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Introduction

Leukemia is the most common type of cancer in children, with 
approximately 80% of cases pertaining to acute lymphoblastic 
leukemia (ALL).1 The approach to ALL differs based on the risk 
factors present.2 Despite advances in therapy, some 20–30% of 
the patients still experience drug resistance and relapse, with 
multidrug resistance (MDR) constituting a major cause of 
this relapse.3,4 During the recent decades, various mechanisms 
responsible for drug resistance have been extensively studied both 
in vitro and in vivo.5 One important cause of MDR is increased 
expression of ATP-binding cassette transporters, or ABC 
transporters.6,7 In this family, ABCB1/MDR1, ABCC1/MRP1, 
ABCC3/MRP3, and ABCG2/BCRP genes have been evaluated 
in numerous studies, with the results being controversial regarding 
their role in development of drug resistance in pediatric ALL.8-13 
There is much less data available on the other two members of 
this family, namely ABCA2 and ABCA3 genes, in terms of their 
role in leukemia and its prognosis.14-17 Although not an ABC 
transporter, the expression of the lung resistance protein (LRP) 

has been implicated to increase in certain cases of resistance to 
chemotherapy in some studies.18-20

Despite extensive research, the results on the role of genes of 
the ABC transporters superfamily and the LRP in ALL prognosis 
have been limited and controversial. Therefore, the present study 
first aims to evaluate the mRNA expression profile of ABCA2, 
ABCA3, MDR1, MRP1, MRP3, BCRP, and LRP genes in 
children with ALL, and then investigate their prognostic value.

Results

Comparing mRNA levels of MDR genes among controls, 
patients at diagnosis, and patients with relapsed ALL

Comparing the relative mRNA expression of studied genes in 
patients at diagnosis and the control group revealed that although 
gene expression was generally higher in patients, the difference 
failed to achieve statistical significance (Fig. 1). Nevertheless, the 
expression of ABCA2, ABCA3, and ABCG2/BCRP in patients 
on relapse was significantly different from the control group as 
well as from the patients at diagnosis: for ABCA2, 13.16 ± 8.82 
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Multidrug resistance (MDR) is an important cause of treatment failure in acute lymphoblastic leukemia (ALL). The ABC 
family of membrane transporters is proposed, albeit with controversy, to be involved in this process. The present study 
aims to investigate the mRNA expression profile of several genes of this family, including ABCA2, ABCA3, ABCB1/MDR1, 
MRP1/ABCC1, MRP3/ABCC3, ABCG2/BCRP, and the intracellular transporter MVP/LRP, in childhood ALL, and to evaluate 
their association with response to therapy. Some genes in the present research are being studied for the first time in 
Iran. Using quantitative real-time PCR, we evaluated 27 children with ALL at diagnosis and 15 children with normal bone 
marrow. The status of response to therapy was assessed one year after the onset of therapy through investigating the 
IgH/TCRγ gene rearrangements. Our findings indicate a considerable and direct relationship between mRNA expression 
levels of ABCA2, ABCA3, MDR1, and MRP1 genes and positive minimal residual disease (MRD) measured after one year 
of treatment. Statistical analysis revealed that expression of these genes higher than the cutoff point will raise the risk of 
MRD by 15-, 6.25-, 12-, and 9-fold, respectively. No relationship was found between of MVP/LRP, MRP3 and ABCG2 genes 
expression and ALL prognoses. Considering the direct and significant relationship between the increased expression of 
ABCA2, ABCA3, MDR1, and MRP1 genes and positive risk of MRD in children with ALL, evaluating the expression profile of 
these genes on diagnosis may identify high risk individuals and help plan a more efficient treatment strategy.
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vs. 3.16 ± 1.62 and 2.41 ± 0.83, respectively (mean ± SEM, 
P < 0.03); for ABCA3, 10.10 ± 5.75 vs. 1.85 ± 0.61 and 1.31 ± 
0.47, respectively (mean ± SEM, P < 0.001); and for ABCG2/
BCRP, 4.83 ± 4.12 vs. 0.94 ± 0.2 and 1.35 ± 0.30, respectively 
(mean ± SEM, P < 0.01) (Fig. 2). No significant relationship was 
found between phenotype of ALL (B cell and T cell) and gene 
profile.

