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Background & objectives: Imatinib is the standard first-line treatment for chronic myeloid leukaemia
(CML) patients. About 20 to 30 per cent patients develop resistance to imatinib and fail imatinib treatment.
One of the mechanisms proposed is varying expression levels of the drug transporters. This study was
aimed to determine the expression levels of imatinib transporter genes (OCT1, ABCB1, ABCG?2) in CML
patients and to correlate these levels with molecular response.

Methods: Sixty three CML chronic phase patients who were on 400 mg/day imatinib for more than two
years were considered for gene expression analysis study for OCT1, ABCBI and ABCG2 genes. These
were divided into responders and non-responders. The relative transcript expression levels of the three
genes were compared between these two categories. The association between the expression values of
these three genes was also determined.

Results: No significant difference in the expression levels of OCT1, ABCBI and ABCG2 was found
between the two categories. The median transcript expression levels of OCT1, ABCBI and ABCG2 genes
in responders were 26.54, 10.78 and 0.64 versus 33.48, 7.09 and 0.53 in non-responders, respectively. A
positive association was observed between the expression of the ABCBI and ABCG?2 transporter genes
(r=0.407, P<0.05) while no association was observed between the expression of either of the ABC
transporter genes with the OCT1 gene.

Interpretation & conclusions: Our findings demonstrated that the mRNA expression levels of imatinib
transporter genes were not correlated with molecular response in CML patients. Further studies need to
be done on a large sample of CML patients to confirm these findings.
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Imatinib mesylate (IM) is the standard first-line
treatment for chronic myeloid leukaemia (CML)
patients. Despite the initial high response rate to
imatinib  (both haematologic and cytogenetic),
approximately 20-30 per cent of patients with newly
diagnosed chronic phase CML treated with imatinib do
not achieve a complete cytogenetic response (CCyR)
within one year of treatment and fail IM treatment'.
Resistance to imatinib can be categorized as primary
or secondary. Primary resistance is the failure to
achieve any of the landmark responses established
by the European Leukemia Net (ELN) or National
Comprehensive Cancer Network (NCCN) guidelines?.
Primary resistance can be further divided into primary
haematologic resistance, which occurs in 2-4 per cent
of cases who fail to normalize peripheral counts within
3-6 months of initiation of treatment; or primary
cytogenetic resistance, which is more common, and
occurs in approximately 15-25 per cent of patients who
fail to achieve any level of cytogenetic response (CyR)
at six months, a major CyR (MCyR) at 12 months or
a CCyR at 18 months®. Loss of a previously obtained
response to imatinib (secondary or acquired resistance)
occurs in about 20 to 25 per cent of patients that reach
complete haematologic response (CHR) and/or CCyR*.
Several mechanisms of imatinib resistance have been
identified and these include a several-fold increase in
the amount of B cell receptor - Abelson tyrosine kinase
(BCR-ABL) protein, amplification of the BCR-ABL
gene’, BCR-ABL kinase domain mutations®, treatment
compliance’, bioavailability, pharmacodynamics,
genetic changes, changes in expression levels of drug
transporters which include overexpression of imatinib
efflux transporters (MDR! and BCRP) and low
expression of imatinib influx transporters (OCT1)3.
Drug efflux proteins have been extensively studied, and
their overexpression has been frequently implicated as
a cause of resistance, in several diseases'’. The best
documented efflux pump is the P-glycoprotein (P-gp)
(ABCBI1 or MDR1) that reduces the levels of imatinib
before it binds to BCR-ABLS. The overexpression
of P-gp has been shown to occur in one BCR-ABL
positive, imatinib-resistant cell line, LAMAS&4-
r'', In addition, overexpression of the multi drug
resistance 1 (MDRI) gene in the BCR-ABL positive
AR230 cell line decreases its sensitivity to imatinib,
whereas verapamil, an inhibitor of P-gp, reverses
this effect’. These data suggest a possible role for
MDRI overexpression in imatinib resistance, although
evidence of this phenomenon occurring in patients is
lacking. In addition to P-gp, there are two other drug

transporters that are thought to play a role in imatinib
resistance- breast cancer resistance protein (BCRP) and
human organic cation transporterl (OCT1). Imatinib
has been shown to be a substrate for BCRP drug efflux
proteins [also known as mitoxantrone resistance protein
(MXR), ATP-binding cassette (ABC)-G-2 (ABCG2)]
and placenta ABC protein (ABC-P)"?. ABCG2 was
shown to confer in vitro resistance against various
cytotoxic compounds used in the treatment of cancer
patients'*!*. In vivo studies of patients undergoing
chemotherapy revealed that ABCG2 was overexpressed
in several tumours'>'7. In most of these cases, ABCG2
overexpression correlated with lower response rate to
chemotherapy, increased drug resistance and shorter
duration of patient survival'>!’.

