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ABSTRACT

Objective: To estimate the association between ABCG2 C421A polymorphism and response to imatinib in chronic myeloid leukemia,
Methods: A systematic review was conducted to evaluate the effect of ABCG2 C421A polymorphism on imatinib response. The
databases of PubMed, Embase, Web of science, CINAHL with FullText, and Cochrane Library were searched for all published
studies from inception to December 2015, The following terms were used with functions of ‘AND’ and ‘OR’: ‘chronic myeloid
leukemia’, ‘CML’, ‘drug transporter’, ‘ABCG2’, ‘BCRP’, ‘polymorphisms’, ‘SNPs’, and ‘imatinib’, The studies reporting the
association between ABCG2 polymorphism and imatinib response were evaluated, Results: A total of 7 studies were included in the
present meta—analysis, The pooled analysis showed that ABCG2 c¢.421CC genotype was significantly associated with poor response
to imatinib under the dominant model (CC vs CA+AA; OR: 0.56; 95% Cl: 0.41, 0.77; p = 0.0004). The subgroup analysis of Asian
studies demonstrated a significantly lower response in ¢,421CC genotype than in ¢ 421CA or c.421AA genotype (OR: 0.52; 95% Cl:
0.37, 0.73; p = 0.0002). In subgroup analyses of 5 studies, the patients with the c.421CC genotype exhibited higher risk for worse
response than the patients with ¢.421CA or c.421AA genotype (heterozygote codominant model: CC vs, AC; OR: 0.49, 95% ClI: 0,33,
0.73; p = 0.0006; homozygote codominant model: CC vs AA; OR: 0.43; 95% Cl: 0.25, 0.75, p = 0.003), Conclusion: The ABCG2
¢.421CC genotype was significantly associated with poor response to imatinib compared to the ¢.421CA and c.421AA genotypes in
chronic myeloid leukemia, especially in Asian patients,
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Chronic myeloid leukemia (CML) is a myeloproliferative
neoplasm characterized by increased proliferation of the
granulocytic cell line. The hallmark genetic abnormality of
CML is the Philadelphia chromosome arising from a reciprocal
translocation between chromosomes 9 and 22. This translocation
generates BCR-ABL, a constitutively active tyrosine kinase
that plays a critical role in the pathogenesis of CML."?

Imatinib is an orally administered protein-tyrosine kinase

inhibitor. It is recommended as first-line treatment for people

with Philadelphia-chromosome-positive (Ph+) CML in the
chronic phase.> Imatinib inhibits BCR-ABL by occupying
the ABL domain adenosine triphosphate (ATP)-binding site.
This maintains BCR-ABL in an inactive conformation, thereby
preventing substrate phosphorylation and downstream activation
of leukemogenic signal transduction.>® Imatinib has also been
shown to be a substrate and inhibitor of ABCG2.7? ABCG2,
also known as breast cancer resistance protein (BCRP), is the

second member of the G family of ATP-binding cassette
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(ABC) transporters, which pumps a wide range of molecules
out of cells in an energy-dependent manner. ABCG2 is ex-
pressed at high levels in the Blood-Brain Barrier (BBB),
gastrointestinal tract, kidney, and liver. Since ABCG2 is
mostly found on the apical surface of cells,'” it is thought to
play an important role in preventing intestinal absorption and in
mediating excretion of its substrates, including tyrosine kinase
inhibitors.!" High ABCG2 expression has also been found in a
variety of solid tumors and in hematologic malignancies.'>!?)
Although, imatinib has greatly improved clinical outcomes
and prognosis for CML patients, a proportion of patients show
suboptimal response or develop resistance to the drug.'¥
Mounting evidence has demonstrated that single nucleotide
polymorphisms (SNPs) modify the transporter activity of
ABCG2 and affect response in patients receiving imatinib.
One of the most extensively studied ABCG2 SNPs is C421A
(Q141K, rs2231142), which results in a substitution of lysine
for glutamine in the ABCG2 protein. Recently, Skoglund er al.
found that the ABCG2 C421A variant exhibited significantly
lower expression of ABCG2 and increased the efficacy of
imatinib, as compared to homozygous wild-type in CML cell
line."> Meanwhile, other studies reported that there were no
significant differences in pharmacokinetic parameters such as
intracellular concentrations, plasma concentrations, and clearance
of imatinib among the ABCG2 polymorphisms in CML
patients.'®!”) Considering these findings, it is necessary to
clarify the association between ABCG2 C421A and response
to imatinib in patients with CML. A meta-analysis was per-
formed to determine whether the ABCG2 C421A might be

useful for predicting response to imatinib in CML patients.

