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Effects of modulators of multidrug resistance on
the expression of the MDR1 gene in human KB
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The effect of four modulators of multidrug resistance
(MDR) on the expression of the MDR1 gene was studied in
two resistant variants of the KB cell lines, KB V1 and KB
A1l. This was done using a semi-quantitative assay based
on mRNA reverse transcription coupled with polymerase
chain reaction of the cDNA obtained. An automatic DNA
sequencer was used for the measurement of the fluores-
cent amplification products and the MDRT signal was
compared to that of the f-actin gene of the cells. After 24 h
incubation with 15uM of the modulators, MDR1 gene
expression was slightly but significantly decreased by two
of them, quinine and cyclosporine A, whereas verapamil
and S-9788 had very little effect on this parameter. The
effect were more pronounced in the KB A1 line than in the
KB V1 line. The effect of quinine was studied over a longer
time period (4—48 h) and was shown to be maximum at
24 h. These results favor the existence of a direct effect of
some MDR reverters, especially quinine, on the expression
of the MDR1 gene and could partially explain their modulat-
ing effect of MDR.

Key words: MDR reversal, MDR1 expression, multidrug
resistance.

Introduction

Many cell lines selected for resistance in vitro to an
anticancer drug also show cross-resistance to other
agents which are structurally and functionally un-
related, and this phenomenon has been called multi-
drug resistance (MDR). Most of these cell lines
overexpress the MDRI gene and its product, P-
glycoprotein (Pgp). Pgp is thought to function as an
ATP-dependent drug efflux pump, reducing intra-
cellular drug accumulation."? Studies on cell lines
have shown a good correlation between MDR]
mRNA levels and the degree of MDR, and MDRI
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expression has been widely observed in many differ-
ent human tumors and tissues. An increased MDR1
level was frequently observed at relapse following
chemotherapy5 ~” and even very low levels of MDR1
gene expression can confer a several-fold increase in
drug resistance, which may be clinically signiﬁcant.(’
In human tumors, the overexpression of the MDR1
gene does not result from gene ampliﬁcation.q‘s
Thus, intrinsic variations in MDR1 mRNA levels may
be an important determinant of tumor response or
of MDR reversal.

The regulation of the expression of this gene has
been studied in normal and malignant cells, but is
still not clearly understood. Increased expression of
MDR1/Pgp has been demonstrated following chemo-
therapy.()'m Transient exposure to cytotoxic drugs,
including agents that are not transported by Pgp,
induced Pgp and MDRI mRNA expression in most
of the tested cell lines.'"'? In these experiments,
drug-induced MDR1 expression, associated with a 2-
to 3fold increase in resistance to vinblastine, was
maintained in K562 leukemia cells for at least several
weeks after removal of drug. This drug-mediated
MDR1 gene induction can be prevented by protein
kinase C inhibitors.'>'® Other agents stimulating
MDR1 expression include heat shock,” differentiat-
ing agents15 and protein kinase C activators.'®

Many investigators have reported that numerous
compounds, including calcium channel blockers,
can reverse MDR in vitro.'™'® Most of them have
been shown, by photoaffinity labeling studies, to
bind directly to Pgp, and they presumably block
cytotoxic drug binding and efflux through competi-
tive or non-competitive inhibition mechanisms."” In
some MDR tumor cells, the level of MDRI1/Pgp
expression can be modulated by these pharmaco-
logical agents. Muller et al® have reported that
exposure to verapamil resulted, in two leukemia cell
lines, in a decrease in MDR1 mRNA levels. No effect
was observed with nifedipine or diltiazem. This is in
marked contrast to the work of Herzog et al.,2l who
observed increased levels of MDRI mRNA and Pgp
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in a human colon carcinoma cell line and its drug-
resistant  sublines after treatment with the Pgp
antagonists. verapamil, nifedipine and cyclosporine
A. The increase in MDRI! mRNA and Pgp was
maintained for the duration of treatment up to
several months, with a rapid decline after removal of
the P-gp antagonists. Increased MDRI mRNA levels
were also seen with nicardipine and diltiazem, but
not with quinidine or chl()rpr()mazinc.“

