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ABSTRACT

Drug resistance remains a major problem in the treat-
ment of patients with acute myeloid leukemia (AML). Ex-
pression of the MDR1 gene in leukemic cells was shown
previously to be associated with worse clinical outcome of

the patients. The multidrug resistance-associated protein
(MRP) has been shown recently to be another protein caus-

ing the mubtidrug resistance phenotype in cell lines, but its

impact on clinical outcome in patients with AML remains to

be proven. To determine the clinical significance of MRP in
patients with de novo AML, we have studied the MRP

expression in leukemic cells and its association with both

response to induction chemotherapy and survival of the
patients. MRP gene expression was determined by immuno-

cytochemistry (n = 80) by means of the monoclonal anti-
bodies QCRL-1 and QCRL-3. MRP expression was low,
intermediate, and high in 19, 55, and 26% of the patients,
respectively. High MRP expression was independent of age
and sex of the patients, WBC count, and percentage of
blasts. However, high MRP expression was more frequent in

the FAB MS subtype as compared to the other subtypes.

MRP expression had no impact on clinical outcome. The
complete remission rates were 65, 68, and 63% for patients
with low, intermediate, and high expression, respectively.

Overall survival was also independent of MRP expression.
In contrast, patients with P-glycoprotein-positive AML had

lower complete remission rates and shorter durations of
survival. These data indicate that MRP is expressed in pa-

tients with de novo AML but, in contrast to P-glycoprotein,
does not predict for outcome of induction chemotherapy or

survival.
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INTRODUCTION

Drug resistance limits the efficacy of anticancer drugs in

AML.3 MDR is believed to be a major cause of resistance in this

disease. MDR affects a broad spectrum of anticancer drugs,

including anthracyclines, etoposide, and Vinca alkaloids but not

antimetabolites and alkylating agents (1). MDR is in part due to

the ovcrexprcssion of the MDRJ gene and its protein product,

P-glycoprotcin (P-gp) (1). The MDRJ gene expression has pre-

viously been shown to be an important prognostic factor in

AML (2-6). Patients expressing MDRJ RNA or P-gp in their

leukemic cells at the time of diagnosis had lower complete

remission rates and shorter duration of survival as compared to

patients without MDRJ gene expression (2-6).

Recently, other mechanisms resulting in the MDR pheno-

type have also been characterized (7). MRP has been shown to

mediate non-P-gp-mediated MDR of cell lines (8). MRP be-

longs to the ATP-binding cassette superfamily of transport

proteins and confers resistance to a similar spectrum of antican-

cer drugs as P-gp (9, 10). Drugs affected by MRP include

anthracyclines and etoposide but not cytarabine. Thus far,

knowledge about the impact of MRP on drug resistance of

lcukcmias and solid tumors is scarce ( 1 1).

We decided to determine the clinical significance of MRP

in AML. AML lends itself as a model disease for this purpose

for several reasons: (a) drug resistance remains a major obstacle

in the clinical management of this disease. Although P-gp-

negative patients have improved outcome, many of these pa-

tients finally relapse and die from their disease, suggesting that

additional drug resistance mechanisms might be clinically rcb-

evant; (b) secondly, MDR drugs such as daunorubicin are im-

portant parts of induction protocols and, therefore, presence of a

functional MRP might affect response to chemotherapy and

long-term clinical outcome; and (c) knowledge of all of the

mechanisms involved in the clinical drug resistance of AML

should help clinicians to eventually develop methods for their

reversal. Here, we report on the expression of MRP and its

relationship to clinical outcome in patients with de nova AML

and also compare these results with those obtained for P-gp.

PATIENTS AND METHODS

Patients. Between January 1990 and March 1995, 80

patients (36 females, 44 males) with de novo AML were admit-

ted to this study (Table I). Forty-one patients had also been

3 The abbreviations used are: AML, acute myeboid leukemia: MDR,

multidrug resistance: MRP, MDR-associated protein: DA, daunorubicin

(45 mg/m2/day on days 1-3) and cytarabine (200 mg/m2/day by con-

tinuous infusion on days 1-7): DAE, daunorubicin (45 mg/m2/day on

days 1-3), cytarabine (200 mg/m2/day on days 1-7), and etoposide (100
mg/m2/day on days 1-5): P-gp, P-gbycoprotein: inv(16), inversion in

chromosome I 6; FAB, French-American-British Cooperative Group.
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1420 MRP in AML

included in a previous study on the clinical significance of P-gp

(6).