In contrast to overexpression of drug efflux proteins,
the inhibition of the OCT1 protein causes the resistance
to imatinib because ofthe limited entrance into the cell'®.
It has been proposed that decreased mRNA expression
levels of OCTI may result in decreased intracellular
concentration of imatinib. The consequences are that
cells might become resistant to imatinib". Since OCT1
actively transports imatinib into cells, patients with low
baseline expression of OCT may be unable to achieve
adequate intracellular concentrations of imatinib, and
hence fail to achieve a cytogenetic response. It is also
found that the patients with high pretreatment OCT/
expression had superior CCyR rates, progression-
free and overall survival and the pretreatment OCT1
expression was the most powerful predictor of CCyR
achievement at six months’. Thus, the expression level
of OCTI is an important factor in determining the
clinical response to imatinib. In the present study, we
determined the relative expression levels of imatinib
transporter genes (OCTI, ABCBI, ABCG2) in CML
patients by quantitative real time polymerase chain
reaction (RQ-PCR) and correlated these levels with
molecular response.

Material & Methods

Patients: Sixty three CML-chronic phase patients
attending OPD at the division of Medical Oncology,
department of Medicine, SMS Medical College,
Jaipur, India, during June 2010 to May 2013 and who
were on imatinib (400 mg/day) for more than two
years were considered for gene expression analysis
study for OCTI, ABCBI and ABCGZ2. The baseline
characteristics studied included age, sex, spleen size,
haemoglobin level, basophil, WBC and, platelet count,
peripheral blasts, and Sokal score. Of the 63 CML
patients, 47 were males. Eleven healthy individuals
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from the laboratory staff served as controls. Informed
written consent was taken from all the patients for
participation in this study. The study protocol was
approved by the Ethics Committee of the institution.
The patients were divided into two groups: responders
(n=44): patients who achieved a complete molecular
response (CMR) or a major molecular response (MMR)
(BCR/ABL: ABL ratio <1% as assessed by RQ-PCR)
and non-responders (n=19): those without CMR or
MMR (BCR/ABL: ABL ratio > 1% as assessed by RQ-
PCR). For BCR-ABL quantification, the plasmid DNA
standards having copy numbers 5x10°, 5x10%, 5x10°,
5x106, 5x107 were used as calibrators for generation of
standard curves for both BCR-ABL and ABL. Reactions
were performed on ABI PRISM 7700 SDS (Applied
Biosystems, USA) instrument. The reaction conditions
and the primer and probe sequences for BCR-ABL
and ABL were the same as described previously®.
RQ-PCR results were analyzed using the standard
curves which were used to calculate the quantity of
BCR-ABL and ABL transcript (copy numbers) in the
samples. Change in the BCR-ABL transcript level was
expressed as the ratio of BCR-ABL/ABL. The relative
transcript expression levels of the three genes were
compared between responders and non-responders.
The differences in the mRNA expression of all the
target genes between the CML and healthy control
groups were also compared.

RNA extraction and cDNA synthesis: Peripheral blood
sample (10 ml) was collected in EDTA from each
patient and was kept at 4°C until further processing.
Sample was processed within two hours of collection.
The mononuclear cells were separated using RBC
lysis method?' and the total RNA was extracted using
Trizol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. The yield, concentration
and purity of the RNA were assessed using Infinite
200 PRO NanoQuant (TECAN, Switzerland) and only
those samples with A4, to Ay, ratios between 1.9 to 2.1
were further considered. Total RNA (2 pg) was reverse
transcribed with the High Capacity RNA-to-cDNA kit
(Applied Biosystems, USA) in a final volume of 20 pl
according to the manufacturer’s instructions. cDNA
was then used for PCR amplification.

Quantitative real time PCR: For amplification of the
three target genes (OCT1,ABCBI and ABCG?2), Tagman
Gene Expression Assays (Serial No. Hs00184500 m1
for ABCB1, Hs00427552 _ml for OCT1, Hs01053790
ml for ABCG2, Applied Biosystems, USA) were used.
BCR was selected as a reference gene. The expression
levels of BCR gene were measured using the TagMan

