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Background The aim of this study is to analyze
polymorphisms in genes involved in 6-mercaptopurine
detoxification (TPMT); methotrexate (MTX) metabolism
including ABCB1 (or MDR1), ABCC2, SLC19A1 (or RFC1),
and SLCO1B1; and the MTX effect mainlyMTHFR and TYMS,
and to assess whether these polymorphisms are predictors
of treatment toxicity and/or MTX clearance.

Materials and methods This study included 127 Lebanese
acute lymphoblastic leukemia patients, of whom 117 were
treated following the St Jude’s Children Research Hospital
protocol. Genotyping was performed using real-time PCR or
restriction fragment length polymorphism. MTX levels were
measured using a polarization fluorescence assay from
Roche. MTX clearance was estimated on the basis of all
available MTX levels measured after high-dose MTX
treatment during the consolidation phase.

Results Five variants in four genes (MTHFR, ABCB1,
ABCC2, and TYMS) were shown to be associated with
toxicity, but neither was associated with MTX
pharmacokinetic parameters. For instance, during the
consolidation phase, a statistically significant association
was found between MTHFR rs1801133 variant allele
carriers and a decrease in hemoglobin levels [odds ratio
(OR)= 3.057; 95% confidence interval (CI): 1.217; 7.680]. In
addition, a statistically significant association was found
among neutropenia (absolute neutrophil count< 500) and
variant allele carriers of ABCB1 rs1045642 (OR= 5.174;

95% CI: 1.674; 15.989) and ABCB1 rs1128503 (OR= 3.364;
95% CI: 1.257; 9.004), respectively. ABCC2 rs717620 variant
allele carriers needed significantly more time to reach a
MTX level below 0.1 µmol/l (β= 5.122; 95% CI: 1.412; 8.831).
During the continuation phase, a statistically significant
association was found between ABCC2 rs717620 and TYMS
28-bp tandem repeats carriers with the need to decrease
weekly MTX doses (β=− 4.905; 95% CI: − 9; − 0.809 and
β=− 5.770; 95% CI: − 10.138; − 1.403), respectively.

Conclusion Genotyping for MTHFR, ABCB1, ABCC2, and
TYMS polymorphisms may be useful in identifying patients
at risk of increased MTX toxicity and the need for dose
optimization before treatment initiation. Pharmacogenetics
and Genomics 24:387–396 © 2014 Wolters Kluwer
Health | Lippincott Williams & Wilkins.

Pharmacogenetics and Genomics 2014, 24:387–396

Keywords: acute lymphoblastic leukemia, genetic polymorphisms, Lebanese,
methotrexate clearance, toxicity

aDepartment of Pharmacology and Toxicology, American University of Beirut,
bDepartment of Pediatrics and Adolescent Medicine, Children’s Cancer Center of
Lebanon and cDepartment of Pathology and Laboratory Medicine, American
University of Beirut Medical Center, Beirut, Lebanon

Correspondence to Samar A. Muwakkit, MD, Department of Pediatrics and
Adolescent Medicine, Children’s Cancer Center of Lebanon, PO Box 113-5067,
Clemenceau Street, Beirut 1107 2020, Lebanon
Tel: + 961 1 350000 x4846; fax: + 961 1 350000 x4913;
e-mail: sm03@aub.edu.lb

Received 21 November 2013 Accepted 13 May 2014

Introduction
Acute lymphoblastic leukemia (ALL) is the most com-

mon cancer in childhood accounting for almost 30% of

pediatric cancer cases in Lebanon. Most ALL treatment

protocols include an induction phase with three to four

drugs (glucocorticoids, mitotic inhibitors, an anthracy-

cline, and/or asparaginase) to achieve clinical remission.