The median age of the patients was 56 years (range, 15-88).

Seventy-seven patients were treated with standard induction

chemotherapy protocols, whereas three patients did not receive

chemotherapy. Thirty-one patients received a DA protocol

(daunorubicin 45 mg/m2/day on days 1-3 and cytarabine 200

mg/m2/day by continuous infusion on days 1-7), and 34 patients

received a DAE protocol (DA plus etoposide 100 mg/m2/day on

days 1-5). Four patients were treated with idarubicin and cyt-

arabine. Six patients with FAB subtype M3 received all-trans

retinoic acid prior to chemotherapy with DA or DAE. Two

patients received other induction protocols. Response to induc-

tion chemotherapy was assessed according to standard criteria.

Three patients were not evaluable for response because they

received only one cycle of chemotherapy, which did not result

in complete remission. Patients in complete remission received

consolidation therapy, which included anthracyclines and/or

cytarabine. Forty-six of 5 1 patients in complete remission re-

ceived consolidation therapy, which consisted of either DA (n =

23), DAE (pi = 22), or high-dose cytarabine (n = 1). Fifteen

patients subsequently underwent bone marrow transplantation.

Leukemic Cells and Cell Lines. Leukemic cells were

isolated from either peripheral blood (n 3 1 ), bone marrow

aspirates (n 29), or both sources (n 20) by Ficoll-Paque

(Pharmacia) gradient centrifugation. Smears were prepared and

stored at -70#{176}Cuntil use. Cytospins of Cl and T5 cells were

provided kindly by Drs. S. P. C Cole and R. 0. Deelcy (Queen’s

University, Kingston, Ontario, Canada). Drug-sensitive KB-3-l

and multidrug-resistant KB-8-5 cells (provided by Dr. I. Pastan

and Dr. M. M. Gottesman, National Cancer Institute, Bethesda,

MD) were grown as described (3).

Immunocytochemistry. Immunocytochcmistry was per-

formed as described (12). Briefly, cells were fixed in cold

acetone ( -20#{176}C)for 10 mm, washed twice, and incubated in 3%

H202 to block endogenous peroxidase activity. After two wash

steps and a 20-mm incubation with normal goat serum (dilution,

I :20; DAKO Corp.), cells were incubated for 2 h with a mixture

(dilution, 1 : 1000) of monocbonal antibodies QCRL-l (IgG1) and

QCRL-3 (IgG2�: Ref. 13). Both antibodies were provided

kindly by Drs. S. P. C. Cole and R. G. Deelcy. Antibody binding
was detected by the avidin-biotin-peroxidase method. Bound

pcroxidase was developed with 3-amino-9-ethylcarbazole

(Sigma Chemical Co.) and 0.1% H,O, in acetate buffer pH 5.2.

The slides were counterstained with Mayer’s H#{228}mabaun and

mounted with Aquatex (Merck). All washes were performed in

PBS. To ensure specificity of staining, three controls were

performed: (a) Cl and T5 cells were used as negative and

positive controls for MRP expression (9); in the case of T5 cells,

the intensity of staining was very high and above the intensity

usually observed in clinical samples; (b) negative controls for

each sample were performed as described above but without

monocbonal antibodies QCRL-l and QCRL-3; and (c) staining

with irrelevant isotype-matched antibodies was performed as a

negative control in some cases. Staining of at least 200 cells was

evaluated by two investigators who were blinded to clinical

outcome.

