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Abstract: In this study we detected the expression pattern of MRP1-6 in126 newly diagnosed B-precursor ALL (BP-
ALL) children by real-time RT-PCR in China. We found that all 6 members of MRPs were expressed with a distinct pat-
tern: MRP1 showed close relation with WBC counts, treatment response, and relapse; Higher expression of MRP2
in the TEL/AML1 positive group; MRP5 and MRP6 expressed lower in E2A/PBX1 positive group; High expression
of MRP1, 5, 6 showed a close relation with poor response to the treatment; MRP1 and MRP6 expressed higher in
relapse stage. Furthermore, each member expression alone didn’t show any impact on the relapse-free survival in
BP-ALL. However, when MRP1 was combined with other MRP members such as MRP5 or MRPG, the patient cohort
could be stratified into 4 subgroups with relapse. Patients with high MRP1 and low MRP5 or 6 had the most favor-
able relapse-free survival. Our study illustrated a new pattern of MRPs related to relapse-free survival.

Keywords: Multidrug resistance-associated protein family members, acute lymphoblastic leukemia, B-precursor,

relapse-free survival

Introduction

Acute lymphoblastic leukemia (ALL) is the most
frequent malignancy in childhood. With the
advancement of modern antileukemic agents
and improved supportive care in contemporary
clinical trials, the 5-year survival rate of child-
hood ALL has been incrementally improved in
both developing and developed countries [1-4].
However, some patients still fail to respond to
therapy and others relapse with resistant dis-
ease. Drug resistance remains a leading cause
of death in pediatric ALL.

Several mechanisms of drug resistance were
identified, of which ATP binding-cassette (ABC)
transporters was mainly involved in chemosen-
sitivity [5-11]. The superfamily of ABC trans-
porters mainly consists of the multidrug resis-
tance gene 1 (MDR1), breast cancer resistance

protein (BCRP), and the family of multidrug re-
sistance-associated proteins (MRPs). Current-
ly, nine MRP genes have been identified, of
which the MRP transporters (MRP1-6) are
known to be involved in the effleux of chemo-
theraputic agents that are generally used in the
treatment of ALL, including doxorubicin, vincris-
tine, etoposide, 6-mercaptopurine, and metho-
trexate [12-15]. Although MRP family shares
strong similarity on structure, function and sub-
strate specificity, the reports on their clinical
relevance in ALL are still controversial. The
expression of MRP1 has been studied in larger
groups of ALL patients and failed to show as-
sociation with response to chemotherapy [9].
Higher levels of MRP3 were found in patients
with a poor in vivo response to prednisone, but
this could not be confirmed by an independ-
ent case-control study for prednisone response
[16]. Relapsed patients showed a higher level
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of expression of all MRP genes, except MRP4
which indicated that high MRPs expression cor-
relate with an unfavorable prognosis indepen-
dently of age [17].

In view of the strong overlapping functions of
the members of MRPs, the aim of this study is
to investigate the correlation of mRNA expres-
sion of all six relevant MRP genes (MRP1-6)
with the clinical feature, cytogenetic abnormal-
ity, and clinical outcome in childhood ALL treat-
ed under Cooperative Study Protocol (CCLG-
ALL 2008) in China.

Materials and methods
Patients

During the period of January 2012 to April.
2013, 126 patients newly diagnosed B-pre-
cursor ALL (BP-ALL) were enrolled to the study
at the Children’s Hospital of Soochow Univer-
sity. Follow-up time ended in May 2015. T-cell
ALL and mature ALL were excluded from analy-
sis because of their unique leukemia biology,
associated risk characteristics, and treated
under different protocols as well. Patients with
BP-ALL were classified as standard-risk ALL
(SR-ALL), intermediate-risk ALL (IR), and high-
risk ALL (HR-ALL) and were treated according
to the protocol from Chinese Children Leuke-
mia Group (CCLG-2008) risk-stratified ALL regi-
mens [18]. The study was reviewed and ap-
proved by the Institutional Review Board, and
was conducted in accordance with the De-
claration of Helsinki.

