionized formamide, 10x
Denhardt’s solution, 10 mM EDTA and 0 1% (w/v) SDS) contaiming
5% 10° cpm of probe per ml The filter was then washed at 65°C 1n 2x
S8C and 0 1% SDS, followed hy exposure on X-ray film with an
intensifying screen at -80°C for 2-3 days The X-ray film was scanned
n a densitometer to estimate the density of the hybridization bands
Forslot blot hybridization, heat denatured RNA or DNA was directly
loaded onto a filter using a slot blotter (Schleicher and Schuell), and
processed for hybndization as above For some experiments, blots
were retrieved and rehybridized using different probes by standard
methods [35]

3 RESULTS

3 1. Drug resistance accompanies changes in morphology

The data for IDy,, the drug concentration that causes
50% cell kilhng in parental and MDR cells, are shown
in Table I There 1s a 100-fold resistance to adramycin
it MDR cells. Charactenistic changes in cellular mor-
phology and double-minute chromosomes were ob-
served 1n MDR cells. The MDR cells are rounded-up,
contrasted to the flat-shaped parental cells. Growth s
slower in MDR cells; the population doubling time 15
30 h whereas 1t 1s only 18 h for parental cells However,
there 1s no significant difference 1n the chromosome
number, ranging from 45 to 53 with an average of 49
or 50 chromosomes per cell.

3.2 Establishment of mdr gene specific probe

In order to analyze the expression of mdr genes, we
sought to establish specific DNA probes for mdr1 and
mdr3 genes By comparing mdrl [3] with mdr3 [5] se-
quences using the Pustell’s matrix method and the
Myers and Miller’s method (PC/Gene, Intelligenetics),
a 368 bp Sacl-EcoRV ¢cDNA segment (termed 368) at
the 5’-end of the gene starting from the transcaptionai
initiation site of the mdrl, and a EcoRV-Kpnl cDNA
segment (termed f212) containing the first 212 bp of the
mdr3 gene were used as a gene- specific probe A typical
DNA hybridization pattern was shown in Fig. 1 One
Mg of plasmid DNA containing mdrl cDNA
(pBSmdr1), mdr3 cDNA (pFRCMVmdr3) or an unrela-
ted control vector DNA pBS(+) (Stratagene) was hybri-

Table 1

Cytotoxicity parameters, cellular and cytogenetic characteristics of
MDR and pdrental cells

Parental MDR
IDg (ug/mi)y 05 50
Cell morphology flat rounded-up
Doubling time (h) 18 30
Chromosome modal value (range) 50 (45-54) 49 (46~53)
Double minutes® - +

*IDy, 15 the concentration of the drug effective in inhibiting 50% of cell
growth measured after 4 days of continuous exposure to adnamycin
*Arbitrary value =, not detectable, +, detectable.
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pFRCMVmdr3

pFRCMVmdr3
pBS

pBSmdri
pBSmdrl

MDRI

MDR3

Fig 1 Gene specific probes assayed by slot blot hybridization {368

(MDRI) and f212 (MDR3) (see scction 3 for details) were used to

probe plasmids canyy full-length mdrl ¢cDNA (pBSmdrl), mdr3

¢DNA (pFRCMVmdr3), or negative control vectors (pBS) Panel A,
1 g, panel B, 0 | ug

dized to an mdi 1 f368 or mdr 3 £212 probe A dramatic
hybridization signal from pBSmdrl was observed with
the 368 mdr] probe, whereas a greater hybridization
signal from pFRCMVmdr3 was detected using the f212
mdr3 probe (Fig 1, panel A) A hybridization pattern
usmg al0-fold dilution (ie, 0 1 ug) of the tested DNA
was shown n panel B Continuous diluttons or shorter
X-ray film exposure elimnated non-specific hybridiza-
tion, whereas significant gene-specific signals remaned
(data not shown) These data indicate that £368 and 212
are appropuiate probes for the mdrl and mdr3 genes,
respectively, and they were used for the entire studies

A B
MDRI MDR3 BiP MDR!1 MDR3 BiP

P R P R

PR PR P R

CB~

Fig 2 Southern blot hybrnidization of the genomic DNA of parental

dnd MDR cancer cells Ten ug of MindLHl (panel A) or LcoR1 digested

(panel B) genomic DNA of cells was loaded on cach lane Probes used

are mdicated on top The same blot was hybndized to gene-specific

probes in the following otdet MDRI, MDR3, and BiP (sce sectton

2 for details) P, parental cells, R, MDR cells Swe markers i kb are
indicated on the left stde of each panel
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MDR1 MDR3 EtBr
P K P R r R

Fig 3 Northern blot hybridization of the steady-statc RNA of paren-
tal and MDR cancer cells Ten ug of total cellular RNA was loaded
m each lane The same blot was hybridized to the MDRI probe,
retrieved and rehybridized with the MDR3 probe The RNA gel which
was stained with ethidium bromude (EtBr) before blotting 1s also
shown The gel and the hybridization blots were adjusted to the same
size 288 and 188 rRNA are ndicated as reference size matkers