The C219 antibody (Centocor, Inc., Malvern, PA) was used

for the detection of P-gp. Despite the potential cross-reaction of

C2 I 9, we have chosen this antibody for reasons of comparison

with our previous study (6). In that study, expression of P-gp

was assessed by C219, and positive expression was found to

indicate poor prognosis, which is consistent with results ob-

mined by the P-gp-specific MRKI6 antibody (5). Immunocyto-

chemistry was performed as described above, with C219 replac-

ing the anti-MRP antibodies. Drug-sensitive KB-3-l and

multidrug-resistant KB-8-5 cells were chosen as negative and

positive controls for P-gp expression, respectively.

With regard to both MRP and P-gp, the degree of expres-

sion was divided according to the percentage of staining leuke-

mic cells into low (0-5%), intermediate (6-20%), and high

(>20%) expression.

Karyotype Analysis. Cytogenctic analysis was per-

formed as described previously (14). Prognosis was considered

good in patients with inv(16) and t(8;2l), intermediate in pa-

tients with t(15;l7) and those with normal karyotype, and poor

in all others.

Survival Analysis. Durations of overall survival and dis-

ease-free survival were estimated according to the Kaplan-

Meier method ( 15). Overall survival was measured from the

time of diagnosis until the time of either death or the last control.

Disease-free survival was measured from the time of complete

remission until the time of relapse or death. Patients who un-

derwent bone marrow transplantation were censored at the time

of transplantation.

Statistical Analysis. Frequencies were tested by x2 anal-

ysis or Fisher’s exact test. In addition, Kruskal-Wallis tests were

performed. Comparisons of survival curves were done with the

Wilcoxon test.

RESULTS

MRP expression of leukemic cell populations obtained

from either peripheral blood or from bone marrow was deter-

mined by immunocytochemistry by means of monoclonal anti-

bodies QCRL-l and QCRL-3. Although all patients required

>30% blasts in their bone marrow to be included in our study,

the percentage of blasts in the sample source, from which the

mononuclear cell fraction was isolated by Ficoll-Paque gradient

ccntrifugation, ranged from 3 to 98% (Table I). The percentage

of staining leukemic cells ranged from 1 to 78%. Low, inter-

mediate, and high MRP expression was observed in 15 (19%),

44 (55%), and 21 (26%) samples, respectively (Table 2). No

completely negative expression occurred. In 20 patients, MRP

expression was determined in both peripheral blood and bone

marrow, and the results obtained were identical.

Next, the relationship between MRP expression of the

leukemic cells and clinical parameters of the patients was stud-

ied. For this analysis, patients were grouped into those with low

or intermediate MRP expression (group I) and those with high

expression (group II). Age and sex of the patients, WBC count,

percentage of blasts, serum lactate dehydrogenase levels, and

karyotypc aberrations were not different between these two

groups (Table 1). However, high MRP expression was more

frequent in FAB MS subtypes as compared to the remaining

FAB subtypes.

To evaluate whether MRP expression predicts for outcome,

we determined the relationship between MRP expression of the
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Table 1 MRP expression and clinical data of the patients”

All patients Group I (Low + intermediate MRP) Group II (High MRP) P

80 59(74) 21(26)

56 58 49

15-88 15-88 24-77
48 38(64) 10(48)

44 31(70) 13(30)
36 28(78) 8(22)

16,500 11,190 30,190

400-280,700 600-280,700 400-250,000

60 67 52
3-98 3-98 18-90

NS�

NS”

NSd

NS’

NS’

NS’

NS”�

4

12

19
10
15

6
10
4

430

107-3800

8

lb
30

31

31

34

4

6
.,

3

23

22

34

15

S (63)

9(82)

23 (77)

22 (71)

21 (68)

27(79)

3 (75)

6(100)

I (50)
1 (33)

3 (37)

2 (18)

7 (23)

9(29)

10 (32)
7(21)

I (25)

0(0)
I (50)
2 (67)

“ Numbers in parentheses are percentages.

I, NS, not significant.
C p of Kruskal-Wallis test.
‘/ P of x2 test.

‘. MS versus other subtypes.
I Definitions of protocols and karyotype classification are described in “Patients and Methods.”

