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Novel mechanisms of drug resistance in leukemia
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A key issue in the treatment of acute leukemia is the develop-
ment of resistance to chemotherapeutic drugs. Several mech-
anisms may account for this phenomenon, including failure of
the cell to undergo apoptosis in response to chemotherapy, or
failure of the drug to reach and/or affect its intracellular target.
This review focuses on the latter mechanism, and on intracellu-
lar drug transport resistance mechanisms in particular.
Expression of the ATP-binding cassette (ABC) transporter P-
glycoprotein (Pgp) has generally been reported to correlate
with prognosis in acute myeloid leukemia (AML). Additionally,
but more controversial, expression of the ABC transporter mul-
tidrug resistance protein (MRP) and the vault-transporter lung
resistance protein (LRP) have been correlated with outcome in
AML. Despite these findings, functional efflux assays indicate
the presence of non-Pgp, non-MRP transporters in AML.
Recently, a novel ABC transporter, breast cancer resistance
protein (BCRP) was cloned and sequenced in our laboratory.
Transfection and overexpression of BCRP in drug-sensitive
cells confers drug-resistance to the cells. BCRP is a half-trans-
porter, and may homodimerize or form heterodimers (with a yet
unknown half-transporter) to produce an active transport com-
plex. Relatively high expression of BCRP mRNA is observed in
approximately 30% of AML cases, suggesting a potential role
for this new transporter in drug resistance in leukemia. Leuke-
mia (2000) 14, 467-473.
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Introduction

Multidrug resistance is recognized clinically as the develop-
ment of tumor resistance to a wide variety of anticancer drugs
following exposure to a single drug. Anticancer treatments
such as drugs, biologics, or radiation must hit their cellular
targets and then cause some form of cellular alteration or
damage. Rather than killing the cancer cell directly, it is
thought that in most cases the damage inflicted by the
anticancer agent triggers the process of programmed cell
death, or apoptosis. Hence, resistance to multiple drugs could
arise from cellular defenses that broadly limit access of the
agent to a cellular target (for example, drug transporters), or
prevent the cell from entering apoptosis following injury. This
review is concerned with multidrug resistance in leukemia,
with a focus on the rather narrow category of transport-based
drug resistance.

P-glycoprotein (Pgp)

Great excitement followed the discovery of the membrane-
associated transport protein, P-glycoprotein (Pgp), because
Pgp provided a laboratory model that emulated the clinically
observed phenomenon of multidrug resistance.'? Pgp, the
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product of the MDRT gene, is a 170-kilodalton (kDa) member
of the ATP binding cassette (ABC) superfamily of transport pro-
teins. Pgp is resident in plasma membranes and functions as
an efflux transporter of natural-product lipophilic xenobiotics.
Overexpression of Pgp imparts cellular resistance to a wide
variety of anticancer drugs, including anthracyclines, mitox-
antrone, taxanes, epipodophyllotoxins, and vinca alkaloids,
many of which are used in the treatment of acute leukemia.
It is of note that cytosine arabinoside, an important drug in
the treatment of acute myeloid leukemia (AML), is not trans-
ported by Pgp.

Several solid tumors, including colon cancer, renal cell car-
cinoma, hepatoma, non-small cell lung cancer, gliomas, and
Kaposi’s sarcoma, are generally known to be drug resistant,
even at diagnosis. These tumors frequently express high levels
of Pgp."? In other, more chemotherapy-sensitive tumor types,
such as AML, acute lymphoblastic leukemia, myeloma, lym-
phomas, breast and ovarian cancers, expression of Pgp is rela-
tively low at time of diagnosis, but increases after treatment
at the time of relapse.” Many studies have indicated that
overexpression of Pgp in AML tends to correlate with poor
treatment response in terms of obtaining complete remission,
and in some cases, overall survival.>='" A recent investigation
of Pgp expression in de novo AML patients under the age of
60 found the expression of functional Pgp in approximately
35% of cases.? In elderly patients (>60 years of age), the fre-
quency of Pgp expression increases to 71%.> Moreover, Pgp
expression is higher in typically drug-resistant leukemias such
as secondary leukemias and leukemias arising from myelo-
dysplastic disorders.> In childhood AML, however, Pgp
expression is not associated with a poor prognostic group.'?
In contrast to AML, the consensus among studies of acute lym-
phoblastic leukemia is less as to the prognostic significance of
Pgp expression, with some studies reporting Pgp as an adverse
prognostic factor'*'* and others not.">-'8