These discrepancies emphasized the fact that the
effect of various drugs on UDRI/Pgp expression is
highly dependent on the model used, or cell type,
and method of measuring MDRI. Insufficient sensi-
tivity of an assay, together with the often limited
sample material available from tumors, or its degra-
dation, has often hampered the detection of what
may be clinically significant amounts of MDRI
mRNA. In addition, reliable detection of MDR1 gene
expression is further complicated by the existence
of a homologous gene called MDR2>* which is not
associated with resistance to chemotherapeutic

23 s .
agents.” These findings prompted us to examine
the effects of several MDR modulators, i.e. verapa-
mil, $-9788, cyclosporine A and quinine, on the
expression of the MDR1 gene in MDR KB cells, by a
semi-quantitative assay based on RT-PCR using an
automatic DNA sequencer for the measurement of
the fluorescent amplification products. This question
is of importance, since a down-regulation of MDR]/
gene expression by MDR modulators could well
participate in their mechanism of action and amplify
their direct inhibition of Pgp.

Materials and methods
Drugs and products

Doxorubicin was a gift from Pharmacia (St-Quentin-
en-Yvelines. France): verapamil was used as a clinical
formulation (Isoptine " : Laboratoires Biosedra. Ma-
lakoff, France): cyvclosporine A was obtained from
Sandoz (Rueil-Malmaison, France) and $-9788 from
Servier (Courbevoie. France). The oligonucleotide
primers specific for MDR/I and f-actin genes were
provided by Eurogentec (Angers. France). PCR kits
were purchased from Perkin Elmer (St-Quentin-en-
Yvelines. France).

Cell culture and drug treatment

The KB 31 cell line originates from a human cervix
carcinoma. Several MDR variants had been selected
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for the early characterization of MDR. We have
obtained the KB V1 and the KB Al variants from Dr
MM Gottesman (National Cancer Institute, Bethesda,
MD). The KB V1 and KB Al lines were maintained
in 0.6 ug/ml vinblastine and 1 ug/ml doxorubicin,
respectively. These cell lines were grown in Dul-
becco’s modified Eagle medium, supplemented with
10% fetal calf serum, 100 U/ml penicillin and
100 ug/ml streptomycin, at 37°C in 5% CQO,. Cells
were transferred in drug-free medium 4 days before
any experiment.

For the evaluation of the effects of modulators on
MDR1 gene expression, we used a fixed concentra-
tion of the four modulators studied (15 M) and an
exposure time of 24 h. In addition, the effects of
quinine were cvaluated over a higher range of
exposure times (4-48 h). Incubations were always
performed in KB V1 and KB Al cells during the
exponential phase of growth. In order to have a
positive control for the validity of our approach, we
have in addition incubated sensitive KB 31 cells with
0.2 ug/ml doxorubicin for exposure times of 4-—
48 h.