Prognostic value of gene expression profile in pediatric ALL
Comparing the mRNA expression level of studied genes in 

three groups of controls, patients with positive MRD (persisting 
monoclonal band of IgH or TCγR gene rearrangements after one 
year of therapy) and patients with negative MRD (elimination 
of the monoclonal band) indicates a significantly increased 

expression of 4 out of 7 genes (ABCA2, MRP1, ABCA3, and 
MDR1) in the MRD+ group vs. the control group (Fig. 3): For 
ABCA2, 15.18 ± 7.19 vs. 2.41 ± 0.83 (mean ± SEM, P = 0.012); 
For MRP1, 3.7 ± 1.12 vs. 1.10 ± 0.27 (mean ± SEM, P = 0.002); 
For ABCA3, 6.64 ± 2.87 vs. 1.31 ± 0.47 (mean ± SEM, P = 0.02); 
For MDR1, 2.29 ± 1.22 vs. 0.79 ± 0.21, (mean ± SEM, P = 0.049).

As for the comparison of gene expression at mRNA levels 
between MRD+ and MRD− patients, assignment of appropriate 
cut-off points to each gene and analysis with the Pearson 
coefficient and the Fischer exact test revealed that overexpression 
of ABCA2, ABCA3, MDR1, and MRP1 above the cutoff points 
will raise the risk of multidrug resistance (MRD+) in lymphoid 
leukemia by 15, 6.25, 12, and 9 times, respectively. In the 

Figure 1. The relative mRNA expression levels of the drug-resistant genes ABCA2, ABCA3, BCRP, MDR1, MRP1, and LRP in children with ALL at diagnosis 
compared with the control group.

Figure 2. The relative mRNA expression levels of the drug-resistant genes in new case ALL children compared with the control group and patients with 
ALL relapse. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
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case of LRP, a 1.5-fold increase in gene expression accompanied 
a 15-fold increase in risk of drug resistance only in the T cell 
group (P < 0.04) (data not shown). Moreover, we observed that 
simultaneous mRNA expression of ABCA2 and ABCA3 above 
the threshold significantly raises the risk of positive MRD by 
11.67 times (P = 0.025).

Relationship between gene expression and known prognostic 
factors

An investigation of the relationship between mRNA 
expression of the 7 studied genes and the prognostic factors of 
ALL demonstrated a direct, significant relationship between 
reduced platelet counts and mRNA expression profile of ABCA3 
and MRP3 (P = 0.05 and P = 0.02, respectively). The increased 
mRNA levels of ABCA3 and MRP1 genes were correlated with 
the increased levels of CD34 (P = 0.03 and P = 0.04, respectively). 
The amplified expression of ABCA2 at mRNA levels was related 
to the high expression of CD10 as a poor prognostic factor of 
ALL (P = 0.03). Moreover, we observed an inverse, significant 
relationship between mRNA expression of LRP and serum 
LDH levels of patients (P = 0.01). The expression levels of other 
MDR genes revealed no significant relationship with the known 
prognostic factors (data not shown).

Discussion

The present study on 27 patient, assessed the mRNA expression 
profile of MDR genes on the onset of the disease (at diagnosis), 
and revealed no significant difference between the control group 
compared with patients in any of the 7 genes studied. However, 
a comparison of the gene expression profile of the control group 
to the relapsing cases revealed strongly significant differences for 
ABCA2, ABCA3, and ABCG2 genes. These findings indicate 
that the mentioned genes may be involved in the development 
of drug resistance during treatment, not in the progression of 