3.3. Co-amplification of mdi1l and mdr3 genes in MDR
cells

Total genomic DNA was prepared from parental or
MDR cells and the mdr genomic organization was inves-
tigated. Southern blotting of cellular DNA digested
with either HindllI (pane!l A 1n Fig 2) or EcoRI (panel
B) was hybridized with the mdrl probe (indicated on
top) The hybridization pattern for mdrl from HindIll-
digested DNA showed two bands (1 1 kb and 2.6 kb),
and from EcoRI-digested DNA. 2 bands (2 8 kband 4 8
kb) were also seen By contrast, the same blot of HmdlIll
or EcoRI digests 1ehybridized with the mdr3 probe
showed umque 5 kb bands The mdr3 hybridization
pattern 1s consistent with findings in human COLO 320
DM cells from the other investigators [28]. Both restric-
tton enzyme digested DNA indicates that the amounts
of mdr] and md 3 are dramatically amphfied ~30-fold in
MDR cells (R) compared to parental cells (P). As con-
trol, the same DNA blot was reprobed with BiP immu-
noglobulin heavy chain-binding protein) ¢cDNA, an ac-
tively expressed genc in most of the mammalian cells
[31]. A comparable level of BiP gene was detected 1n
parental and MDR cells It also indicates that the am-
plified mdi | and mdr 3 genes are not the result of sample
loading

3.4 Coordmated over-expression of mdrl and mdi3
genes in MDR cells
Expression of mdrl and mdi3 in parental and MDR
cells was analyzed by Northern blot hybridization, Ty-
picul results are shown in Fig 3 The level of mdrl and
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mdr3 mRNA for paiental cells 1s too low to be seen
this hybridization autoradiogram Overexposure of the
X-ray film showed a ~40-fold increase in mdr1 and mdr3
mRNA (both around 28S) in MDR cells (panel MDR1
and MDR3). This is not the resuit of sample loading
because an equal RNA staming by ethidium bromide
was detected (panel EtBr) A hybridizatton band
around 188 was also seen for both mdr genes We do not
know presently whether it is a non-specific hybridiza-
tion or an alternative splicing transcript

4 DISCUSSION

In this report, we have established gene-specific pro-
bes for the mdrl and mdr3 genes Using these probes,
we have shown that the MDR cells co-amplified both
mdrl and mdr3 genes ~30-fold A ~40-fold over-ex-
pression of the steady-state RNA of both genes was
detected mn MDR cells, suggesting that the over-expres-
sion of md) genes was controlled at the copy number of
the mdr genes, Co-amphfication of mdt3 has also been
reported 1n a human MDR cell line [36], and both am-
plification and over-expression were found mn some
MDR derivatives of the human KB cell Iine [30] How-
ever, other mvestigators fatled to detect amplification
and/or over-expression of the mouse mdr2 gene [14]
Borst and colleagues [28] have reported an alternative
splicing of mdr3 in human hver, and speculated that
these alternatives, when superimposed on differential
expression of P-glycoprotein homologues, could pro-
vide an explanation for the large variation in cross-
1esistance patterns observed 1n cell lines that were selec-
ted for MDR with different drugs [28] The genetic
linkage of mdi1 and mdr3 genes (within 500-1000 kb)
was detected using pulse-field gradient electrophoresis
n a human cell ine COLO 320 DM [28]. Further stu-
dies showed that the human md locus covers about 230
kb [27] This may explain, at least in part, the coordina-
ted increase of both mdr genes 1n our colon cancer cells.
In addition, 1t has recently been shown that both human
mdr genes are transcribed n the same orientation [27]
It 1s possible that the expression of md) genes shares
common regulatory transcription factors Chromosome
structure may also participate alternatively and/or coor-
dinately in regulating the activity of the 2 closely linked
mdr genes We have consistently detected the ~170 kDa
(mdrl gene product) but not the ~140 kDa (mdr3 gene
product) protein by silver stammng of cell membrane
extracts (data not shown) This suggests that posttrans-
criptional regulation may play a role in the surface ex-
presston of P-glycoproteins. The results suggest that the
acquired MDR phenotype does not result from the
ovet-production of mdr 3 P-glycoproten Alternatively,
absence of a ~140 kDa protein does not neecessarily
mean that the mdr3 P- glycoprotein ts absent from
SWG620-ADR cells since 1t has recently been shown that
the human mdr3 P-glycopirotein co-migrates with the
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mdr1 P- glycoprotein in SDS—protein gels [37] Thus,
one can not entirely eliminate the possibility that mdr3
products may have a role in human MDR or 1n normal
physiological function where changes, as an example,
may affect cell morphology. Co-amplification and over-
expression of mdrl and mdr3 genes may result 1 an
increase of mdr3 P-glycoprotein in human MDR colon
cancer cells. We believe that when an antibody against
the mdr3 product is available, the function of the mdr3
product will be determined 1n detail
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