Analysis of minimal residual disease (MRD)

MRD was obtained during the study period
from end-of-induction bone marrow specimens
and was were analyzed with a six-laser FACS
Calibur flow cytometer with CellQuest and
CellQuestPro software (BD Biosciences, San
Jose, CA) and were performed according to the
established protocol [19-22]. MRD was ana-
lyzed either as continuous variable or as posi-
tive or negative (defined by using a threshold
of 0.01% residual leukemia blasts) as estab-
lished from previous large cohorts in pediatric
ALL [23].

Definition

Relapse was defined as very early relapse (VER,
less than 18 months from the first induction
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therapy), early relapse (ER, 18 months or more
after first diagnosis and less than 6 months
from stopping therapy), and late relapse (LR,
6 months or more after stopping therapy),
respectively [24]. Complete remission (CR) was
defined as <5% leukemic blasts in bone mar-
row, absence of blasts in peripheral blood,
and absence of leukemic blasts in spinal fluid
or other extramedullary sites. Central nervous
system (CNS) disease at diagnosis was defined
by a WBC count of greater than 5 cells/uL with
identifiable blasts in the cerebral spinal fluid
(CSF) or by a pathological mass detected by
cranial computed tomography, with or without
CSF pleocytosis. The presence of more than
1000 blasts/uL peripheral blood blasts on day
8 after prednisone treatment was defined as
prednisone poor responder (PPR) [25].

Sample collection and RNA isolation and qRT-
PCR

Mononuclear cells from bone marrow were iso-
lated on Ficoll-Isopaque (Nycomed, Oslo, Nor-
way) density gradient by centrifugation. The
cells concentration at 2x10%/ml was cryopre-
served in RPMI 1640 supplemented with 10%
FCS and 10% DMSO (Merck, Amsterdam, the
Netherlands) and stored in liquid nitrogen. The
median percentage of blasts in patient material
was 80%+20% (mean * SD). Total cellular RNA
was isolated from ALL blasts using RNeasy Mini
Kit including DNase digestion (Qiagen, Hilden,
Germany). From some samples total cellular
RNA was extracted using 1 mL of Trizol rea-
gent (Life Technologies, Breda, Netherlands).
The amount of RNA was measured by photo-
metry. Subsequently, 1 microgram RNA was re-
verse transcribed in 20 microliter reverse tran-
scriptase buffer containing 10 mmol/L DTT, 0.5
mmol/L each of dATP, dGTP, dCTP, and dTTP,
200 units of Moloney murine leukemia virus
reverse transcriptase, 5 units of RNase inhibi-
tor, and 10 ng/microliter random primers (MBI
Fermentas, St. Leon-Rot, Germany).

Quantitative RT-PCR (qRT-PCR) was performed
using the ABI Prism 7700 Sequence Detector
(Applied Biosystems, Foster City, CA). Primers
for the MRPs and b-actin and products were
amplified based on the protocol previously de-
scribed [26].

The expression of the MRP genes was stan-
dardized based on expression of B-actin gene.

Int J Clin Exp Pathol 2017;10(2):1708-1718
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Table 1. Initial patient data

No.
Number of patients 126
Median age (mean + SD), y (range) 5.84+3.6
Sex, male/female 62/64
Median WBC, 10%/L (range) 26.8 (0.54-638)

Median percentage of leukemic cells, WBC (range) 26.8 (0.54-638)

Median HB, g/L (range) 79 (46-160)
Median PLT count, x10°%/L (range) 71 (9-375)
Bone marrow blast, % 89 (41-98)
Peripheral Blood blast, % 72 (0-95)
TEL/AML1, yes/no 36/90
E2A/PBX1, yes/no 12/114
BCR/ABL, yes/no 4/122
MLL related 12/114
Response to prednisone, goodt/poort 20/106
Relapse, VER/ER/no 8/4/114

TLess than 10° leukemic cells/L on day 8. $More than 10° leukemic cells/L
on day 8.