Materials and Methods

Literature search
A systematic literature search was performed to identify

publications addressing the association between ABCG2 poly-
morphisms and response to imatinib in patients with CML.
The databases of PubMed, Embase, Web of science, CINAHL
with FullText, and Cochrane Library were searched for all
published studies from inception to December 2015. The
following terms were used with functions of ‘AND’ and ‘OR’:
‘chronic myeloid leukemia’, ‘CML’, ‘drug transporter’, ‘ABCG2’,
‘BCRP’, ‘polymorphisms’, ‘SNPs’, and ‘imatinib’. The reference
lists of the identified articles were hand-searched for additional

pertinent publications.

Study selection and data extraction
Two investigators (PC and DHO) independently identified

relevant studies and extracted detailed information from each
study. Discrepancies were resolved by discussion and consensus.

To be included, original studies needed to fulfill the following
criteria: (1) investigating the impact of ABCG2 SNPs on
imatinib response in CML; (2) reporting sufficient data for
estimating an odds ratio (OR); (3) identifying response criteria

Articles were excluded in accordance with the following
criteria: (1) reviews, conference abstract or paper, editorial, and
letter; (2) studies without clinical outcomes; (3) studies without
genotype frequency for OR.

The extracted information included the first author’s name,
year of publication, country of study population, disease phase
of subjects, dose of imatinib, follow-up period, response criteria,

and the genotype frequency in responsive and resistant groups.

Quality assessment
The quality of each included study was assessed on the basis

of the 9-star Newcastle-Ottawa Scale (NOS).'® The NOS
assigns up to a maximum of 9 points for the least risk of bias:
4 for selection, 2 for comparability, and 3 for assessment of
outcomes (for cohort study) or exposures (for case-control
study). Studies with points of 0-3, 4-6, 7-9 were considered as
low, moderate and high quality, respectively.'” Two researchers
(PC and DHO) independently assessed the quality of the
studies, and then any disagreements were resolved by discussion

and consensus.

Data synthesis and analysis
The Review Manager 5, the Cochrane Collaboration software,

was used for the present meta-analysis. The data from the
included studies were pooled and weighted by a fixed-effects
model. Pooled OR and 95% Cls were used to measure the
association between the ABCG2 C421A polymorphism and
imatinib response under dominant model (CC vs. CA/AA),
heterozygote codominant model (CC vs. CA), and homozygote
codominant model (CC vs. AA). Study heterogeneity was esti-
mated with /? statistic, with values of 25%, 50%, and 75%
representing low, moderate, and high degrees of heterogeneity.
Two-sided P values less than 0.05 were considered statistically
significant. Publication bias was evaluated by visual inspection

of a funnel plot.
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Results

The process of study selection is outlined in Fig. 1. Of the
428 records identified in the database search, 45 articles were
considered potentially relevant. After further review of the full
text of 46 studies, including 1 study identified through the
reference lists, 7 case-control studies met the inclusion and

Records identified through database search:
n=319 from Embase, n=105 from PubMed,
n=189 from Web of science, n=6 from CINAHL
with FullText, n=2 from Cochrane Library

Records after duplicates removed: n=428

exclusion criteria of the present meta-analysis. When assessing
quality of the studies, all the studies met the criteria of high
quality based on NOS: 7 stars for 2 studies’®" and 8 stars for
5 studies.”>2%)

Table 1 describes the main characteristics of the included
studies and genotype frequencies in CML patients according

to their response to imatinib treatment. A total of 735 patients

Records excluded by title and abstract screening: n=383

- Review, conference abstract/paper, editorial, letter:n=117

- Study not investigating the effects of ABCG2 SNPs on
imatinib therapy in CML: n=266

Full-text articles assessed for eligibility: n=45

1 study from
reference lists

Studies excluded: n=39

- Did not report the effects of ABCG2 SNPs on imatinib therapy: n=30
- Did not report the clinical response to imatinib therapy in CML: n=8
- Did not report genotype frequency for estimating odds ratio: n=1

Studies included in quantitative synthesis (meta-analysis): n=7

Fig. 1. Flowchart of the study selection process.

Table 1. Characteristics of the included studies and genotype frequencies according fo imatinib response.

Treatment Genotypes (n)
Study Country CML phase Follow-up Resp ohse Responsive Resistant
Dose/day criteria
(months) cc CA AA cC CA AA
. 400 mg (N=31);
TOkOh‘;ﬁ;'&)ef o gpan CP 300mg (N =17); NA MMR 17 M 24 10
<300mg (N=14)
A”Thc;%y] 2e Fa Valaysia AP, CP 400mg (N = 45) >6  Response |1 14 7 10 1 2
Seonz%]e; A Yorea CcP 400mg (N=81) 26 MMR 5 4 4 36 28 4
Shinohara et al., <400 mg (N =143); 69.6
o3 Japan CcP s00mg N1l (medan)  CMR 36 28 8 49 20 3
AU et al, 2014 Mdlaysia  CP 400mg (N =215) >6 MMR 44 57 17 55 35 7
de L'Z‘; ff A i CP 400mg (N=118) >6 MMR 58 " 4 8
Salimizand et al., AP (N=11); 400mg (N =15¢);
o5 N o o590 ma (N 1) 64 CR 33 4 12 1 1 9