A number of agents have been identified that can inhibit
Pgp drug efflux.? The older, first-generation drugs used in this
context include extant drugs found to be substrates for Pgp,
including verapamil, cyclosporin A, tamoxifen, and the
phenothiazines. Novel agents have been developed to target
Pgp specifically, such as dexverapamil and a nonimmunosup-
pressive analogue of cyclosporin A, PSC833, which is a highly
potent inhibitor of Pgp. Thus far, clinical trials with the Pgp
antagonists have yielded disappointing results. Overall, no sig-
nificant change in clinical drug resistance has been demon-
strated in solid tumors.” In the more responsive tumors, leuke-
mia, lymphoma, and myeloma, there are better than expected
response rates reported in trials with Pgp modulators, but in
general, no long-term disease-free survival has been demon-
strated to date.'”2" Recently, however, the Southwest
Oncology Group completed a large phase Il trial of cyclospo-
rin A as a Pgp antagonist in induction therapy of relapsed and
refractory AML patients, and found a significant and favorable
impact of the Pgp modulator on overall survival and the
remission duration of these patients.?? Importantly, there was
a more favorable impact of cyclosporin treatment on the
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median survival of patients whose blast cells had high Pgp
expression, suggesting true modulation of Pgp-mediated
resistance.

Non-Pgp transport resistance mechanisms: MRP

Since it is likely that many cellular events in addition or comp-
lementary to Pgp overexpression contribute to the clinical
multidrug resistance phenotype, it is not surprising that Pgp
antagonists have not made a significant impact on clinical
drug resistance. Although Pgp is an adverse prognosis factor
in AML, many other cellular adaptations in favor of drug resist-
ance may occur, such as changes in the apoptotic pathway
and alterations in the drug target itself. For example, recent
studies of blast cells from patients with poor prognosis forms
of AML found an association of autonomous cell growth in
vitro with co-overexpression of Pgp and the antiapoptosis
gene BclXL.>* Additionally, another recent study in AML
found that while the percentage of patients whose blast cells
overexpressed Pgp increased between initial diagnosis and
relapse, the predictive value of Pgp expression for nonre-
sponse to therapy decreased among patients in late relapse.’®
This could be interpreted as the acquisition of resistance
mechanisms in addition to Pgp in late-relapsing disease. These
changes, enhanced by the genomic instability of the cancer
cell, all contribute to making a given cell able to withstand
the maximally tolerated dose of chemotherapy. Hence, if one
attempts to improve therapeutic outcome, there is a need to
unravel these complex and often interlaced cellular drug
resistance mechanisms. The search for other transporters in
addition to Pgp has led to the discovery of the multidrug resist-
ance protein (MRP) transporter family, the lung cancer resist-
ance protein (LRP, which actually is not a transporter, but part
of a complex that results in intracellular sequestration of drug),
and finally, the breast cancer resistance protein, which was
cloned and characterized at the University of Maryland
Greenebaum Cancer Center.

An ATP-dependent drug efflux resistance phenotype with-
out Pgp overexpression was reported independently by two
groups of investigators who selected HL-60 human leukemia
cells for resistance with doxorubicin.?*2® The mysterious
transporter in the HL-60 cells was elucidated with the sub-
sequent cloning of the MRP from multidrug-resistant human
lung cancer cells.?” The 190-kDa MRP, unlike Pgp, can be
localized on both the plasma and intracytoplasmic mem-
branes, including the endoplasmic reticulum and Golgi appar-
atus.?® Because of its intracellular localization, MRP can cause
intracellular or cytoplasmic sequestration of drug, thus pre-
venting pharmaceuticals from reaching their cellular targets.