Table 2. MRPs expression at different stage of BP-ALL

MRP expression* Stage Median** Range p value#
MRP1 Initial 5.82 2.56-10.98 <.001
CR 1.99 0.55-3.76
Relapse 8.49 3.88-16.25  0.007
MRP2 Initial 2.99 1.05-5.23 >.05
CR 1.17 0.25-3.25
Relapse 1.18 0.35-3.06 >.05
MRP3 Initial 0.52 0.19-2.01 <.001
CR 2.09 0.69-4.02
Relapse 0.38 0.18-1.44  <0.001
MRP4 Initial 2.46 1.09-5.01 .039
CR 1.64 0.54-3.91
Relapse 5.47 1.26-8.04 .029
MRP5 Initial 1.6 0.39-3.21 .002
CR 0.91 0.28-2.01
Relapse 3.84 0.99-5.27 .002
MRP6 Initial 0.56 0.15-2.33 >.05
CR 1.13 0.53-3.03

Relapse 2.00 0.90-4.03 >.05

NOTE: *The relative expression of MRPs was calculated by 224, namely, ACT
(MRP1-6)=CT (MRP1-6)-CT (B-actin gene), AACt=ACT (MRP1-6) of patients
-ACT (MRP1-6) of control. **The values are given as median (25th-75th
percentile). #Compared with CR.

The expression of each gene in each sample
was analyzed in duplicates. Meanwhile, sam-
ples from 20 cases without leukemia were
used as control.

Statistical analysis

Because the levels of MRP expre-
ssion were not evenly distribu-
ted, nonparametric methods were
used. The Mann Whitney U test
was done to compare MRP ex-
pression between two groups. For
more than two groups, the Krus-
kal-Wallis test was employed. With
the Spearman rank test, the cor-
relation between MRP expression
and other continuous variables
was determined. Life-table esti-
mates were employed to analyze
double genes effects on relapse
and Chi-square was run to com-
pare subgroups’ differences. Me-
dian values (the 50" percentile)
were used as cutoffs for high ver-
sus low MRP expression. All P val-
ues are given for two-sided tests
and P<0.05 was considered sig-
nificant. Analyses were done us-
ing SPSS 16.0 for Windows soft-
ware (SPSS, Chicago, IL).

Results
Patient characteristics

The clinical, cytogenetic findings
and laboratorial features of 126
BP-ALL cases are shown in Table
1. Patients age range from 0.5
to 13.3 years with the median age
of 5 years, and the predominant
age group is in between age 1
and age 10 (n=100). The gender
ratio is balanced (female:male;
62:64). WBC ranged from 1.6 to
395.6 (x10%/L) at median of 25.3
(x10%L). The incidence of TEL/
AML1 rearrangement is 36/126
(28.57%) which is consistent with
reports in literature [27, 28]. E2A/
PBX1 translocation occurs 9.5%
(12/126) of the cohort which is
similar to the literature reported
by Italy [29] PPR patients account-

ed for 15.87% (20/126) of patients. MRD data
were available in 109 cases during this study.
Eight patients were VER, and 4 patients were
ER, no LR at cut off data of data collection (May
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statistically higher in the
group of WBC above 50x
10%/L than that in WBC low-
er group (133.16 vs. 101.37,
and 16.68 vs. 8.80, respe-
ctively) (Table 3). Analyzing
the correlation of MRPs with
known fusion genes as crite-
ria for risk stratification of
ALL, we found that MRPs cor-
relates in different pattern.
For example, in the group
of patients with TEL/AML1
positive had a higher level
of MRP2 and patients with
e E2A/PBX11 positive had a

T T T
MRP1 MRP2 MRP3 MRP4

Figure 1. Relative expression of MRPs in initial patients with BP-ALL. The
relative expression was calculated as following, the Ct value of each MRP
divided by the Ct value of B-actin gene and amplified for 10000 times. The

horizontal bar of the box represented median.

2015). No CNSL or testicular leukemia relapse
was noted in this population.

