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Abstract

The multidrug resistance (MDR) phenotype is the major cause of failure of cancer chemotherapy. This phenotype is mainly due to the
overexpression of the human MDR1 (hMDR1) gene. Several studies have shown that transcriptional regulation of this gene is
unexpectedly complex and is far from being completely understood. Current work is aimed mainly at defining unclear and new control
regions in the hMDR]1 gene promoter as well as clarifying corresponding signaling pathways. Such studies provide new insights into the
mechanisms by which xenobiotic molecules might modify the physiological hMDR1 expression as well as the possible role of oncogenes
in the pathological dysregulation of the gene. Here we report recent findings on the regulation of hMDR1 which may help define specific

targets aimed at modulating its transcription.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

It is generally admitted that cancer cells that develop
resistance to several drugs and express the multidrug
resistance (MDR) phenotype, are the most deleterious.
This phenotype is characterized by a pleiotropic resis-
tance to various lipophilic drugs, most of which are
natural compounds, such as antibiotics and plant or fungal
alkaloids. This phenomenon is related to a decrease in the
intracellular accumulation of drugs [1] that results, at least
partially, from an energy-dependent increase of efflux [2].
It is now clear that one of the major mechanisms of drug
resistance in MDR mammalian cancer cells involves an
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increased expression of a 170 kDa membrane protein
called P-glycoprotein (Pgp) [3], the structure of which
is under study [4-6]. Pgp, which is a member of the ATP
binding cassette (ABC) transporter family [7,8], is
encoded by the MDRI class of genes [9] also called
ABCBI. Each case of Pgp-related MDR has been related
to an increased human MDR1 (hMDR1) mRNA level that
can be linked either to gene amplification and/or
increased gene transcription [10,11]. Amplification of
the MDRI1 gene involves four to five neighboring genes
that are not related to MDR and which are organized in
amplicon [12].

In certain MDR cell lines and tumors, hMDR]1 tran-
scripts are initiated upstream of the common +1 start site
suggesting either the existence of an upstream promoter
[13] or of a heterologous promoter that has been translo-
cated to the 5’ end of the hMDRI1 gene [14]. Like many
TATA-less promoters, the promoter of MDR1 genes con-
tains multiple start sites [15].

Work is in progress to elucidate both new and poorly
understood regions in the hMDR1 gene promoter and
corresponding regulators. Data obtained so far reveal a
complex regulatory pattern. Here we describe current
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Fig. 1. Untranslated 5" regulatory region of the human MDR1 gene showing promoter elements. All elements represented in the figure are discussed in the
text. Numbers indicate their position relative to the major +1 start site. Two arrows over the initiator window indicate the major and secondary start sites

reported in the literature.

knowledge in this area which may lead to new concepts on
the way to therapeutic downregulation.

2. Initiator region

Regulation of the transcriptional activity of the hMDR1
gene depends on several trans-acting proteins that bind
consensus cis-elements (Fig. 1). This gene differs greatly
from its murine homologues in that its promoter lacks a
TATA-box [13] and contains an initiator element (INR)
[16]. The INR is defined by the consensus formula Py-Py-
A(+1)-N-(T/A)-Py-Py [17] and is necessary to direct basal
transcription at the major initiation start point [18]. Posi-
tions of bases cited below refer to the major 41 start site as
defined in the above formula.

Transient transfection studies have indicated that
sequences between —6 and +11 were sufficient for proper
initiation of transcription [16].

3. hMDR1 gene promoter elements
3.1. GC-box

Several experiments have revealed a GC-rich region in
the hMDR1 promoter located —56 to —45 bases upstream of
the major +1 start site, to which Sp1 was found to bind [19].
Spl is a 105 kDa constitutive and ubiquitous nuclear tran-
scription factor that binds mostly TATA-less promoters [20].
This factor plays an important facilitating role but it is not
itself implicated in changing transcription rates of genes. For
this reason, Sp1 is mostly involved in house-keeping genes.

Mutation of the GC-box in the hMDRI gene reduced
promoter activity 5-fold, indicating a transcriptional stimu-
latory role for Spl [19]. The same authors showed that this
region contains overlapping sites allowing the specific
binding of both Sp1 and EGR1, a zinc finger 80 kDa protein
also implicated in the activation of the hMDR]1 gene.