leukemia. Based on this assumption, it appears that although these 
genes, in leukemic cells, are expressed the same as they are in a 
normal population (at least in the general population of cells), the 
treatment may change the gene profile and activate these genes. 
It may alternatively eliminate the drug-susceptible cells (without 
affecting gene expression) and leave only a clone of resistant cells, 
thus changing the overall gene expression in bone marrow. On the 
other hand, the persistence of resistant cells may occur through 
disorders of the apoptotic pathways. The above hypothesis is 
quite compatible with initial response to therapy (remission), 
followed by relapse in the subsequent months or years, and poor 
response to the same drugs after relapse. The research literature 
contains numerous and contradictory results. Some studies have 
reported a different gene expression profile at diagnosis,13 while 
others, like us, have found similar gene expression.21,22 While it is 
not clear to what extent these discrepancies reflect the differences 
in ethnicity, as well as local and temporal factors, it is expectable 
to find no gene expression difference at the onset of disease, with 
differences found on relapse.

In our study, we found a relationship between increased 
expression of some genes with certain known risk factors. 
However, the significance of these findings is not clear. Response 
to therapy is a multifactorial issue, influenced by an ensemble 
of factors, each of which cannot be used solely to make an 
assumption on response to therapy. Certain relationships, for 
instance, between CD10 and MRD1,23 low WBC count and 
MRD1,24 in addition to CD34 and MRP1,25 have been noted in 
scientific literature; nonetheless, these reports are controversial 
and without consistency, and in many reports the expression 
of these genes was found to be unrelated to the mentioned risk 
factors.12,13,22,26-28

One major objective of this study was to determine whether or 
not the expression of genes studied may be used as an independent 
risk factor for drug resistance at the onset of therapy. As previously 

Figure 3. Comparing the relative mRNA expression levels of MDR genes in three groups of controls, patients with MRD+, and patients with MRD− .*P ≤ 
0.05, **P ≤ 0.01, ***P ≤ 0.001
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mentioned, the gene profile of newly diagnosed patients is not 
significantly different from that of healthy individuals, while the 
expression is different within patients with ALL. Patients were 
followed up for a period of one year. MRD was measured using 
TCγR or IgH gene rearrangement assays in order to identify the 
population of “drug-resistant patients”, and then compare them 
to those who were susceptible to therapy (MRD−) and healthy 
control group (in terms of gene expression). We demonstrated 
that in cases with higher expression of A2, A3, MRD1, and 
MRP1 genes (compared with the control group), the risk of drug 
resistance was notably elevated. The elevated risk of MDR for the 
abovementioned genes was 15-, 6-, 9-, and 12-fold, respectively.

Considering the controversial reports regarding MDR genes 
and their prognostic value in multidrug resistance, the studied 
genes in this project are discussed as follows. Neither G

2
 nor 

MRP3 are identified as risk factors for drug resistance in our 
study. Many other published articles have demonstrated same 
results regarding these two aforementioned genes.7,13,29 Overall it 
may at least be stated that the expression of these two genes is not 
related to the onset or prognosis of pediatric lymphoid leukemia. 
Regarding A2 and A3 genes, not only do our findings suggest 
a clear and strong relationship between the overexpression and 
prognostic value of these genes in lymphoid leukemia, but the 
few available studies dealing with these genes have also indicated 
similar results, especially in T-cell leukemia.29,30 Our results 
showed this association in B-cell lineages. We may conclude 
that the mRNA expression profile of, at least, ABCA2 and 
ABCA3 genes may be of prognostic value and help to select an 
optimal treatment plan, especially in cases where both genes are 
overexpressed simultaneously.