MRP1-6 expression in BP-ALL during treat-
ment course

Bone marrow specimen at diagnosis from 126
BP-ALL was analyzed for MRP1-6 using qRT-
PCR. MRP1-6 expression can be detected in
all cases. However, the expression levels of
MRPs were significantly different as shown by
median level (Table 2 and Figure 1). Correlation
analysis revealed that MRP5 had a statistic
positive correlation with all other MRP mem-
bers (P<0.05). MRP1 showed a relative poor
correlation with other MRP members, except
with MRP5. We further analyzed the expression
levels of MRP1-6 in BP-ALL during treatment
course, we found that the expression level of
MRP1,3,4,5 had a significant difference at ini-
tial stage compared with complete remission,
further increased after relapse. (Table 2), which
indicated that MRPs expressing pattern has a
close relation in predicting treatment response
and outcome.

Correlation of MRP expression and clinical fea-
tures in BP-ALL with univariate analysis

The number of cases is small and makes multi-

variate analysis unreliable. We analyzed MRPs
in relation to initial WBC. MRP1 and MRP4 were
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LS lower expression of MRP5
and MRP6 (P<0.05). Mean-
while, MRP6 in MLL rela-
ted positive group expressed
higher than negative group
(P=0.028) (Table 3). In sum-
mary, we identify different
member of MRPs showed different expression
with clinical features of BP-ALL.

The correlation of MRPs with treatment re-
sponse in patients with BP-ALL

MRP1 had a close correlation with treatment
response. The PPR patients had a statistically
higher expression of MRP1 (P=0.01) (Table 3).
MRP1 expression also showed a positive cor-
relation with MRD level on day 33 (122.65 ver-
sus 97.14, P=0.045), and 12 week post-che-
motherapy (158.76 versus 87.97, P<0.001).
MRP5 also had a higher expression in the group
with positive MRD than negative MRD on day
33 and 12 week (Table 3). MRP4 and MRP6
expression showed statistically higher in the
group with higher level of MRD on week 12
(P<0.05) (Table 3). However, MRP2 and MRP3
didn't show any statistic difference on the
treatment response. Our results suggest that
MRP1 is the most important parameter in pre-
dicting drug response of MRPs in BP-ALL pa-
tients. Pattern of MRPs expression can pre-
dict treatment response in BP-ALL patients. LR
patients had lowest MRP1 expression, and HR
patients had highest expression of MRP1 with
the P<0.001 (Table 2). MRP6 expressed high-
est in the HR group and lowest in IR group
(P=0.012). Meanwhile, relapse patients had
a statistically higher expression of MRP1 and
MRP6 at their initial stage (Table 3). However,

Int J Clin Exp Pathol 2017;10(2):1708-1718
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Table 3. The expression pattern of MRP family members in pediatric B-ALL patients

n MRP1 P MRP2 P MRP3 P MRP4 P MRP5 P MRP6 p

WBC (x10°/L) .013* .071 .07 .017 .944 972
<50 86 101.37 2.89 0.27 8.80 12.76 1.06
>50 40 133.16 1.98 0.46 16.68 12.57 0.92

TEL/AML1 .500 <.001* .370 672 .889 .061
Positive 36 111.05 3.28 0.28 11.00 12.61 0.90
Negative 90 106.42 1.55 0.40 10.44 12.82 1.60

E2A/PBX1 .310 965 147 .536 .021* .001~*
Positive 12 102.88 2.80 0.50 17.51 5.37 0.24
Negative 114 89.72 2.60 0.28 10.48 13.25 1.24

MLL 118 .905 .357 902 .364 .028*
Positive 4  209.95 2.61 0.35 9.35 22.21 10.23
Negative 120 118.75 2.61 0.30 11.09 12.48 0.95

BCR/ABL .385 .050 .306 182 .344 .969
Positive 12 131.89 1.01 0.43 16.21 16.60 0.81
Negative 114 107.87 2.71 0.29 10.20 12.34 1.04

Pred response .010* 181 .948 AT5 222 .635
Sensitive 106 104.47 2.78 0.30 10.41 13.10 1.10
Nonsensitive 20 171.23 2.10 0.34 13.73 10.01 0.83

d33" MRD .045* .078 465 .854 .026* .084
<10* 60 9714 2.31 0.35 10.07 10.43 0.86
>10* 49 122.65 291 0.25 11.09 14.86 1.41