CML, chronic myeloid leukemia; AP, accelerated phase; CP, chronic phase; CMR, complete molecular response; MMR, major molecular
response; CR, cytogenetic response; Response, cytogenetic, molecular, and hematological responses
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Odds Ratio
Events Total Events Total Weight M-H.Fixed, 95% Cl Year

Odds Ratio
M-H, Fixed, 95% CI

1.1.1 America

De Lima 2014 a8 99 11 18 7.6%
Subtotal (95% CI) 99 19 7.6%
Total events 58 11

Heterogeneity: Mot applicable
Test for averall effect: Z= 0.06 (P = 0.95)

1.1.2 Asia

Takahashi 2010 17 4 11 21 B85%
Anthony 2012 1 11 21 34 9.3%
Seong 2013 ] 41 g 40 T1%
Shinohara 2013 36 85 36 59 24.5%
Au 2014 44 94 T4 116 37.9%
Salimizand 2015 33 44 16 26 5.0%
Subtotal (95% CI) 3 296 92.4%
Total events 136 166

Heterogeneity: Chi®=9.98, df=5 (P =0.08); F=50%

Testfor overall effect Z=3.75 (P =0.0002)

Total (95% CI) 420 315 100.0%

Total events 194 177
Heterogeneity: Chi*=11.43, df=6 (P =0.08), F= 48%
Testfor overall effect: Z= 3.53 (F = 0.0004)

Test for subgroup differences: Chi*=1.61, df=1 {P=020), F=37.8%
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Fig. 2. Forest plot of the association between ABCG2 C421A polymorphism and imatinib response stratified by country under domi-
nant model. Squares represent study-specific OR; horizontal lines represent 95% Cls; diamond represents a summary odds ratio esti-

mate with corresponding 95% CI.

were included for this meta-analysis and 84% of them were
Asian. Almost all patients (94%) were treated with 400 mg/
day imatinib and more than 92% of the patients were in chronic
phase CML. Of the 7 studies, 5 studies show molecular
response, 1 study presents cytogenetic response with no degree
of the response, and the last 1 reports ‘Response’ which
includes cytogenetic, molecular, and hematologic response. All
studies identified the response criteria based on the European
LeukemiaNet recommendations: major molecular response, 3
log reduction of BCR/ABL fusion gene transcripts compared
with the base line; complete molecular response, 4.5-5 log re-
duction of BCR/ABL fusion gene transcripts; cytogenetic
response categorized as complete (0% Ph+ bone marrow
metaphases), partial (1-35% Ph+ metaphases), minor (35-65%
Ph+ metaphases), and minimal (65-95% Ph+ Ph+ metaphases).”)
In 5 studies, genotype frequencies were tested for Hardy-
Weinberg equilibrium.?2-2%)

The pooled analysis showed that ABCG2 ¢.421CC genotype
was significantly associated with poor response to imatinib
under the dominant model (CC vs CA+AA; OR: 0.56; 95%
CI: 041, 0.77; p=0.0004). The heterogeneity among the studies
was not significant (I°=48%; p=0.08). The Asian studies
demonstrated a significantly lower response in ¢.421CC geno-
type than in c.421CA or c421AA genotype (OR: 0.52; 95%
CI: 0.37, 0.73; p=0.0002) (Fig. 2). Visual inspection of a
funnel plot suggested possible publication bias (Fig. 3).

The impact of ¢.421CC genotype on imatinib response was

U”SE(\DQ[OR])

e

2 t + + ORl
0.058 02 1 5 20

E i:wbegrlr:au% Asia |
Fig. 3. Funnel plot for publication bias of the included studies in

the meta-analysis of the association between ABCG2 C421A
polymorphism and imatinib response stratified by country.