The spectrum of resistance imparted by MRP over-
expression is very similar to that of Pgp, with the exception
of taxanes and mitoxantrone, which are effluxed by Pgp, but
not by MRP.28 MRP transport is dependent on the presence of
glutathione (GSH).?® Drug substrates for MRP are transported
either as GSH conjugates, or are co-transported with GSH.
Depletion of GSH sensitizes MRP overexpressing cells to
drugs that are transported by MRP.?®

Initial investigations into the relationship of MRP and treat-
ment outcome in AML showed low MRP expression at presen-
tation,?°-3" with an increase in expression at disease relapse.>°
Recent large studies, however, have been unable to detect any
relationship between MRP expression and clinical response in
AML.#3233 However, the simultaneous activity of MRP and
Pgp in AML blast cells has been correlated with drug resist-
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ance.>*35 MRP is located on chromosome 16, and is deleted
in the ‘inverse 16’ translocation. This may explain the more
favorable prognosis in leukemias associated with this geno-
type.3®

Since its discovery, MRP is now known to be one of at least
six genes that comprise a family of multispecific organic anion
transporters (MOAT).3”=42 The originally described p190 MRP
has been designated as MRP1. To date, two of the other MRP
family members, MRP2 (also called canalicular multiorganic
anion transporter, cMOAT) and MRP3 (also known as MOAT-
D) have been cloned and transfected into drug-sensitive cells.
Enforced expression of MRP2 resulted in resistance to cis-
platin, anthracyclines, etoposide, and methotrexate;*>-4>
enforced expression of MRP3 caused resistance to vinca
alkaloids, etoposide, and methotrexate.**4”

Lung resistance-related protein

Contrary to its name, lung resistance-related protein (LRP) is
not prognostic of resistance in lung cancer; rather, the name
is derived from the initial isolation of LRP from a lung cancer
cell line.*® The phenotype associated with LRP overexpression
includes resistance to natural products, including doxorub-
icin, mitoxantrone, vincristine, and etoposide. LRP has been
shown to be identical to the major vault protein.*® Vaults are
cytoplasmic ribonucleoprotein organelles that constitute the
transporter core of the nuclear pore complex.>® Hence, LRP
is involved with intracellular transport, but unlike Pgp and
MRP, is not an ABC transporter. Vaults are present in many
cells, but appear to be upregulated in certain cancer cells that
overexpress LRP. The enforced expression of LRP in drug-
sensitive cells does not result in drug resistance*” because the
overexpression LRP alone does not increase the number of
vaults. The overexpression of intracellular vaults seems to
result in the sequestration of drug in the vaults, preventing the
drug from reaching its intracellular target. Reports are divided
as to the significance of LRP expression in predicting treatment
outcome. Overexpression of LRP, as measured by the LRP-56
antibody, has been found in some reports to be an adverse
prognostic factor in AML,>'*2 in ovarian cancer,** and in mul-
tiple myeloma treated with conventional doses of mel-
phalan.>* In contrast, other reports do not ascribe prognostic
significance to LRP expression in acute leukemia®*®® or in
myelodysplastic syndrome.>®

Non-Pgp, non-MRP, non-LRP transporters

Studies of acute leukemia indicated that the overexpression of
Pgp and/or MRP in patient-derived blast cells was insufficient
to account for the observed frequency of a drug efflux-based
resistance phenotype, suggesting the existence of other resist-
ance mechanisms.>”>® This is confirmed by a recent study of
352 newly diagnosed AML patients that reported, ‘a distinct
and nonoverlapping phenotype was detected in 18% of these
cases: cyclosporine-resistant efflux not associated with MDR1,
MRP1, or LRP expression, implying the existence of other as
yet undefined efflux mechanisms in AML’.* Laboratory evi-
dence for a non-Pgp, non-MRP transporter also came from the
recognition that in vitro selection of a variety of cancer cell
lines with mitoxantrone produced a phenotype characterized
by ATP-dependent drug efflux, and resistance to mitoxan-
trone, anthracyclines, and topoisomerase | inhibitors.>-%4
Additionally, investigators at the National Cancer Institute, in



search of non-Pgp mechanisms of resistance, selected human
breast cancer MCF-7 cells in the presence of doxorubicin and
verapamil, an inhibitor of Pgp.®® The resulting MCF-7/AdrVp
cells demonstrated ATP-dependent drug efflux with a pheno-
type almost identical to that of the cell lines selected with
mitoxantrone, and also without overexpression of Pgp or
MRP.66,67