W12 MRD <.001* .210 .610 .030 .022* .048*
<10* 60 8797 1.96 0.37 10.12 11.06 1.13
>10* 49 158.76 2.27 0.27 16.77 16.17 2.49

Risk <.001* .052 734 AT79 .069 .012*
Low 42  85.58 2.41 0.35 11.54 11.25 1.13
Intermediate 48 105.87 3.63 0.33 8.99 12.64 0.62
High 36 156.36 2.05 0.25 11.57 15.38 1.83

Relapse .024* .966 .082 .092 A7 .010*
No 114 83.75 2.55 0.29 10.48 12.48 0.91
Yes 12 110.64 2.20 1.08 17.36 17.78 11.81

Note: Huber's M-estimator was employed to compare the statistic difference. The weighting constant is 1.339. Other reason: Died from either
chemotherapy related death or not to get remission. *: p value represented as the comparison between relapse group and no relapse that were

still alive.

MRP1 or MRPG6 alone didn’t affect relapse-free
survival with P>0.05 (Figure 2A and 2F).

When we reclassified the patients combin-
ing MRP1 with MRP5, patients were classified
into 4 subgroups, namely A (MRP1%/5%, B
(MRP1%/5%), C (MRP1Y/5%), and D (MRP1‘/5")
(Figure 3A). The relapse rate was compared
within these 4 subgroups with the method of
life-table estimates, we found that subgroup A
patients didn’t develop relapse within follow-up
term, and about 35% of subgroup D patients
relapsed early, and group B and group C rank-
ed the second and third relapse rate (P=
0.007) (Figure 3C). Same trend was observed
when MRP1 and MRP6 was combined together
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(Figure 3B and 3D). Our results indicated that
MRP1 combining with other members may be
useful in refining subtype of ALL for the highest
risk of relapse.

Discussion

Our study indicates that MRP1-6 is commonly
expressed in all BP-ALL though with significant
variation and change diversely during the treat-
ment course. Among all MRPs, MRP1 has the
highest and MRP3, the lowest expression by
Q-RT-PCR. Most members of MRPs except
MRP2 and MRP3 increased at relapse stage.
The population with MRP1" were characterized
with PPR, high MRD level on day 33" and 12

Int J Clin Exp Pathol 2017;10(2):1708-1718
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Figure 2. Relapse-free survival in children from the various MRPs subdivided into two groups of low (L) and high (H).
A: MRP1; B: MRP2; C: MRP3; D: MRP4; E: MRP5; F: MRP6.

weeks and high WBC, age >10 year as well as.
However, MRP1 expression alone is not signi-
ficantly associated with relapse-free survival
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(Figure 2A) similar to other members of MRPs
(Figure 2B-F). When the expression of MRP1
analyzed together with MRP6 (MRP1/6), sub-

Int J Clin Exp Pathol 2017;10(2):1708-1718
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Figure 3. MRP1 and MRP5 (6) combinations were useful in refining subgroup of relapse. Patients subgroups were
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groups classified by MRP1 and MRP6.

groups with significant different outcome were
identified. The rates of relapse from highest
risk were patients with low MRP1 and high
MRP6 (D group), and lowest in high MRP1 and
low MRP6 (A group). To our best knowledge,
such correlation between MRPs and clinical
characteristics has not been reported in
BP-ALL.

Anticancer drugs are highly subjected to MRPs
effluex mechanism and render ineffectiveness
of chemotherapeutic agents [30]. Elevated
level of MRP1 is often found in malignant cells
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prior to drug treatment, just like our results.
However, the impact of MRP1 on the outcome
of ALL remains controversial. Some studies re-
ported that increased MRP1 expression upon
diagnosis had no impact on the event-free sur-
vival of children or adults [11, 31-33]. On the
contrary, some authors declared that MRP1
expression influenced relapse-free survival [17,
34, 35]. Mahjoubi et al. reported overexpres-
sion of MRP1 occurred in Iranian pediatric leu-
kemia patients at relapse [34] which was con-
sistent with our results but they didn’t find any
relation between MRP1 mRNA levels and other

Int J Clin Exp Pathol 2017;10(2):1708-1718
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clinical characteristics, In our study, we not only
found that MRP1 expression in relapse group
was higher compared with CR group, but also
found that high MRP1 expression is close cor-
related with PPR, high MRD level on day 33"
and 12 weeks, high WBC, and age >10 year.