Doxorubicin cytotoxicity

A colorimetric assay using the tetrazolium salt
MTT?' was used to assess cytotoxicity after 2 h
exposures to doxorubicin in the presence or ab-
sence of the four modulators. Briefly, appropriate
numbers of KB VI and KB Al cells were plated in
96-well plates (Nunc, Denmark) in a volume of
200 ul of culture medium. After incubations of 48 h,
the cells were exposed for 2h to the appropriate
concentrations of doxorubicin and verapamil, cyclo-
sporine A, quinine or $9788. The culture medium
was then removed, the cell layers were rinsed twice
with phosphate-buffered saline, fresh culture med-
ium was added and the cells allowed to grow for a
further 3—+4 days. These conditions have been estab-
lished after a careful study of the growth curves of
the cells, in order to keep the cells in the exponen-
tial phase of growth over the 7 davs of culture. At
the end of the incubation. 200 ul of MTT-containing
medium was added and maintained for 4 h: after
elimination of the medium. 200 u«l dimethylsulfoxide
was added to dissolve the formazan crystals. Absor-
bance was then immediately measured on a two-
wavelength microplate photometer (Bio-Tek Instru-
ments) set at 570 and 630 nm. All experiments were
performed three times in triplicate. The concentra-
tion of doxorubicin required for 50° growth inhibi-
tion (ICs,) was estimated as that giving a 350
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decrease of absorbance as compared with controls
incubated simultancously without doxorubicin. The
cvtotoxicity of the modulator itself was estimated by
comparing the cell survival obtained with the
various concentrations of the modulator in the
absence of doxorubicin. The resistance factor was
estimated from the ratio of the 1Cs of doxorubicin
in the resistant line and in the sensitive one. The
residual resistance factor in the presence of a
modulator was determined as the ratio of the 1Cs5y of
a cytotoxic drug with the reverter in the resistant
line and without reverter in the sensitive line.

RT-PCR

Total cellular RNAs from exponentially growing
drug-treated or untreated cells were extracted by
6M guanidine isothiocyanate and centrifuged at
150000 g for 17h on a 57M cesium chloride
laycr.b RNAs were washed twice in 70% ethanol and
resuspended in TES buffer (Tris 10 mM, pH 7.4,
EDTA 5 mM, SDS 1%). They were quantified by
spectrometric absorbance measurements at 260 and
280 nm, precipitated in ethanol/3 M sodium acetate
(2/1, v/v) and stored at —20°C until use. Comple-
mentary DNAs (cDNAs) were synthesized with 1 ug
of total cellular RNA and 2.5 yM random hexamers
in 20 ul of a solution containing 1 X PCR buffer,
5 mM MgCl,, 1 mM of each deoxynucleoside triphos-
phate, 1 U RNase inhibitor and 2.5 U reverse tran-
scriptase. Reverse transcription was carried out at
42°C for 1 h. The samples were then heated at 99°C
for 10 min, followed by a 4°C quick chill.

A 157 bp MDRI-specific fragment was amplified
using two oligonucleotides with the following se-
quences, according to Noonan et al.:’ sense, 5'-CCC
ATC ATT GCA ATA GCA GG-3'; antisense, 5'-GTT
CAA ACT TCT GCT CCT GA-3', with a fluorescein
label at the 5’ end of the sense primers. PCR was
performed by adding 5 ul of the RT products to
45 ul of amplification reaction buffer (1 X PCR buf-
fer, 250 ng each primer, 25U Ampli Taq DNA
polymerase, 1.35 mM MgCl,, 0.2 mM each deoxynu-
cleoside triphosphate). Samples were first incubated
at 94°C for 5 min and submitted to a various number
of cycles: 15, 20, 25 or 30, using a Perkin-Elmer 480
thermocycler. Each cycle included the following
steps: 94°C, 1 min; 58°C, 15s; 72°C, 15s. Then, a
final extension of 5 min at 72°C was performed and
samples were cooled down to 4°C before loading. As
a control, a 80 bp fragment of the S-actin ¢cDNA was
amplified in a separate tube under the same condi-
tions as above using the following primers chosen
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after the gene sequcncc:‘)(' sense, 5-GAG AAG ATG
ACC CAG ATC ATG T-3": antisense: 5'-CAG AGG
CGT ACA GGG ATA GCA C-3'. with a fluorescein
label at the 5” end of the sense primers.

Separation and quantification of the
amplification products

RT-PCR products were qualitatively characterized by
loading 10 ul of the reaction volume on a 8%
polyacrylamide gel stained with ethidium bromide.
For quantitative purposes the fluorescent PCR pro-
ducts were separated on a sequencing gel and
analyzed using an automated DNA sequencer (ALF;
Pharmacia Biotech, Uppsala, Sweden).')- Areas under
the peaks were evaluated using the integration soft-
ware Smart Manager (Pharmacia Biotech).