S p of Fisher’s exact test.
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patients with bow, intermediate, and high MRP expression,

No. of patients

Age (years)
Median

Range
Patients >50 years

Sex
Males

Females
WBC count

Median
Range

Blasts %
Median
Range

FAB subtype
MO
Ml
M2
M3
M4
M4Eo
MS
M6

Lactate dehydrogenase (units/liter)
Median
Range

Karyotyp#{235}
Not determined

Good prognosis
Intermediate prognosis

Poor prognosis
Induction therapy1

DA 3+7
DAE 3+5+7

Idarubicine + cytarabine

All-trans retinoic acid + DA or DAE
Others

None

Consolidation therapy

DA
DAE
High-dose cytarabine

None
Bone marrow transplantation

4(100)

8(67)

17 (89)

7(70)

12 (80)

4(67)

3 (30)

4 (100)

417

104-2730

16(70)

18 (82)

1(100)
24(71)

10(67)

0(0)
4(33)

2(11)

3 (30)

3 (20)

2 (33)

7 (70)

0(0)

714

164-3800

7 (30)

4(18)

0(0)
10(29)

5 (33)

leukemic cells and response to induction therapy as well as

survival of the patients. This analysis included all patients

receiving chemotherapy. The treatment protocols were not dif-

ferent between groups I and II (Table 1). The complete remis-

sion rate was 66% for the total study population. Early death

(within 4 weeks after the beginning of treatment) and resistant

disease (after at least two treatment cycles) occurred in 14

(18%) and 9 (12%) patients, respectively. Three (4%) patients

were not evaluable with regard to response. The complete re-

mission rates were 65, 68, and 63% for p4tients with low,

intermediate, and high expression, respectively (Table 3). The

complete remission rate for patients of groups I and II were 67

and 63%, respectively. Similarly, the percentages of early death

and resistant disease were also independent of MRP expression

(Table 3).

Overall survival and disease-free survival were calculated

according to the Kaplan-Meier method (15) in 77 and 50 pa-

tients, respectively. Relapses and deaths occurred in 37 and 67

patients, respectively. At a median follow-up of 3 years, median

overall survival was 1 1 months for the total study population.

Median overall survival times were 14, 8, and 12 months for
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1422 MRP in AML

Table 2 MRP and P-gp expression in patients with AML”

Immunocytochemistry with QCRL-l and QCRL-3 in the case of

MRP as well as C219 in the case of P-gp was performed as described in
“Patients and Methods.”

Total Low Intermediate High

MRP 80 15(19) 44(55) 21(26)

P-gp 80 50(62) 21 (26) 9(12)

“ Num bers in paren theses are percentages.

respectively (data not shown). Overall survival was also similar

for patients of groups I and II (Fig. 1 ). Interestingly, however,

I I of 12 patients surviving more than 2 years were among group

I. With regard to disease-free survival, no significant differences

between patients with different degrees of MRP expression were

observed (data not shown). No differences in overall or disease-

free survival were observed when patients were alternatively

grouped (i.e., bow versus intermediate + high; low versus high;

low versus intermediate; and intermediate versus high; data not

shown). Also, with higher thresholds for high MRP expression

(>30% and >40% staining cells), no impact of MRP expression

on response rates or overall survival of the patients was ob-

served (data not shown).

For reasons of comparison, we also studied the association

of P-gp expression and clinical outcome in these patients. P-gp

expression determined immunocytochemically by means of the

C219 antibody was low in 50 (62%), intermediate in 21 (26%),

and high in 9 ( I 2%) patients (Table 2).

Within the treated group (n = 77), patients with low,

intermediate, and high P-gp expression achieved a complete

remission in 73, 70, and 22% of the patients, respectively (Table

3). Statistical analysis is summarized in Table 3. Significant

differences were seen when the following groups of patients

were compared: low + intermediate versus high (P 0.01), bow

versus high (P = 0.01), and intermediate versus high (P

0.05).

The duration of overall survival (Fig. 1) was also signifi-

cantly shorter for patients with high P-gp expression as com-

pared to the remaining treated patients. Differences were also

present in the cases of other groupings of the patients (low

versus intermediate + high, P 0.03, and low versus high, P <

0.001 ) (data not shown). Disease-free survival was significantly

longer (P = 0.03) in patients with low P-gp expression as

compared to patients with intermediate + high P-gp expression.