Our laboratory became interested in the novel transport-
based drug resistance phenotype manifested by MCF-7/AdrVp
cells. Using the technique of differential display hybridiz-
ation,®® we compared the mRNA repertoire of parental MCF-
7 cells to the resistant MCF-7/AdrVp cells. A 2.4 kb mRNA
was identified that was overexpressed in the AdrVp cells, and
expressed at low levels in the parental cells. The overex-
pressed mRNA contained an open reading frame that encoded
a novel 655-amino acid, 72.6-kDa protein, with motifs
characteristic of an ABC half transporter. Hence, we desig-
nated the new transporter breast cancer resistance protein (or
BCRP), because it was isolated from multidrug resistant breast
cancer cells.®® A portion of BCRP ¢cDNA is homologous to a
human expressed sequence tag (U66681/EST157481) that was
predicted to represent one of 21 new human ABC transporter
genes identified by the use of the human EST database.?” Sub-
sequent to our findings, two other groups have independently
isolated BCRP ¢cDNA and have confirmed our sequence
data.”®”" These groups have termed the transporter the mitox-
antrone resistance gene, MXR1,7° and the human placental
ABC transporter, ABC-P.”" The GenBank accession number
for BCRP is AF098951.

BCRP has the greatest sequence similarity to the product of
the human homologue of the white gene of Drosophila. In the
fruit fly, the white gene is involved in the transport of eye
pigments.”? The human white gene is not overexpressed in
MCEF-7/AdrVp cells, however. BCRP is in the white family of
transporter proteins, along with the human homologue of
white, and the Drosophila genes white, brown, and scarlet.”>~74
BCRP is evolutionarily distinct from the families that contain
Pgp and MRP, which are on a completely separate limb of
the phylogenetic tree (Figure 1). Compared to the full trans-
porters Pgp or MRP, white gene family members are approxi-
mately half the size of the full transporters, and have a single
hydrophilic ATP binding region (nucleotide binding domain,
NBDT1) at the amino terminus. The hydrophobic region con-
taining the transmembrane domains is at the carboxyl
terminus of BCRP (Figure 2).

The white, brown, and scarlet genes of Drosophila are, like
BCRP, half transporters. These half transporters form heterodi-
mers to constitute an active transmembrane conductance
channel.”? The white/brown heterodimer transports guanine,
an eye pigment precursor. Likewise, the white/scarlet combi-
nation produces a transporter for the pigment precursor trypto-
phan. There are no known transport complexes formed by
white, brown, or scarlet protein homodimers, or a
scarlet/brown heterodimer. The products of the human Tap
genes, Tapl and Tap2, also half transporters, form a heterod-
imeric Tapl/Tap2 complex for the transport of peptides of
major histocompatibility class .72 There are no known active
transport complexes formed by homodimers of TapT or Tap2.
Unlike BCRP, the Tap half-transporter proteins are in the Pgp
family of ABC transporters.