This is followed by a consolidation phase [mainly

methotrexate (MTX) and 6-mercaptopurine (6MP)],

intrathecal therapy with MTX, and finally a continuation

phase lasting 2–3 years from the time of diagnosis. The

introduction of novel therapeutic approaches and dedi-

cated treatment guidelines for children with ALL has

translated into prolonged survival and enhanced quality

of life. However, there remain continuous efforts to

optimize the efficacy and safety of treatment.

Treatment-related toxicity is serious and sometimes life-

threatening, and is one of the main reasons for interrup-

tion or discontinuation of treatment, which may ulti-

mately affect disease outcome [1].

At the American University of Beirut (AUB) Children

Cancer Center of Lebanon (CCCL), which is affiliated to

the St Jude Children’s Research Center (SJCRH) in

Memphis, Tennessee, USA, we have been treating a

large number of ALL patients following the SJCRH

protocol (version 15). We have observed that patients

frequently develop clinically significant toxicities on both

consolidation and continuation therapy [1]. This is

despite the fact that the doses of antileukemic agents are

calculated on the basis of body surface area and delivered

as per standard protocol. Therefore, it became important
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to find more sensitive and specific predictors for the

disposition of and response to drugs in individual

patients.

On the basis of this observed interindividual variability,

investigators have been carrying out pharmacogenomic

(PGx) analyses on the potential association between

candidate genes polymorphisms or genome-wide variants

with ALL treatment toxicity and outcome. Although few

PGx results have already been translated into clinical

practice such as the very well-established association

between thiopurine methyltransferase (TPMT) inter-

mediate, or deficient enzyme activity and excessive bone

marrow suppression with 6MP [2], data with other che-

motherapeutic drugs have been quite inconclusive and

sometimes inconsistent. This is mainly because of low

sample sizes, complexity of treatment, nonstandardized

toxicity measurement, and ethnic genetic differences

[3–6]. In the Middle East, and to our knowledge,

experience is limited despite the high incidence of

polymorphisms in possibly relevant genes such as

methylenetetrahydrofolate reductase (MTHFR) [7].

The aim of this study was to measure the frequency of

polymorphisms in candidate genes involved in 6MP

detoxification (TPMT), MTX clearance [ATP-binding
cassette B1 (ABCB1) also known as multidrug resistance
protein 1 (MDR1), ABCC2 also known as multidrug resis-
tance protein 2 (MRP2), solute carrier organic anion-
transporting polypeptide 1B1 (SLCO1B1), and solute carrier
19A1 (SLC19A1) also known as reduced folate carrier
(RFC1), and MTX activity (MTHFR) and thymidylate
synthetase (TYMS)] in Lebanese children with ALL, and

assess whether any of these polymorphisms are predictors

of 6MP and MTX toxicity as well as MTX clearance.

Materials and methods
Patient population

This is a retrospective cohort study in which all patients

diagnosed with ALL between 2010 and 2013 and treated

or followed up at the AUB CCCL were recruited. The

study was approved by the Institutional Review Board

(IRB). Informed consent from parents and child assent

forms – when applicable – were obtained before data and

sample access. Whole peripheral blood was collected

after the completion of the induction phase and doc-

umentation of remission.

AUB CCCL treatment and dose modification protocol

After induction therapy that included 60 mg/m2/day 6MP

during days 22 till 35, and when the absolute neutrophil

count (ANC) was at least 300/µl, white blood cells

(WBCs) count was at least 1000/µl, and platelets (plts)

count at least 50× 109/µl, consolidation was started, con-

sisting of high-dose MTX (HDMTX) every other week

for four doses in addition to daily 6MP. Low-risk patients

received MTX (2.5 g/m2) over 24 h, whereas

intermediate-risk and high-risk patients received 5 g/m2

over 24 h. 6MP was administered at a dose of 50 mg/

m2/day. The MTX dose was not modified during con-

solidation therapy; only folinic acid rescue was adjusted

on the basis of MTX levels and toxicity profiles. As for

6MP, it was withheld in case of ANC less than 300 µl, plts
less than 50× 109/µl, or grade 3 or 4 mucositis.