The MDRI/B-actin ratio after 25 cycles of PCR in
cells treated with modulators was compared to that
evaluated in untreated cells. This percentage repre-
sented the effect of modulators on the expression of
MDR1 gene.

MDR1/B-actin (with modulator)

% effect =
o cliec MDR1 /B-actin (without modulator)

100

Results

Effect of modulators on doxorubicin
cytotoxicity in KB cells

The sensitivity of KB sublines to doxorubicin in the
absence or presence of MDR modulators was studied
after 2 h exposure to the drugs. It was found that, in
the KB sensitive lines (wild-type cells), there was no
significant effects of verapamil, cyclosporine A,
quinine or S-9788, up to 30 uM, on the cytotoxicity
of doxorubicin; in all resistant cell lines, there was a
dose-dependent increase in doxorubicin cytotoxicity
in the presence of the modulators (data not shown).
We have calculated the ratio of the ICsy obtained
with modulators in the resistant lines to the ICsq in
the sensitive line; this ‘residual resistance factor’ is
shown in Table 1 for one representative concentra-
tion of the modulators (10 uM). S-9788 and cyclo-
sporine A strongly reversed the resistance of KB V1
and A1l cell lines, with residual resistances of about
3-4 (KB V1) to 7-9 (KB A1). In contrast, reversal by
verapamil and quinine was 2-fold less pronounced,
with residual resistances ranging between 6-9 (KB
V1) and 15-22 (KB Al).
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Table 1. MDR-reversing effect of modulators

Cell Doxorubicin Doxorubicin ICsg in the presence of modulators at
lines ICs0 10 uM (residual resistance factor)
(resistance
factor) Verapamil Quinine $-9788  Cyclosporine A
KB 31 0.1(7) NA NA NA NA
KB A1 11.7(117) 1583(153) 22 (220 072(7.2) 0.89 (8.9
KB V1 10.1 (107) 0.63 (6.3 091 (9.71) 0.31(3.7) 0.40 (4.0

Results calculated from three to five independent determinations.

MDR1 gene expression in KB cell lines

We first determined qualitatively the overexpression
of the MDRI gene in the KB resistant variants. This
was done using 30 cycles of PCR in the conditions
described in Materials and methods. Figure 1 shows
a representative electrophoresis of RT-PCR products
originating from KB 31, KB V1 and KB A1 mRNAs,
and colored with ethidium bromide. Strong signals
were present in the resistant cells and no signal was
detectable for the sensitive line. In order to have a
positive control, we treated KB 31 cells with 0.2 ug/
ml! doxorubicin for 4, 12, 24 and 48 h, and MDR1
gene expression was analyzed. Doxorubicin was able
to induce MDRI mRNA expression in the sensitive
cells, and this induction was especially important
after 48 h of contact.

~-— MDR1

-+— b-actin

1234567

Figure 1. Electrophoresis of the RT-PCR products ob-
tained from the RNAs originating from KB cell lines. Lane
1, DNA markers: lane 2, KB 31, j-actin; lane 3. KB 31,
MDR1; lane 4, KB A1, g-actin: lane 5. KB A1, MDRT:
lane 6. KB V1, g-actin: lane 7, KB V1. MDR1.

Kinetics of RT-PCR amplification of
MDR1 and p-actin sequences in
resistant KB lines