Conclusive proof that BCRP is responsible for the drug
resistance phenotype of MCF-7/AdrVp cells can only be
obtained by demonstrating that the enforced expression of
BCRP in drug-sensitive cells confers the resistance phenotype
of MCF-7/AdrVp cells. Furthermore, because BCRP is a half
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Figure 1 Evolution of the amino acid sequence of BCRP relative
to certain other members of the ABC transporter family. This phylo-
gram was produced with the multiple sequence alignment programs
PILEUP, DISTANCES, and GROWTREE, which are part of the Genetics
Computer Group software package (version 8, Genetics Computer
Group, Madison, WI, USA). The figure is reproduced from Ref. 69,
with permission from the National Academy of Sciences of the United
States of America.

transporter, transfection studies may shed light on the require-
ment for other yet unidentified half transporters for BCRP
activity. For this reason, we placed a high priority on the trans-
fection studies. We chose the pcDNA3 expression vector to
enforce high constitutive expression of BCRP in drug-sensitive
MCE-7 cells. Indeed, the BCRP-transfected cells recapitulated
the phenotype of the MCF-7/AdrVp cells, including ATP-
dependent drug efflux, diminished intracellular accumulation
and retention of drug, and resistance to mitoxantrone, dauno-
rubicin, and doxorubicin, and retained sensitivity to platinum,
paclitaxel, and vincristine (Table 1).°° Additionally, we have
found that the BCRP-transfected MCF-7 cells are resistant to
inhibitors of DNA topoisomerase |, including topotecan”® and
SN-38, the active form of irinotecan (Table 1).

The transfection studies have three possible interpretations
as to the functional BCRP transporter configuration: (1) active
BCRP is a homodimer or homomultimer. If this were the case,
it would be somewhat unique because most known functional
half transporter complexes are heterodimers; (2) BCRP part-
ners with an unknown half transporter that is constitutively
expressed in MCF-7 cells. To date, we have been unable to
detect such a half transporter in MCF-7 cells; (3) BCRP is
active as a monomer. This seems unlikely, based on extensive
mutational studies done with Pgp’® that demonstrated an
absolute requirement for two ATP binding domains and exten-
sive transmembrane regions. Nevertheless, if a mammalian
analogy to the white/brown/scarlet system exists, it is reason-

469

Leukemia



Novel mechanisms of drug resistance in leukemia
DD Ross

470

Outside

(A

Inside

NBD1

Outside

(IO

Inside

membrane

NH, COOH

NBD1

Figure 2

[T~ Pgp, (MRP)

NBD2

BCRP, white,
scarlet, brown

Schematic representation of some physical characteristics of the white or P-glycoprotein families of ABC transporters. True distances

are only approximate in the figure, and the actual orientation of the transporter in the membrane is not shown. In cell membranes, the transporter
transmembrane domains probably form a cylindrical aggregate to constitute a conductance channel. Note that the full transporter Pgp is com-
posed of two similar halves, each half having six transmembrane regions and an intracellular region containing the nucleotide binding domain
(NBD). In Pgp family members, the transmembrane domains of each half are located toward the amino terminus, relative to the NBD. MRP
family members are similar in orientation to the Pgp family, however, MRP contains 18 transmembrane domains, with the transmembrane
region of MRP closest to the amino terminus having 12 transmembrane domains. White family members have a single NBD and transmembrane
region containing six predicted transmembrane domains, with the NBD oriented towards the amino terminus of the molecule. In the figure,
the approximate location of the Walker A and Walker B nucleotide binding motifs is indicated by an oval.

Table 1 Drug resistance phenotype of MCF-7 cells with enforced
overexpression of BCRP

Resistance to: Sensitive to:
Mitoxantrone Vincristine
Daunorubicin Cisplatin
Doxorubicin Taxol
Topotecan

SN-38

able to postulate that neoplastic cells may use a versatile com-
binatorial strategy to custom-tailor transport for a given anti-
neoplastic agent (Figure 3). Under this hypothesis, three half
transporters could generate up to six functional dimeric units,
if one allows both homo- and heterodimers in the hypothesis

Three Half-Transporters:

(Figure 3). Clearly, the identification of potential partner
transporters for BCRP is of great importance.

In normal human tissues, BCRP expression is quite distinct
from that of Pgp and MRP. BCRP mRNA levels are highest in
the placenta®®”" and in certain areas of the midbrain
(putamen). In comparison, the expression of BCRP in normal
adult tissues and fetal tissues is relatively low, although the
highest expressing adult organs are liver, small intestine, and
colon. Because of the relatively low expression of BCRP in
normal tissues, BCRP expression in tumor samples may be
useful as a tumor marker.