During continuation therapy, all patients received the

same starting doses of weekly MTX intravenously

(40 mg/m2) irrespective of the risk status. As for 6MP,

patients treated on the intermediate-risk and high-risk

protocol were started on 50mg/m2daily until week 20

when the 6MP dose became 75mg/m2 daily. Those who

were on the low-risk protocol arm were started on 6MP

(75 mg/m2) daily. Patients with high-risk and

intermediate-risk disease received three rotating drug

pairs (6MP+MTX; 6MP+MTX, cyclophosphamide+
cytarabine; dexamethasone+ vincristine), up till week 67

of continuation therapy, followed by 6MP and MTX

until the end of therapy, whereas the low-risk disease

patients received 6MP and MTX with pulses of dexa-

methasone, vincristine, and 6MP. Dosages of continua-

tion therapy were titrated to maintain WBC between

1800 and 3000/µl, ANC between 500 and 1200/µl, and
plts of at least 50× 109/µl. Full doses of MTX and 6MP

were administered when WBC count was at least 1500/µl,
ANC count was at least 300/µl, and plts count was at least

50× 109/µl. Thirty 50% dose reduction of both MTX and

6MP were implemented when WBC was between 1000

and 1500/µl, with ANC count at least 300/µl and plts

count at least 50× 109/µl.

Data collection

Inpatient and outpatient chart review was performed to

collect baseline demographics such as age at diagnosis,

immunologic subtype, treatment protocol (SJCRH pro-

tocol or other), and risk classification (low, 2.5 g/m2

HDMTX; or intermediate/high risk, 5 g/m2 HDMTX).

Treatment information (such as drug doses and toxicity)

was collected only from consolidation and end of con-

tinuation phases as 6MP and MTX are the backbones of

these two treatment phases.

At the beginning of each hospital admission for the four

cycles of consolidation therapy, the following parameters

were collected when available: dose of the HDMTX;

measured MTX concentration until reaching a level of

less than 0.1 µmol/l, and time (h) to reach an MTX level

of less than 0.1 µmol/l; kidney function to include blood

urea nitrogen and serum creatinine; liver function tests to

include bilirubin, serum glutamic-oxaloacetic transami-

nase, and serum glutamic-pyruvic transaminase; and

hematological values to include WBC, ANC, plts, and

hemoglobin values (Hb). These hematological values

were also collected, when available, 7–10 days (nadir)

after each of the four HDMTX treatment cycles.

Toxicity markers such as the occurrence of febrile neutro-

penia or the need for at least 1 U of packed red blood cells
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transfusion were recorded. As for the continuation phase,

the values of the last administered doses of 6MP and

MTX were determined. Systematic collection of impor-

tant additional toxicities such as mucositis, diarrhea, and

others was unfortunately not possible because of the

inherent limitation of retrospective chart review.

Genotyping

Genomic DNA was extracted from peripheral blood

using a DNA isolation kit from Qiagen (Germantown,

Maryland, USA) according to the manufacturer’s guide-

lines and stored at − 20°C until analysis. Genotyping for

the polymorphisms in candidate genes that were chosen

on the basis of the previous literature showing an asso-

ciation with 6MP or MTX toxicity [3,8] was performed

using different methodologies.

ABCB1 (MDR1) (3435C>T rs1045642), ABCB1 (MDR1)
(1236C>T rs1128503), ABCC2 (MRP2) (− 24C>T

rs717620), SLC19A1 (RFC1) (80G>A rs1051266),

TPMT*2 (238G>C rs1800462), TPMT*3B (460G>A

rs1800460), and TPMT*3C (719A>G rs1142345) geno-

typing was performed using light SNP assays (Tib

Molbiol, Berlin, Germany) on a Roche Lightcycler

(Roche, Indianapolis, Indiana, USA). SLCO1B1
(521T>C rs4149056) genotyping was performed using a