To establish the optimal conditions for the quantita-
tive evaluation of eventual changes in MDRI1 gene
expression, we performed a Kkinetic analysis of
MDR I-specific and fS-actin-specific amplification in
RNA preparations from the KB Al and KB V1 cells,
using the quantification methods presented in Mate-
rials and methods. After reverse transcription, both
MDR1 and f-actin ¢cDNAs were amplitied using 15,
20, 25 and 30 cycles of PCR. Results are shown in
Figure 2. In all cases, there was a good log-linearity
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Figure 2. Effect of the number of PCR cycles on the
amount of amplification products after retrotranscription
of KB A1 and KB V1 mRNAs, using MDR1 and j-actin
specific primers. B, KB V1, g-actin; —, KB A1, j-actin;
®. KB V1, MDR1. Z. KB A1, MDR1. Results are means
= SD of two independent RNA extractions, with which
three RT-PCR were performed.
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between the number of PCR cvcles up to 25 and the
amount of material amplified, estimated as the area
under the peak of the fluorescent DNA spot ob-
tained after electrophoresis. Beyond 25 cycles, the
vield of the specific products approaches a plateau.
We have, therefore. performed the quantitation of
the changes in MDRI gene expression induced by
modulators using 25 cycles of PCR.

Effects of modulators on the expression
of the MDRI gene

We have evaluated the ratio of MDRI to f-actin
amplification products after 25 cycles of PCR in KB
V1 and KB Al cells treated with modulators (15 «M)
for 24 h. The results are presented on Table 2. The
four modulators studied showed a small inhibition of
MDR1 expression in KB VI cells. Quinine and
cyclosporine A showed a 20% reduction in MDRI
expression in these conditions. In KB Al cells, the
inhibitory effect of modulators on MDRI gene
expression was higher; verapamil and $-9788 re-
duced MDRI expression by 25%, and cyclosporine
A and quinine by about 40%.

We have then evaluated MDR1 gene expression in
KB Al cells incubated with quinine at 15 uM for
different periods of time (4, 12, 24 and 48 h). The
results (Figure 3) show that MDRI expression
begins to decrease after 12 h of exposure to 15 uM
quinine. The maximal inhibition was reached after
24 h exposure and was maintained until 48 h.

Discussion

Numerous techniques are available for the estima-
tion of MDR1 gene expression. Northern blots or
dot blots with various MDRI probes have been
extensively used in early studies, especially in human
tumor samples.! However, this technique does not

Table 2. Comparison of the effects of MDR modulators
on the ratio of MDR1/f3-actin expression in KB cells

Modulator KB V1 KB A1
(15 uM) (%) (%)
Control 100 100
Verapamil 90.3+ 143 75.4 +14.8
S-9788 925 + 159 731+ 85
Cyclosporine A 82.2 + 121 64.0 + 13.3
Quinine 79.8 + 9.5 56.1 + 16.5

Results are means + SD of two independent RNA extractions
with which three RT-PCR were performed.
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Figure 3. Effect of exposure time to quinine on the
expression of the MDR1 gene in KB A1 cells, evaluated
as the MDR1/p-actin ratio. Results are means + SD of
two independent RNA extractions, with which three RT-
PCR were performed.

appear sensitive enough for the detection of very
low levels of expression, which may be, however, of
clinical importance. RT-PCR represents a valuable
alternative to mRNA blotting, as shown by Noonan
et al” However, the precise quantification of gene
expression might be difficult by RT-PCR because of
the exponential increase of PCR products, which
may rapidly lead to the loss of proportionality
between the number of starting mRNA molecules
and the number of PCR products detected on the
gels. Several means have been used for solving this
problem. We have chosen to use as a standard the
mRNA of the fS-actin gene, which was retrotran-
scribed and amplified simultancously with that of
the MDRI1 gene, the amplification products being
run on the same electrophoresis gel. This technique,
however, does not avoid several problems, related
for instance to differences in reverse transcriptase
activity on the different mRNAs or to differences in
Taq polymerase activity on different oligonucleotide
pairs. This technique cannot be considered, there-
fore, to be able to evaluate absolute amounts of
specific mRNAs and only competitive techniques
can do s0.”* However, for comparative evaluations of
gene expression in a given cell line subjected to
various treatments, this semi-quantitative technique
appeared quite satisfactory. It assumes, however,
that the treatment has no effect on the expression of
the gene selected as an internal standard and that
there is a good loglinearity between the number of
amplification cycles used and the amount of PCR
products present at the end of the amplification.