Consistent with our previous report (16), none of the patients

with FAB M4Eo expressed high P-gp bevels (data not shown).

Among patients with low P-gp expression, the degree of

MRP expression had no impact on response to chemotherapy
and survival of the patients. In this subgroup, patients with low,

intermediate, and high MRP expression had response rates of

70, 76, and 67%, respectively, and median survival durations of

12, 12, and 15 months, respectively (data not shown).

DISCUSSION

In the present study, high MRP expression of the lcukemic

cells was found in 26% of the patients, whereas low or inter-

mediate levels of expression were seen in the remaining pa-

tients. In contrast to P-gp expression, which was associated with

Table 3 MRP and P-gp expression in relation to outcome of
induction chemotherapy”

No. of Complete Resistant Early Not

patients remission disease death evaluabbe

No. of patients 77 51 (66) 9 (12) 14(18) 3 (4)

MRP-positive patients

Low 14 9(65) 1 (7) 3(21) 1 (7)

Intermediate 44 30 (68) 4 (9) 9 (21) 1 (2)
High 19 12(63) 4(21) 2(11) 1 (5)

P-gp-positive patients

Low 48 35(73) 4(8) 7(15) 2(4)

Intermediate 20 14 (70) 3 (15) 2 (10) 1 (5)

High 9 2 (22) 2 (22) 5 (56) 0 (0)

Patients received induction chemotherapy as described in “Patients

and Methods.” Statistical analysis (x2 or Fisher’s exact test) with regard
to complete remission revealed the following Ps:

PS

MRP P-gp

Low versus intermediate + high I .0 0.1

Low + intermediate versus high 0.7 0.01

Low versus high 0.9 0.01

Low versus intermediate 1 .0 0.8

Intermediate versus high 0.7 0.05

“ Numbers in parentheses are percentages.

worse clinical outcome, MRP expression had no impact on

either response to induction chemotherapy, disease-free sur-

vival, or overall survival of the patients. Immunocytochemistry

allowed us to detect expression of MRP and P-gp at the cellular

level. Because of potential shortcomings of a solely immuno-

cytochemicab assay, however, our results will have to be con-

firmed by other detection methods. Nevertheless, in a recent

study, three different methods (reverse transcription-PCR, in

situ hybridization, and flow cytometry) for detection of MRP

expression in normal hemopoictic cells yielded concordant rc-

sults (17).

Recently, a few studies on MRP expression in AML have

been published (18-24). The results of these studies were ob-

tamed mostly by RNA techniques, either by reverse transcrip-

tion-PCR (18-21) or by RNase protection assays (22-24), and

are sometimes difficult to compare because of heterogenous

patient populations and differences with regard to the definition

of overexpression. Nevertheless, the percentages of MRP RNA

overexpression reported in these studies are similar to our per-

centage of high MRP expression. Zhou et a!. (20) reported MRP

RNA overexpression as compared to normal bone marrow in 9

of 51 (18%) patients with newly diagnosed AML. Burger et a!.

(22) found significantly elevated MRP RNA levels in 1/9 (11%)

untreated patients and Ross et a!. (21) in 6/24 (25%) patients.

Nooter et a!. (24) reported high MRP expression in 2 of 29 (7%)

untreated patients by means of a RNasc protection assay and in

3 of 10 (30%) by means of the monoclonal antibody MRPr1.

MRP RNA overexpression was significantly higher in 5cc-

ondary AML as compared to de novo AML (18) and tended to

be higher in pretreated AML than in untreated AML in one (18)

but not in another study (24). In relapsed AML, MRP expression

was higher than at the time of diagnosis in three studies (19-21),

although a statistically significant difference was observed in

only one of these studies (19).
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Fig. I MRP (A) and P-gp (B) expression

and overall survival of the patients. Overall

survival of the patients was studied with

regard to the expression of MRP or P-gp.

Overall survival was estimated according to

the Kaplan-Meier method (15), and curves

were compared by the Wilcoxon test. For
both MRP (A) and P-gp (B), results are

shown for patients with high expression as
compared to the remaining patients.