TaqMan allele discrimination assay (Applied Biosystems,

Grand Island, New York, USA) on a CFX36 real-time

PCR from Biorad (Hercules, California, USA). MTHFR
(677C>T rs1801133) and MTHFR (1298A>C

rs1801131) genotyping was performed by restriction

fragment length polymorphism as described previously

[7]. As for TYMS variants, restriction fragment length

polymorphism was used for TYMS (TS1 1494 deletion of

6 bp TTAAAG rs34489327) and regular PCR, followed

by band visualization on an agarose gel, was performed

for the TYMS TS1 28-bp tandem repeat (rs34743033) [9,

10]. Ten percent of samples were genotyped twice, and

the results showed 100% reproducibility.

Pharmacokinetic data

MTX levels were measured in the Medical Center’s lab

using a polarization fluorescence assay from Roche

(Basel, Switzerland). MTX clearance was estimated on

the basis of all available MTX levels measured after

HDMTX treatment during the consolidation phase using

a two-compartmental linear pharmacokinetic model with

two doses (10% of the total dose infused in the first hour

and 90% infused in the next 23 h) using WinNonlin

software version 6.3 (Pharsight Corporation, St Louis,

Missouri, USA). Total area under the curve (AUC) was

also calculated. The following initial parameter estimates

were used on the basis of previous reports: V1= 11 l/m2,

K10= 0.4/h, K12= 0.1/h, and K21= 0.11/h [11].

Statistical data analysis

Data were entered and analyzed using SPSS version 20.0

(IBM, Armonk, New York, USA).

Descriptive statistics were first determined by computing

frequencies for categorical variables and mean ± SD for

continuous variables. Genotype frequencies were also

computed and tested for Hardy–Weinberg equilibrium

using the χ2-test. Association analysis was carried out

using the recessive genetic model (i.e. variant allele car-

riers vs. nonvariant allele carriers).

During the consolidation phase, the lowest, or highest

individual laboratory values were graded, as applicable,

according to the National Cancer Institute (NCI) toxicity

criteria [12]. An ANC value of less than 500 cells/µl (grade
4) was considered clinically significant, and was hence

compared with lower ANC toxicity grades. Similarly, the

clinically significant Hb of less than 8 g/dl that is usually

an indication for packed red blood cells transfusion was

compared with lower grades (no patient had grade 4 Hb

toxicity). The liver function tests, blood urea nitrogen,

serum creatinine, and plts values were not included in

the analysis as very few patients had more than grade 1

toxicity. Data were first analyzed for all patients whose

consolidation data were available; then, the results were

compared by treatment protocol arm: patients with low

risk who received 2.5 gMTX/m2 compared with patients

with intermediate or high risk who received 5 gMTX/m2.

Patients who had trisomy 21 (N= 3) were excluded from

all analyses, except for the MTX clearance calculation,

because they received a lower dose of MTX

(0.5 gMTX/m2). During the continuation phase, and

although all patients received the same dose of MTX

(40 mg/m2) irrespective of the risk status they were

classified into, data were also analyzed by protocol arm.

Patients with trisomy 21 were also excluded as they could

not tolerate the 40 mg/m2 MTX dose.

Baseline demographics and toxicity parameters were first

compared by risk classification arms using the Fisher-

exact test for categorical variables and the Student t-test
or the Mann–Whitney nonparametric test as applicable

for continuous variables. The associations of genetic

polymorphisms with toxicities were also analyzed using

the Fisher-exact test and Student’s t-test as applicable.

Univariate backward conditional logistic and linear

regressions were also run as applicable, and odds ratios

(ORs) and unstandardized β-values with 95% confidence

intervals (CIs) were computed, respectively. This was

followed by multivariate regression analyses including

risk classification (protocol arm). Age and immunologic

subtypes were not included in the multivariate analysis as

they are part of the risk classification. Only the multi-

variate analysis is shown in the tables. A correlation

analysis between MTX pharmacokinetic parameters and

toxicity data was also carried out.
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A two-sided P-value of less than or equal to 0.05 and a

95% CI that did not include the value of 1 were con-

sidered statistically significant.