also evaluated by analyses of 5 studies reporting the individual
frequency of the c.421CC, c.421CA, and c.421AA genotypes.
In Asian patients, the c.421CC genotype exhibited higher risk
for worse response to imatinib than the c.421CA genotype
(heterozygote codominant model: CC vs. AC; OR: 0.49, 95%
CI: 0.33, 0.73; p=0.0006). No significant heterogeneity was
detected among the studies (= 0%, p = 0.44). When compared
with the patients carrying the c.421AA genotype, the subjects
with ¢.421CC had higher risk for poor response to imatinib
(homozygote codominant model: CC vs AA; OR: 0.43; 95% CI:
0.25, 0.75, p=0.003). There was a high degree of heterogeneity
among the studies (°=74%; p = 0.004) (Fig. 4).
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cc AC Odds Ratio Odds Ratio
Study or Subgrou Events Total Events Total Weight M-H, Fixed. 95% Cl Year M_-H, Fixed, 95% CI
2.1.1 Heterozygote codominant model
Anthony 2012 1 1" 14 25 116% 008[0.01,071) 2012 ¥
Shinohara 2013 36 85 28 48 30.8% 0.52(0.26,1.08) 2013 —&—
Seong 2013 5 4 4 32 59% 097(0.24,3.96) 2013 S I
Au 2014 44 99 57 92 49.0%  049(0.28,088 2014 —
Salimizand 2015 33 44 4 5 27% 0.75(0.08,7.44] 2015 _
Subtotal (95% ClI) 280 202 100.0%  0.49[0.33,0.73] <&
Total events 119 107
Heterogeneity: Chi*= 3.74, df=4 (P=0.44), F=0%
Test for overall effect: Z= 3.45 (P = 0.0006)
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cCc AA Odds Ratio Odds Ratio
Study or Subgrou Events Total Events Total Weight M.H, Fixed, 95% Cl Year M_H, Fixed, 95% CI
2.1.2 Homozygote codominant model
Anthony 2012 1 1 7 9 17.4% 0.03(0.00,0.38) 2012 *—
Seong 2013 5 4 4 8 146% 014(003,074] 2013 —
Shinohara 2013 3 85 8 11 203% 028([0.07,1.11] 2013 T
Au 2014 44 99 17 24 37.7% 0.33(0.13,0.86) 2014 —
Salimizand 2015 33 44 12 21 101%  2.25[0.75,6.77) 2015 T
Subtotal (95% CI) 280 73 100.0%  0.43[0.25,0.75] <>
Total events 119 48
Heterogeneity: Chi*= 15.33, df= 4 (P = 0.004), F=74%
Test for overall effect: Z= 3.00 (P = 0.003)
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Fig. 4. Forest plot of the association between ABCG2 C421A polymorphism and imatinib response under heterozygote and homozy-
gote codominant model. Squares represent study-specific odds ratio estimates; horizontal lines represent 5% Cls; diamond repre-

senfs a summary odds ratio estimate with corresponding 95% CI.

Discussion

In the present meta-analysis, ABCG2 c.421CC genotype
was significantly associated with poor response to imatinib
therapy in CML patients compared to the c.421CA and c.421AA
genotypes. Although, the most prominent mechanism of imatinib
resistance is mutations or amplification of the BCR-ABL
gene, the increase in expression of efflux pumps, such as P-
glycoprotein and ABCG2, and the decrease in uptake trans-
porters, including organic cation transporter 1 and organic
anion transporting polypeptide 1A2, are also responsible for loss
of imatinib efficacy in CML.??® ABCG2 is one of the most
important efflux transporters associated with imatinib resistance
in CML and the C421A polymorphism is most widely studied.

The finding of the present meta-analysis is consistent with
the result from a recent study by Skoglund ef al. In the study,
the C421A variants in ABCG2 reduced the expression of
ABCG2 protein and increased efficacy of imatinib in CML
cells.'> Takahashi and his colleague also found that imatinib
trough concentration of patients with the ABCG2 ¢.421CC
genotype was significantly lower than that of the patients with
ABCG2 c421CA or ABCG2 c.421AA genotype, supporting
the result of this meta-analysis.”? The result of this meta-

analysis is also in agreement with a study of gastrointestinal

stromal tumor patients. The study showed that progression-free
survival rate in patients with the ABCG2 c.421AA genotype
was significantly superior to that of patients with ¢.421CC or
c.421CA genotype.”

The present meta-analysis has pooled the data from 6
studies conducted in Asian countries and 1 study conducted in
Brazil. Although the association between the ABCG2 ¢.421CC
genotype and higher risk for imatinib resistance was observed
in Asian patients and the Brazilian patients did not exhibit the
association, it is difficult to suggest that the association may
not be found in non-Asian population.

There are several limitations to this meta-analysis. In the
present study, different outcome measures such as CR, CMR,
and MMR were used. Another limitation of this study is the
lack of information in non-Asian groups. Lastly, the present
study was performed in a relatively small number of studies
and small sample size. Nevertheless, when comparing the
number of studies included in other meta-analyses, it doesn’t
look like the number of the studies included in the present
meta-analysis is too small to evaluate the effect of ABCG2
C421A polymorphism in Asian patients.’”

In spite of the limitations, this study does provide information
in predicting response to imatinib in Asian CML patients with
ABCG2 ¢.421CC genotype.
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Conclusion

The ABCG2 ¢.421CC genotype was significantly associated
with poor response to imatinib therapy in CML compared to the
c.421CA and c421AA genotype, especially in Asian patients.
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