Since many human cancer cell lines selected with mitoxan-
trone developed a non-Pgp, non-MRP transport-based resist-
ance phenotype similar to that manifested by MCF-7/AdrVp
cells, we investigated whether BCRP was overexpressed in
these mitoxantrone cell lines.”” We found overexpression of
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The half transporter hypothesis. Based on the possibility that a BCRP homodimer constitutes a functional transporter complex, the

hypothesis states that cells may defend themselves from a given xenobiotic by assembling homo- or heterodimers of half transporters that are
optimal for the transport of that xenobiotic. This permits the cell to assemble six functionally different transporter complexes from only three

half transporter molecules.
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BCRP in most of the mitoxantrone-selected cell lines stud-
ied.>?=%* In some cases, marked amplification of the BCRP
gene was also noted. BCRP overexpression was associated
with multidrug resistance in mitoxantrone-selected cell lines
derived from human breast, gastric, and colon cancers, as well
as from fibrosarcoma and multiple myeloma cells.””

The finding of elevated expression of BCRP mRNA in one
of the mitoxantrone-selected cell lines (human colon carci-
noma S1-M1-3.2 cells) is of particular significance because
of the recent report of a novel and specific inhibitor of the
transporter identified in S1-M1-3.2 cells, fumitremorgin C.%
Fumitremorgin C, a natural product isolated from Aspergillus
fumigatis, does not reverse resistance in cells that overexpress
Pgp or MRP.®3 In studies of our BCRP-transfected MCF-7 cells,
fumitremorgin C was also able to enhance drug accumulation
and cause marked sensitization of the cells to mitoxantrone
and anthracyclines.”® Further development of fumitremorgin
C is warranted for use in functional assays of BCRP activity
and possibly as a clinical adjunct to chemotherapy. Interest-
ingly, classical inhibitors of Pgp such as cyclosporin A are not
effective in reversing drug resistance in BCRP overexpress-
ing cells.

A transport-mediated drug resistance phenotype similar to
that observed in mitoxantrone-selected cell lines has been
reported recently in IGROV1 human ovarian carcinoma cells
following selection with topotecan.”® The resulting drug-resist-
ant cells are cross-resistant to mitoxantrone, SN-38, and 9-
aminocamptothecin, have diminished accumulation and
retention of topotecan, do not overexpress Pgp or MRP, and
have no alteration in the catalytic activity or expression of
DNA topoisomerase 1.7 In contrast to the mitoxantrone-selec-
ted cells described above, the topotecan-selected IGROV1
cells are not cross-resistant to doxorubicin or daunorubicin.
Recently, marked overexpression of BCRP was reported in the
topotecan-selected IGROV1 cells, confirming that selection
with topotecan can induce BCRP as a cellular defense
mechanism.”®

In exploratory studies to determine the frequency of
expression of BCRP in acute leukemia, we measured the
expression of BCRP mRNA in blast cells from 14 AML patients
by means of a quantitative reverse-transcription polymerase
chain reaction (RT-PCR) method.®° Although most of the
patients studied were newly diagnosed, the majority had
unfavorable  cytogenetic  alterations.  Relatively  high
expression of BCRP mRNA was observed in marrow from four
patients with drug-resistant disease in this group of 14 patients
(29%).8° The remaining patients had low or barely detectable
expression of BCRP mRNA. The overexpression of BCRP in
blast cells of some but not all AML patients indicates a need
for further studies of the diagnostic and prognostic signifi-
cance of BCRP expression in AML blast cells, particularly in
regard to drug treatment response and the expression of other
markers of drug resistance. Preferably, future studies will
incorporate assays of BCRP protein and function. Functional
assays for BCRP will be facilitated by the use of the specific
BCRP inhibitor, fumitremorgin C. Perhaps BCRP can account
for some or all of the recently described subset of AML
patients whose blast cells had cyclosporin-resistant drug efflux
not associated with the overexpression of Pgp, MRP or LRP.*
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