In our study, MRP expression was not related to response

to induction chemotherapy. Conflicting results with regard to

the association between MRP RNA expression and response to

chemotherapy have recently been reported by others (18, 19, 21,

23). Many of these studies suffer from several shortcomings,

including insufficient numbers of patients and heterogeneity

with regard to both patient population (newly diagnosed plus

relapsed patients) and treatment protocols. Consistent with our

immunocytochemical data, no correlation between MRP RNA

expression and response to chemotherapy was found in 43

patients, including 14 relapsed patients (19), and in a second

study on 24 patients (21). In contrast, MRP RNA overcxprcssion

was more frequent in drug-refractory than in drug-sensitive

patients in two studies, although these differences did not reach

the level of statistical significance in either study ( 18, 23).

Consistent with the lack of a relationship between MRP

expression and response to chemotherapy, we did not observe a

correlation between the level of MRP expression and overall

survival or disease-free survival of the patients. However, the

fact that most patients surviving more than 2 years did not

express high MRP bevels warrants additional studies on the

association of MRP expression of leukemic cells and long-term

survival of the patients. To date, no data on the association of

MRP expression and survival have been reported except in one

study, which mentioned that the duration of remission was

independent of MRP RNA expression (19).

Deletion of the MRP gene was found previously in S of I 3

patients with inv( I 6) and was associated with longer overall

survival and disease-free survival (25). Thus, this aberration was

suggested to be the reason for the better prognosis of patients

with inv(l6). However, we did not observe a relationship be-

tween MRP expression and inv(16) in the present study. In

contrast, P-gp expression was low in 86% of the patients with

inv(l6) as compared to 65% of the patients without this cyto-

genetic aberration. As suggested previously ( I 6), therefore, lack

of MDRJ gene expression might be an alternative explanation

for the good prognosis of patients with inv(16).

Recently, a few studies evaluating the clinical significance

of MRP gene expression in solid tumors have been published

(26-29). MRP RNA overexpression of the tumors was associ-
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ated with reduction of both overall survival and event-free

survival in patients with ncuroblastoma (26) and predicted for

worse outcome of platin-based combination chemotherapy con-

taming either vindesine or etoposide in patients with non-small

cell lung cancer (27). In contrast, no associations between MRP

expression and response to chemotherapy or survival were

found in patients with ovarian (28) or colorectal carcinoma (29).

For reasons of comparison, we have also assessed the

expression of P-gp and its impact on outcome in the present

patient population. Consistent with previous reports by us and

others (2-6), P-gp expression was associated with lower com-

plete remission rates and shorter survival times also in the

present study. Thus, P-gp appears to be a major mechanism of

drug resistance in AML that serves as a model disease for the

MDR phenotype. In contrast, the exact impact of P-gp on

clinical outcome in solid tumors remains to be assessed for most

tumor types ( 1 1), despite the frequent expression of the MDRJ

gene in solid tumors (30, 31).

The fact that many AML patients with only low P-gp

expression also finally relapse and die from their disease sug-

gests that additional mechanisms of drug resistance might be of

clinical relevance. Zhou et a!. (20) recently found an impact of

MRP on outcome in P-gp-negative patients, but we were not

able to confirm these findings in the present study. Other

potential mechanisms of drug resistance include the lung-

resistance protein (LRP), changes in activity of topoisomerase II

and alterations in glutathione or glutathionc 5-transferase levels

(32, 33). The lung-resistance protein, a major vault protein

thought to be involved in the intracellular transport of a variety

of substrates, has recently been shown to be an important

predictor of treatment outcome in AML (34). Thus, these mech-

anisms will have to be evaluated further with regard to their

quantitative impact on clinical outcome in patients with AML.

In conclusion, MRP does not appear to be a clinically

relevant drug resistance protein in AML. Thus, modifiers of

MRP most likely will not result in improved outcome in this

disease, whereas modifiers of P-gp (35-37), some of which have

already been evaluated in pilot clinical trials (38, 39), might

eventually improve outcome of patients with AML.
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