For MRP1, LRP, and MRD1, controversial results are reported. 
Some studies suggest a lack of any relationship between mRNA 
expression profile and prognosis,7,27,31 while others indicate that 
some of these genes may influence prognosis.1,23,24,32-35 In our study, 
the relationship was more obvious in the case of overexpression of 
MRD1 and MRP1 at mRNA levels. The discrepancy in results 
may be caused by temporal and local factors (the environmental 
risk factors of cancer), as well as genetic and hereditary 
characteristics. It should be noted that drug resistance in cancers 
is a multifactorial issue. In some cases, drug resistance may occur 
in the absence of any clearly defined risk factor, while in other 
cases sufficient response to therapy is observed in spite of the poor 
prognosis of one or more risk factors. Therefore, in patients with 
overexpression of these MDR genes, it is necessary to repeat the 
evaluation of response to therapy in different regions and even at 
different time intervals within a region in order to reach a clear 
conclusion regarding the prognostic value of these gene expression 
profiles. Further assessments of gene expression on protein levels 
and comparing the results to the transcription (mRNA) levels 
may help resolve some of these controversial reports.

Conclusion

Multidrug-resistant genes include certain genes that interfere 
with response to therapy. The present study addressing pediatric 
ALL, demonstrated that only A3, A2, MRD1, and MRP1 genes 

are significantly related to drug resistance and increased risk of 
relapse. We propose that the increased mRNA expression levels 
of the abovementioned genes, particularly A2 and A3, may be 
considered as risk factors of MDR in childhood ALL. Therefore, 
it is strongly suggested that the mRNA expression profile of these 
genes be evaluated at the onset of diagnosis, in order to select new 
cancer therapeutic strategies. The mRNA expression profile of 
ABCA2, ABCA3, ABCC3, ABCG2, and LRP was studied for 
the first time in Iranian children in the present study. Further 
studies are required to delineate the mechanisms and possible 
roles of these genes in pathophysiology of multidrug resistance in 
childhood acute lymphoblastic leukemia.

Materials and Methods

Patients and sampling
All children referred to Sayed-ol-Shohada Hospital, Isfahan, 

Iran in 2010–12 indicated for bone marrow evaluation for 
diagnosis were selected for the study. The type of leukemia was 
diagnosed through phenotype evaluation with flow cytometry 
(kits provided by Daco and the flow cytometer purchased from 
Partec) alongside routine tests of CBC count and morphology 
assessment. Twenty-seven new patients (10 females, 17 males; 
mean range, 4.8 ± 3.5 y; range, 0.8–14 y) with diagnosis of acute 
lymphocytic leukemia (6 T-cell and 21 B-cell lineage) entered the 
study, and those with other type of leukemia or extramedullary 
involvement at diagnosis were excluded. Fifteen cases with normal 
bone marrow were used as age- and sex-matched controls. Three 
patient with bone marrow relapse also were included the study. 
Sampling was achieved with full consent and in compliance 
with the ethical protocol and standards of Sayed-ol-Shohada 
Hospital, Isfahan. One to five milliliters of bone marrow sample 
or peripheral blood in heparin was obtained and sent on ice to 
the cellular-molecular biology laboratory of University of Isfahan 
for cell isolation and RNA extraction. Extraction of mononuclear 
cells in bone marrow/blood samples from patients and controls 
was accomplished using LymphoprepTM (Axis-Shield) according 
to the protocol provided by the manufacturer and based on the 
buoyant density gradient of blood constituents.

RNA extraction and cDNA synthesis
Extraction of total RNA from the mononuclear cells 

was performed using RNA plus Mini kit (Qiagen), and the 
amount and quality of the extracted RNA were assessed using 
biophotometer (Eppendorf) and gel electrophoresis. Two 
micrograms of the extracted RNA was transformed to cDNA 
according to the protocol provided by the cDNA synthesis kit 
(Fermentas) using a random hexamer primer, RevertAidTM 
M-MuLV reverse transcriptase and thermocycler (TaKaRa) in a 
specific temperature plan (sequentially: 5 min at 25 °C, 60 min at 
42 °C, and 5 min at 70 °C). The resulting cDNAs were preserved 
at −20 °C for future steps.