Although we could not definitively assess that the
expression of f-actin was unchanged during cell
treatment with modulators, we think that this
method was satisfactory enough for our purpose.
Several advantages of this technique should be
emphasized: the fluorescent primers are stable at
—20°C for more than 1 year; fluorescence detection
is easier and safer than radioactivity counting of gel
fragments; and the use of an automatic sequencer
allows the separation and the quantitation of indivi-
dual PCR products at same time.”

In preliminary experiments, we have shown that,
as expected, resistant KB cell lines did overexpress
the MDRI gene and that no expression could be
detected in the KB 31 line. We also showed that
MDR1 gene expression could be induced in KB 31
sensitive cells by relatively brief exposures to doxo-
rubicin, as already shown by Chaudhary and
Roninson.'” This enabled us to use the same
methodology for evaluating eventual changes in
MDRI1 gene expression upon the action of modula-
tors. Studies on the effect of modulators on MDRI
gene expression led to apparently conflicting results.
Herzog et al’' have shown a transient increase in
MDR1 mRNAs occurring upon treatment of colon
carcinoma cells by verapamil and other MDR mod-
ulators, but not all. This increase was neither
mediated by an increase in the transcription rate nor
by a stabilization of the mRNA species. It was
attributed to post-transcriptional regulations occur-
ring within the nucleus.”’ In contrast, Muller ef al.”’
observed in two MDR leukemic cell lines that
verapamil induced a decrease in P-gp expression at
the mRNA level, which was associated with a
sensitization of the cells to the anticancer drugs. The
other modulators tested (nifedipine and diltiazem)
had no effect on MDRI gene expression. This
decrease was shown to be due to a decreased
transcription rate at the level of the proximal
promoter activity.'ﬂ) In our experiments, we have
shown that MDR modulators could decrease MDR]
gene expression in MDR KB cell lines. This effect
was. however, more important in the KB Al than in
the KB V1 cell line and was in both lines much
lower than that observed by Muller et al? in
leukemic cell lines. In our hands, verapamil had only
a very limited effect on WMDRI mRNA levels and this
is the same with a new modulator in development,
$9788.* In contrast. cvclosporine A and quinine
had a more pronounced effect. reaching a near 2-
fold decrease in our experimental conditions. It
appears from our work and that of Muller et al™?
and Herzog et al”' that the effect of modulators on
MDR1 gene expression is both cell line-dependent
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and modulator-dependent, although not strictly mod-
ulator-specific.

Reversal of MDR has for many vears been the
subject of intensive research, aimed at the identifica-
tion of compounds able to restore tumor sensitivity
in the clinical sctting.'-‘m Only limited success has
been obtained until now, mainly in myelomas and
non-Hodgkin’s lymph()mas,’)"‘“ which shows, never-
theless, the validity of the concept. Despite this
research activity, we still have only limited informa-
tion on the mechanism of action of MDR modula-
tors. Their first target is Pgp itself; it has been
shown that most of them are able to bind to Pgp
and to displace the photoaffinity labeling of Pgp by
various :mulogs.w This might allow the identification
of several pharmacophores on Pgp thus cnabling the
design of new modulators. However, some modula-
tors like quinine display a very weak interaction
with Pgp, without even restoring anticancer drug
accumulation, despite their important MDR rever-
sing activity, which is relevant in the clinical
sctting.“ The existence of other targets for MDR
modulation is, therefore, most probable. We have
tried to identify such targets at the level of Pgp
activation by phosphorylation (Hu and Robert, sub-
mitted) because some modulators appear as protein
kinase C antagonists. We show in this study that an
effect on MDRI gene expression cannot be exclu-
ded, especially for quinine. This effect could contri-
bute to the MDR reversal exhibited by quinine and
may explain why this agent acts in synergism with
compounds directly targeting Pgp, such as
verapamil.***> These results confirm the interest of
the association of several modulators for the reversal
of MDR in clinics, since they appear to display
different and complementary mechanisms of action.
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