Interestingly, during aberrant Pgp overexpression in
hematopoietic cancers, it has been reported that 12-O-

tetradecanoylphorbol-13-acetate (TPA) increases transcrip-
tion of the hMDR1 gene and activates the hMDR1 promoter
through binding of EGR1 [21]. In the same study, WT1, the
Wilms’ tumor suppressor, another member of the EGR
family, downregulates hMDR1 gene transcription through
direct binding of WT1 to the same GC element [22]. These
results suggest that the hMDR]1 gene is regulated by both
EGRI and WTI in an antagonistic manner through compe-
tition for the same binding region during normal and tumoral
hematopoiesis. Moreover, competition between EGR1 or
Spl and WTT has also been reported in other gene promo-
ters, thereby reinforcing the previous hypothesis [23,24].

3.2. Inverted CCAAT element (Y-Box)

One-third of all promoters studied appear to contain a
CCAAT element that is found in the sense orientation or in
the inverse complement ATTGG, also called the Y-Box.
Most studies of TATA-less promoters report the presence
of a Y-box. In the case of the hMDR1 gene, the Y-box is
located at the —79 to —75 sequence position. It has been
shown that induction of the hMDR1 gene by UV radiation
or by various anticancer molecules involves the Y-box [25].
Several recent studies seem to point to NF-Y as the most
likely protein to bind to this element in order to activate
hMDR1 in MDR tumor cell lines [26,27].

Other studies challenge the role of YB-1 and its binding
to the Y-box [25,26,28]. This disagreement may relate to its
possible role other than solely as a DNA-binding protein,
such as RNA binding [29-31].

Transcriptional regulation at this Y-box seems, however,
to be more complex since mutational analyses have pro-
vided evidence that the Y-box and the closely located GC-
box may cooperate in regulating hMDR1 gene expression
[26]. Both Y-box and GC elements have recently been
reported to be essential for activation of hMDR1 after UV
irradiation [28]. These results, which suggest a cooperative
interaction between the GC- and Y-boxes, have recently
been reinforced by the demonstration of the physical
interaction between Spl and NF-Y in the absence of
DNA and in a context unrelated to MDR [32].
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Moreover, mutation of the proximal Y-box in other
promoters has led to the disruption of binding to the
adjacent GC-box [33]. These results open the way to
new emerging ideas in which NF-Y could play an essential
role in both the architectural and functional organization of
TATA-less promoters, perhaps by connecting upstream
regulators to the general transcriptional machinery [34].

3.3. p53 element

Several tumors that have never been in contact with any
anticancer drug express the Pgp-dependent MDR pheno-
type. Since cellular oncogenes and tumor suppressor genes
are often reported to be altered in the cancer progression
process, it is likely that the resulting altered proteins may
influence Pgp expression. A considerable amount of data
has been focused on the effects of the p53 tumor suppressor
gene and protein on the MDR phenotype. These report an
inhibitor role for wild type p53 on the hMDR1 gene
promoter whereas mutant versions of p53 act as activators
[35], probably by the loss of their inhibitor effect [36,37].
Another possibility may reside in the interaction between
mutated p53 and the proto-oncogenic ETS-1 factor, which
binds its element located from —69 to —63 bases [38].

In some cases wild type p53 has been reported as an
activator of the hMDR1 gene [39], an apparent contradiction
probably due to the wide spectrum of action of p53 and to
major differences in experimental conditions. In all cases,
p53-mediated regulation of the hMDR1 gene involves the
minimal promoter region from —39 to +53 even though no
p53 consensus binding sequence has been discovered. The
consensus p53 binding site consists of two half-sites, each
comprising two repeats of five nucleotides arranged head to
head [40]; under this configuration, p53 trans-activates sev-
eral genes. Recently, a new model has been suggested to
explain the action of p53 on hMDR1. In this model, a binding
region has been proposed in the hMDR1 gene in which the
two half-sites are arranged in a head to tail configuration
leading to p53 repression [37]. Apart from several debates
concerning the direct binding of p53 to the hMDR1 promoter,
it is possible to imagine a modulating effect resulting from its
interaction with such factors as Sp1, NF-Y, C/EBPp, or AP-1,
all of which bind the hMDR1 gene promoter.