Recently, Rahgozar et al. [36] reported that
MRP1 was positively related with the level of
minimal residual disease (MRD) which was
consistent with our findings. In our study we
found that high expression of MRP1 had a
positive correlation with poor response to ther-
apy. Cortez et al. [37] reported that express-
ion levels of MRP1 gene in patients classi-
fied as being at high risk was associated with
higher rates of 5-year event-free survival (EFS)
(P=0.01). Such findings were interpreted as
low toxicity associated death rate in the high-
risk patients with high expression of MRP1
gene [37]. Due to our follow-up cutoff duration
is short, we focused on the relation of MRP1
expression upon diagnosis with relapse-free
survival and found that MRP1 expression either
high (>50% percentile) or low (<50% percentile)
didn’t exert influence on relapse-free survival
(P=0.19) (Figure 2A). Our results are quite dif-
ferent from the report by Plasschaert et al. In
2005, they detected MRP1-6 expression in 56
pediatric patients, among them 15 cases were
T-ALL, and only 39 cases were B-ALL. In our
study, we enrolled 126 cases with B-ALL and
treated under the protocol of CCLG-ALL-2008
which might partly explain the discrepancy.

Recently, MRP2 polymorphisms with metho-
trexate serum levels and its toxic effects in
children with ALL was described [38, 39]. The
expression level of MRP2 was rare reported
in the literatures. Plasschaert reported that
patients with higher MRP2 expression had
a shorter term of relapse-free survival which
was different from ours. The main reason might
be our shorter follow-up duration though we
detected a bigger size of patients (126 patients
vs. 39 patients) [17]. In our findings we found
that patients with TEL/AML1 showed a statisti-
cally higher expression of MRP2 than those
negative patients (Table 2) which is first report-
ed by our group. However, MRP2 expression
didn’t affect the relapse-free survival (P=0.286)
(Figure 2B) Steinbach et al. [16] found that
MRP3 expression was associated with a signifi-
cantly worse prognosis (P=0.008). They detect-
ed the expressions of the MRP2, MRP3, MRP4,
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MRP5, and SMRP genes in B precursor ALL
(n=76) and T-ALL (n=32) in 2003. They found
that all 5 genes were expressed with a great
variability which was consistent with our re-
sults. Meanwhile, they also found that MRP3
expression was associated with a significantly
worse prognosis (P=0.008) independent of
immunophenotype or sex [16]. In our study, the
MRP3 gene was detected in 126 BP-ALL with
lower expression at initial and relapse stage
and higher expression after complete remis-
sion (CR). Further analysis also didn't show
any correlation of MRP3 with clinical character-
istics, cytogenetics, treatment response, and
relapse.

Except the earlier reports by Plasschaert et al.
group [17, 31], MRP4-6 expressions are rare
reported. In our study, we found that relapse
patients had higher expressions of MRP4-6
than CR group and showed significant correla-
tion with high WBC, high MRD and gene rear-
rangements (Tables 2 and 3). However, we
didn’t find their impacts on relapse-free surviv-
al with univariate analysis (all P values >0.05)
(Figure 2). Due to the complexity of MRPs, we
attempt to reclassify patients based on the
median expression of MRP1/5 or MRP1/6 into
4 subgroups and indicated that such classifica-
tion is more useful in identifying patients with
higher risk of relapse (Figure 3). Such classifi-
cation may predict the outcome of pediatric
BP-ALL in addition to conventional prognostic
factors. However, more questions remain for
the best use of such preliminary in future.

In conclusion, all MRPs were detectable in pe-
diatric ALL and yet with distinct pattern. Pros-
pective study in cooperated such markers are
necessary to further define roles of MRPs in
prognosis and treatment outcome.
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