Results
The population sample

This study included 127 Lebanese ALL patients, of

whom 117 were treated following the SJCRH protocol,

whereas the others were not as they had received initial

treatment outside the Medical Center (Fig. 1). Although

continuation data were available for 108 patients, 18 were

still receiving therapy and were hence not included in

this final analysis as the last 6MP and MTX doses are not

yet available.

The cohort was fairly similar to previously described data

[1]. As expected, age and immunologic subtype were

found to be significantly different by risk arm (P= 0.000).

Interestingly, time needed for the MTX level to reach

less than 0.1 µmol/l during consolidation and MTX end

dose at maintenance were statistically significantly dif-

ferent by risk arm (P= 0.000 and 0.027, respectively)

(Table 1). Common complications during consolidation

and continuation therapy included fever, recurrent otitis

media, pneumonia, cellulitis of the face, sinusitis, diar-

rhea, herpes zoster, mucositis, and septicemia.

Genetic polymorphisms

Table 2 shows the genotype frequencies of all patients.

Minor allele frequencies (MAF) were all in

Hardy–Weinberg equilibrium and were calculated as

follows: ABCB1 rs1045642= 0.50, ABCB1 rs1128503=
0.45, ABCC2 rs717620= 0.13, MTHFR rs1801133= 0.32,

MTHFR rs1801131= 0.30, SLCO1B1 rs4149056= 0.14,

SLC19A1 rs1051266= 0.50, TYMS 28-bp repeat= 0.53,

and TYMS 6-bp repeat= 0.50. These MAFs were similar

to White populations, except for the TYMS/6-bp poly-

morphism, which was found to be more common in our

population sample [13]. The genotype frequencies were

equally distributed in both protocol arms. Note that for

the TYMS TS1 28-bp tandem repeat, one patient was

found to be a 3R/4R and was included in the allele car-

riers’ category. As expected, the MAF of the TPMT
polymorphisms was low: the TPMT*A haplotype that

combines carriage of TPMT*3B and TPMT*3C alleles=
0.01. No patient carried the TPMT*2 polymorphism.

Pharmacokinetics

Of the 110 patients for whom consolidation data were

available, a total of 440 profiles (four consolidation cycles

per patient) and 1283 MTX levels were available for

analysis; yet, the model was successfully executed with

51 profiles of 34 patients only (10 low risk and 24 high

and intermediate risk). The mean MTX plasma clearance

was 19.21 l/h (SD= 12.71 l/h) (Table 1). It is important to

note that there was a significant variability in the MTX

concentration profiles, and this is reflected by the large

interindividual coefficient of variation of 66% as well as

the large within individual variability with coefficient of

variation percentage of 29%. The calculated AUC was

462.55 ± 558.31 and 1274.15 ± 1848.27 µmol h/l for the

low-risk and high-risk and intermediate-risk groups,

respectively (P= 0.061). In addition, there was a statisti-

cally significant correlation between MTX AUC and time

to reach an MTX level of below 0.1 µmol/l (P= 0.004).

Fig. 1

All patients (N=127)

Not on SJCRH protocol (N=10)

On SJCRH protocol (N=117)

Consolidation data available (N=111) Continuation data available (N=108)

Protocol arm

Low risk (N=57) High/intermediate 
risk (N=54)

Protocol arm

Low risk (N=52) High/intermediate 
risk (N=56)

Scheme of Lebanese ALL patients included in this study. ALL, acute lymphoblastic leukemia; SJCRH, St Jude Children Research Hospital.
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Toxicity