Quantitative real time polymerase chain reaction (qRT-PCR)
Gene expression was assessed at mRNA levels based on SYBR 

Premix Ex TaqII (Takara) and melting curve analysis using 
Chromo 4 (Bio-Rad). Four microliters of 0.1 μg/mL synthesized 
cDNA, 0.8 μL of 100 nM forward and reverse primers, 10 μL 
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of Sybr green, and 6.4 μL of ddH2O were added to the tubes. 
Quantitative RT-PCR was performed in 35–50 cycles using the 
following protocol: 8–10 min pre-incubation at 95 °C, 15–30 s 
denaturation at 95 °C, 30 s annealing at 58–60 °C and 1 min 
product expansion at 72 °C.The housekeeping gene used in this 
study for the internal control was glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). The primers used included GADPH, 
ABCG2, ABCA2, and ABCA3 extracted from previous studies.36 
Primer sequences of the endogenous control and drug resistance 
genes are summarized in Table 1.

Assessing response to therapy
All patients were treated using modified ANZCCSG ALL 

study 8 pilot protocol consisting of induction (VCR, ADR, 
l-asparaginase, prednisolone), consolidation (6MP, CPM, 
cytarabine), protocol M (4 injection of High dose MTX), 
reinduction, reconsolidation, maintenance (6MP, weekly 
MTX, monthly CPM and VCR), and intrathecal injections. In 
order to assess response to therapy, patients underwent regular 
examination of bone marrow or cell count. In addition, PCR-
SSCP (single-strand conformation polymorphism) analysis 
for immunoglobulin heavy chain (IgH) and T-cell receptor 
gamma (TcRγ) gene rearrangements were performed after one-
year treatment and cases with monoclonal IgH or TcRγ gene 
rearrangements were considered MRD+.37 On the other hand, 
patients relapsed during the 1-y follow-up were considered as 
multidrug-resistant ALL cases. One of the 27 new leukemia 
patients expired because of infection within the first few weeks 
and one had a CNS relapse within the first year.

The relationship between mRNA expression profile of the 
abovementioned multidrug resistant genes and the known risk 

factors of ALL, including reduced platelet count and increased 
levels of CD34, CD10, and serum LDH, was evaluated using 
cell blood count tests, flow cytometry, and serologic assays, 
respectively (Table 2).

Statistical analysis
Analyses were conducted on SPSS 20.0 and GraphPad Prism 

5 softwares. The presence and intensity of significant differences 
were assessed through independent t test and one-way ANOVA. 
The correlation (direct or indirect) between parameters of interest 
was studied through calculating the Spearman coefficient. All 
data are reported as mean ± SEM, with significance levels of P ≤ 
0.001, P ≤ 0.01, and P ≤ 0.05.
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Table 1. Primer sequences of the endogenous control and drug resistant genes

Gene Primer sequence (5′ to 3′) Primer length (bp) Amplicon length (bp)

ABCA2/ABC2
F: CCGCACCATC CTTCTGTCCA CCCACC 26

263
R: TGCGGATGAA CTGGGACACC TGGAGA 26

ABCA3/ABC3
F: GGCCATCATC ATCACCTCCC ACAGCA 26

177
R: AGCGCCTCCT GTTGCCCTTC ACTCTG 26

ABCB1/MDR1
F: GAGGCCGCTG TTCGTTTCCT TTAGGTC 26

102
R: AGATTCATTC CGACCTCGCG CTCCT 25

ABCC1/MRP1
F: CGGATGTCAT CTGAAATGGG A 21

103
R: GAGCTGTCTC CTGGATTTGC 20

ABCC3/MRP3
F: CGCACACCGG CTTAACACTA TCATGG 26

184
R: AAACCAGGAA AGGCCAGGAG GAAATC 26

ABCG2/BCRP
F: CGTGGCCTTG GCTTGTATGA TTGTTA 26

178
R: GGCAAGGGAA CAGAAAACAA CAAAAA 26

LRP/MVP
F: GCTGGCTGAG GTGGAGGTGA AGAAG 25

177
R: GGCTGTGTTG AAGAGGTTGA TGGCAG 26

GAPDH
F: GCCCCAGCAA GAGCACAAGA GGAAGA 26

106
R: CATGGCAACT GTGAGGAGGG GAGAT 26
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