Gene Expression Assay (Hs01036532 ml). The
efficiency of each assay was determined and it was
over 90 per cent for all assays. Efficiency values were
measured using the Ct (threshold cycle) slope method.
A dilution series of the target template was prepared
and Ct value for each dilution was determined. A plot
of Ct versus log cDNA concentration was constructed.
Amplification efficiency was calculated from the slope
of this graph using the equation: E = 10¢!slore) — 122,
Amplification reactions were carried out with a ABI
7500 Fast Dx real time PCR instrument in a total
volume of 20ul using a TagMan Gene Expression
Master Mix (Applied Biosystems, USA) following
the manufacturer’s instructions. PCR amplification for
each sample was performed in duplicates. No template
controls (NTC) in duplicates were included in each
run. With each amplification cycle, the increase in
fluorescence intensity is proportional to the increase
in amplicon concentration, with the quantitative PCR
instrument system collecting data for each sample
during each PCR cycle. The fluorescence signal was
measured in the extension phase of the PCR reaction,
and the measurement, proportional to the quantity
of sample cDNA in the reaction, was plotted as an
amplification curve against cycle number in the real
time PCR instrument. The amplification plot of OCT1,
ABCBI and ABCG?2 genes are shown in Figs. 1,2 and 3,
respectively that show the variation of log (ARn) with
PCR cycle number. ARn is Rn minus the baseline. Rn
is the fluorescence of the reporter dye divided by the
fluorescence of a passive reference dye; i.e. Rn is the
reporter signal normalized to the fluorescence signal
of ROX. The Ct values of amplification curves are
different for each patient depending on the level of the
gene expressed. The threshold cycle is the cycle number
at which the fluorescent signal of the reaction crosses
the threshold. This Ct value can be directly correlated
with the starting target concentration of the sample. A
threshold value of fluorescence in the exponential part
of the amplification curve was selected and, for each
sample, duplicate Ct values were averaged. The ABI
7500 software (version 2.0.6) was used for calculation
of relative gene expression levels by the 24 method*
using a sample of K562 cell line as a calibrator.
Relative expression results were representative of the
fold differences.

Statistical analysis: The differences in relative
expression levels (RQ values) for all the genes between
the studied groups (responders vs non-responders) and
(CML patients vs healthy controls) were statistically
analyzed, using the non-parametric Mann-Whitney
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Fig. 1. Amplification plot of OCTI gene of CML patients.

U-test. The correlation between the expression values
of the genes studied was determined by the Spearman’s
rank correlation coefficient. Chi square test was done
for comparison of proportions. All statistical tests were
performed using Graphpad prism trial version 6.

Results

Sixty three CML patients were included in this
study. The patients’ baseline characteristics are shown
in the Table. Mean age of the patients was 36 + 11 yr
with a range of 18-59 yr. The male (N=47) to female
(N=16) ratio was 3:1. Of the 63 CML patients, 19
(30.15%) were in low Sokal risk category, 24 (38.10 %)
were in intermediate and 20 (31.75%) patients were in
high risk category. The haemoglobin levels in these
patients ranged from 6.5-16.8 g/dl with a median value
of 10.8 g/dl.

Maximum numbers of participants were in the age
group 30-40 yr. Forty four patients who achieved either

CMR or MMR were included in responders category,
while 19 patients who did not achieved either CMR or
MMR were included in non-responders. The mean age
of responders was 34.66+10.78 yr while that of non-
responders was 39.58+11.75 yr. The relative transcript
expression levels of OCTI, ABCBI and ABCG?2 genes
were compared between responders and non-responders
categories of CML patients. No significant difference
in the expression levels of these genes was found
between the two categories. The median transcript
expression levels of OCTI, ABCBI and ABCG?2 genes
in responders were 26.54, 10.78 and 0.64 versus 33.48,
7.09 and 0.53 in non-responders, respectively. Also,
the mRNA expression levels of OCTI, ABCBI and
ABCG2 transporter genes of CML patients (N=63) were
compared with those of the healthy controls (N=I11).
The mRNA expression levels of these three transporter
genes in CML patients differed significantly from those
of healthy controls (P < 0.05).
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Fig. 2. Amplification plot of ABCB1 gene of CML patients.

Irrespective of the response to treatment, a positive
correlation was observed between the expression of
the ABCBI and ABCG?2 transporter genes (r=0.407,
P<0.05) while there was no correlation between the
expression of either of the ABC transporter genes with
the OCT1 gene.