3.4. AP-1 element

Many studies propose that AP-1 mediated signals may be
important regulators of hMDR]1. To date, only indirect data
implicate c-fos and c-jun in the formation of regulating
complexes on the hMDRI1 gene. One argument lies in the
fact that MDR cells often contain a higher level of c-fos and
c-jun proteins than their sensitive parental cells. Moreover,
several putative AP-1 sites may be found on the hMDRI1
gene promoter. To strengthen this idea, a recent report points
to the possible activating role of a c-jun dimer on an AP-1
site located between bases —121 and —115 [41].

3.5. CAAT element

A CAAT element (bases —116 to —113) has been found
to bind a complex of NFkB/p65 and c-fos proteins and
which exerts a negative regulatory effect on sensitive tumor
cells but not on their resistant counterparts [42]. This
interestingly draws to our attention a new regulatory
mechanism in which two unrelated factors interact to exert
a negative transcriptional regulation.

3.6. C/EBP element

The C/EBP family of proteins is involved in the basal
and tissue-specific expression of a number of genes.
C/EBPB, also called NF-IL-6, has been shown to induce
a positive regulation of the hMDRI1 gene [43]. Its putative
binding sequence is located between positions —147 to
—139. C/EBPp is usually expressed at low levels in most
tissues; however, it may be rapidly induced in response to
lipopolysaccharides, inflammation cytokines (IL-1, IL-6,
TNF) and retinoic acid.

3.7. Heat shock element (HSE)

It has been shown that heat shock increases both hMDR1
mRNA levels [44] and hMDR1 gene transcription in
reporter vectors [45]. Several putative HSE sequences have
been identified in the hMDR1 promoter, suggesting that
this gene may be considered as a stress gene. An HSE
region spanning bases —99 to —66 has been proposed as a
requirement for the heat shock response. However, no
direct interaction with HSF proteins has been mentioned
[46]. Recently, another HSE region (bases —315 to —285)
has been reported to directly regulate the expression of
hMDR]1 through HSF1 since a dominant negative mutated
HSF1 fails completely to respond to heat induction [47].

3.8. TCF elements

Members of the TCF family of factors have been
reported as tumor inducers [48] and are involved in the
proliferation and progression of cancer [49]. These factors
are transcriptionally inactive but become activated after
interaction with B-catenin and then overactivate their target
genes as a result of elevated B-catenin levels in many
cancer types. The increased level of B-catenin results from
a mutation in the adenomatous polyposis coli (APC) gene,
a tumor suppressor, or from a mutation in the B-catenin
gene, therefore stabilizing the protein. These mutations
have been linked to colorectal adenomas (for APC) and to
skin and liver tumors (for B-catenin). More specifically, a
TCF4/B-catenin complex, which binds seven elements
spanning the —1813 to —261 sequence, has been reported
as an hMDRI1 transcriptional activator that may promote
early abnormal expression of this gene in colorectal carci-
nogenesis [50].
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3.9. Steroid xenobiotic receptor (SXR) element

A recently discovered upstream enhancer containing a
motif related to broad specificity xenobiotic sensitivity has
been attributed to the —7852 to —7837 sequence in the
hMDR]1 promoter. This sequence binds a pregnane xeno-
biotic receptor/retinoid xenoboitic receptor o (PXR/RXRar)
heterodimer that activates MDR]1 transcription in response
to several xenobiotic inducers such as nifedipine, RU486,
dexamethazone, and rifampin [51]. The SXR family of
nuclear receptors is involved in the regulation of drug
clearance pathways and may coordinate drug metabolism
via cytochrome P450 genes (CYP3A4 and CYP2CS8) and
drug efflux via hMDR]1. In addition, SXR may also regulate
MDR in SXR-expressing tumors [52].

4. A new —123/—100 cluster of interest

The hMDR1 gene promoter contains an interesting
region spanning 23 bases from positions —123 to —100.
This cluster has been shown to bind AP-1 and NF«xB/p65/c-
fos in overlapping sequences. In addition, it may also bind
new regulators hitherto undescribed.

e The sequence —123 to —115 has previously been shown
to bind two different proteins NF-R1 and NF-R2 in an
MDR-independent manner, resulting in antagonistic
effects on transcription [53,54]. However, the role of
these proteins still remains unclear as no further data
have been reported.

e A GC-richregion (bases —110 to —103) has been shown
to bind an unknown but specific nuclear factor that acts
as an hMDR]1 repressor which has not been reported
previously [19].

e A 130 kDa protein called MDR1 promoter-enhancing
factor 1 (MEF1) has recently been shown to upregulate
the hMDR]1 gene upon binding to the sequence —118 to
—111 [55]. This protein has been detected after EMSA
experiments in HL60/vcr resistant cells but not in MCF-
7/adr resistant cells suggesting that its expression and/or
binding may be tissue or cell-line dependent.

o Interestingly, overlapping the —110/—103 GC-rich ele-
ment is an inverted MED-1 element (invMED1) which
has been recently described in the human resistant
lymphoblastic leukemia cell lines (CEM) and which
plays an important role in the control of hMDR1 gene
transcription [56]. This element spans 6 bases from
—105 to —100. A transcriptional decoy, which repro-
duces this sequence in order to sequester invMEDI1-
binding proteins, has allowed us to functionally down-
regulate hMDR]1, therefore sensitizing chemoresistant
CEM cell lines. Deletion of this element induced a 60%
inhibition in hMDR1 transcriptional activity in transient
transfection experiments of moderately and highly resis-
tant CEM/VLBO0.45 and CEM/VLBS cells, respectively.

This result suggests that invMED1 acts as a cis-activator
for this gene [57]. We also showed that this sequence
specifically binds to a nuclear protein, the characteriza-
tion of which is in progress.

5. Regulation at a higher level of complexity

All data collected from the study of the hMDR1 gene
promoter suggest a complex regulation pattern, probably
extending beyond the simple house-keeping TATA-less
gene concept. In addition, the recently discovered binding
sites in the hMDR1 gene promoter suggest the idea that
transcription factors may act through competitive or coop-
erative interactions.

It is now clear that overlapping binding elements do play
functional roles in the regulation of gene transcription
through competition between several factors for DNA
binding [58]. However, one should keep in mind that such
competition depends both on tissue and cell co-expression
of transcription factors and on variations in their relative
quantities according to physiological and environmental
conditions. Under these circumstances, the previously
mentioned —123/—100 cluster would represent an impor-
tant region for the regulation of the hMDR1 gene. This
reinforces the necessity to intensify the study of this region
and its related factors.

Another way to modulate gene expression comes from
the study of interactions between gene regulation-related
proteins. Depending on the cellular context, a DNA-bind-
ing factor may bind different co-factors. In addition,
interactions between different DNA-binding factors in
the same gene may promote the building of complex
regulatory structures such as constitutive and regulated
transcription factors that participate together in making up
enhanceosomes [59,60]. This may be the case, for exam-
ple, of Spl and NF-Y as previously discussed; the —123/
—100 cluster may also be a good candidate for such
organization.

Following on from this protein interplay, the accessi-
bility of promoter elements to their binding factors is
regulated at the level of chromatin assembly. Levels of
both histone acetylation and DNA methylation are known
to regulate gene expression. The hMDR1 gene is no
exception to this rule [61,62] and the accessibility of
certain elements or clusters of elements in the gene pro-
moter may participate in its fine regulation or in its
abnormal overexpression.

6. Conclusion

Knowledge of the transcriptional regulation of the
hMDRI1 gene is far from being complete. However, the
previously mentioned studies bring new insights into
the links, on the one hand, between xenobiotics and the
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physiological modulation of hMDR1 and, on the other,
between oncogenes and the pathological expression of
hMDR] in tumors.

In the light of the emerging novel organization of DNA-
binding elements in the hMDR1 promoter, the combination
of such regions, which is unique to a given promoter,
clearly represents an important element of the specific
expression of this gene.

Even though a few new chemosensitizers are undergoing
clinical trials, the difficulties encountered with several
generations of these products in modulating the MDR
phenotype may be counter-balanced by the search for an
adequately specific target in the regulatory structures of the
hMDR1 promoter. This reinforces the necessity to increase
understanding of the transcriptional regulation of this gene.
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