Discussion

In our study, we examined the mRNA expression
levels of imatinib transporters and explored a
relationship between the expression levels of the
transporter genes and molecular response in CML
patients on imatinib therapy. The relative transcript
expression levels of OCTI, ABCBI and ABCG2
transporter genes were compared between responders
and non-responders categories and no significant
difference was found. These results do not support
some of the earlier studies®*** in which it has been
reported that the expression of OCT/ is an important
determinant of the clinical response to imatinib
mesylate (IM) since patients with high pre-treatment

expression had superior CCyR rates, progression-free
and overall survival. These studies have suggested that
measuring OCTI expression may be useful for risk
stratification in CML patients. However, other studies
have reported that OCTI expression is not a good
predictor of molecular response in CML patients?®?7,
OCT1 protein activity rather than OCTI mRNA
expression was found to be a strong determinant of
responses in CML patients in some studies®*. In a
study by White e al*®, OCTI activity was measured in
pre-therapy blood from CML patients and the patients
were then categorized as having high and low OCT]
activity. Of patients with high OCTI activity, 85 per
cent achieved MMR by 24 months, versus 45 per cent
with low OCT1 activity. However, mRNA analysis did
not reveal a group of patients with suboptimal response
or at risk for imatinib failure. The authors concluded
that OCT1 activity along with plasma imatinib level,
that has been found to be a predictor of cytogenetic
and molecular response in CML patients in previous
studies®**, may help in individualized optimization of
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Fig. 3. Amplification plot of ABCG2 gene of CML patients.

imatinib dose. In a subsequent study by these authors,
the expression of OCTI mRNA and the prediction of
long-term response were examined in 46 patients and it
was found that dividing patients into low and high OCT1
expression around the median level was not predictive
of MMR or CMR?. Thus, the studies investigating the
impact of OCT-1 expression in predicting responses in
CML patients present conflicting data. Additionally, in
a study by Nies et al”’, it has been reported that the
cellular uptake of imatinib is independent of OCTI.
The authors used a combination of in vivo and in vitro
approaches to investigate whether OCT1 transports
imatinib and also to study the OCTI expression at
mRNA and protein level in leukaemic cell lines and
CD34+ CML cells. Their results suggest that OCT1
does not transport imatinib and its expression is not a
valid biomarker for imatinib response. These results are
inconsistent with those studies reporting associations
between OCTI mRNA levels and clinical outcome of
imatinib therapy®?*.

Imatinib is also a substrate for the ABCBI1 and
ABCG2 transporters that could limit the therapeutic
potential of imatinib by multidrug resistance
phenomenon. The overexpression of ABCBI gene in
the BCR-ABL positive AR230 cell line has shown to
decrease its sensitivity to imatinib®. Also, the ABCBI
and ABCG2 genes were found to be overexpressed in
the majority of resistant cell lines when the expression
profile of ABCBI, ABCG2, and other genes was
evaluated®*. However, when the expression levels of
ABCBI and ABCG2 were determined prior to imatinib
therapy and correlated with response in CML patients, no
significant difference in the expression levels was found
in responders and non-responder categories of CML
patients and it was concluded that that the expression
levels of ABC transporters was not correlated with the
clinical outcome in CML patients®*. At present, very
little data on ABCB1 and ABCG?2 gene expression are
available in clinical CML samples. In our study, we did
not find any correlation between the expression levels
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Table. Baseline characteristics of the patients (n=63)

Patients’ baseline characteristics ~ Values

Age (yr)

Mean £ SD (range) 36+ 11 (18-59)
Sex (No.)

Male 47

Female 16

Splenomegaly >10 cm below the 9 (14)
costal margin-No (%)

Haemoglobin level (g/dl)

Median (range) 10.8 (6.5-16.8)
Basophils (%)
Median (range) 1(0-4)

WBC (counts/pl)

Median (range) 55000 (3000-550000)
Platelet (counts/pl)

Median (range) 300000 (100000-950000)
Peripheral blasts > 3% No (%) 19 (30%)

Sokal score - No (%)

Low (<0.8) 19 (30.15)

Intermediate (0.8-1.2) 24 ( 38.10)

High (>1.2) 20 (31.75)

of imatinib efflux transporters (ABCB1 and ABCG2)
and the patients’ responses to imatinib therapy.
However, further studies in a large sample of patients
are required to confirm these findings.

Our results also showed that a moderately positive
correlation existed between the expression of the
ABCBI and ABCG? transporter genes while there was
no correlation between the expression of either of the
ABC transporter genes with the OCT/ gene. These
results were in partial support of a previous study?
which showed no association between the expression
levels of OCTI and ABCG2 transporters while a
moderate positive association existed between the
expression levels of OCTI and ABCB] transporters. In
contrast, the results of another study?® have shown that
OCT1I expression is significantly interrelated with the
expression of ABCB1I and ABCG?2 genes. We also found
a positive correlation between the expression levels of
ABCBI and ABCG?2 transporters in our study.

In conclusion, the mRNA expression levels of
imatinib transporter genes may not correlate with

molecular response in CML patients. However, further
work is needed to explore the association of imatinib
transporters with clinical response in a large sample of
CML patients.
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