When assessing for the effect of the various genotypes on

the toxicity types developed during consolidation and

continuation therapy, five variants in four genes

(MTHFR, ABCB1, ABCC2, and TYMS) were shown to be

associated with toxicity, but neither was associated with

MTX pharmacokinetic parameters. For instance, a sta-

tistically significant association was shown between

MTHFR rs1801133 variant allele carriers and decrease in

Hb during consolidation therapy (67.7 vs. 41.1% of allele

carrier patients had a grade 3 or less than grade 3 toxicity,

respectively; OR= 3.057; 95% CI: 1.217; 7.680)

(Table 3). Furthermore, a statistically significant decrease

in ANC was shown with the variant allele carriers of

ABCB1 rs1045642 (87.8 vs. 60.5% of allele carrier patients

had a grade 4 or less than grade 4 toxicity, respectively;

OR= 5.174; 95% CI: 1.674; 15.989) as well as the variant

allele carriers of ABCB1 rs1128503 (80.5 vs. 53.5% of

allele carrier patients had a grade 4 or less than grade 4

toxicity, respectively; OR= 3.364; 95% CI: 1.257; 9.004)

(Table 4). Note that there was a close to significant

association between carriers of that same allele and

development of febrile neutropenia (87.5% of allele car-

rier patients developed febrile neutropenia vs. 63.2%

who did not; P= 0.046), but this was lost with regression

analysis (OR= 4.073; 95% CI: 0.871; 19.040) (Table 4).

The third gene that showed interesting results is ABCC2,
for which a statistically significant association was shown

among the rs717620 variant allele carriers and increased

time to reach an MTX level below 0.1 µmol/l (64.64± 8.06
vs. 70± 9.4 in wild-type homozygous vs. allele carriers,

respectively; β= 5.122; 95% CI: 1.412; 8.831) (Table 5). In

addition, during the continuation phase, results showed a

statistically significant association between that same

ABCC2 polymorphism as well as TYMS 28-bp tandem

repeats variant allele carriers and a smaller end dose of

MTX (35.06± 8.9 vs. 28.70± 9.5 in wild-type homozygous

vs. allele carriers, respectively; β=− 4.905; 95% CI: − 9;

− 0.809 and 37.6± 8 vs. 32.34± 9.6 in wild-type homo-

zygous vs. allele carriers, respectively; β=− 5.770; 95%

CI: − 10.138; − 1.403), respectively (Table 6).

No statistically significant associations were found

between any of the genotypes and MTX clearance esti-

mates (Table 6) or AUC values. As expected, and

because of the low MAF, no significant associations were

found with the TPMT haplotype. Furthermore, and as the

rest of the other chosen genes are involved in MTX

kinetics or effect, no significant association was found

with 6MP end dose. Finally, there were no statistically

significant correlations between MTX pharmacokinetic

parameters and any of the toxicity data, except for the

Table 1 Baseline demographics and toxicity data of the entire cohort and by treatment risk protocol

All Low risk High and intermediate risk P-value

Baseline demographics (N=117)
Age ±SD (years) 6.86 ±5.1 4.6 ± 2.9 9 ± 5.8 0.000
Sex
F 68 35 (51.5) 33 (48.5)
M 49 24 (49.0) 25 (51.0) 0.46

Immunologic subtype
Pre B-ALL 91 57 (62.6) 34 (37.4)
Early Pre B-ALL 1 0 (0) 1 (100)
T-cell ALL 19 0 (0) 19 (100)
Pre B-ALL with AML 2 1 (50) 1 (50)
Data not available 4 1 (25) 3 (75) 0.000

Consolidation phase (N=111)
MTX clearance (l/h) 19.21 ± 12.71 19.24 ± 12.45 19.19 ±13.30 0.991
Time to MTX level (<0.1 µmol/l) 65.5 ±8.6 62.3 ±7.2 68.9 ±8.7 0.000
Absolute neutrophil count
Grade 1, 2, and 3 43 17 (39.5) 26 (60.5)
Grade 4 41 24 (58.5) 17 (41.5)
Data not available 27 16 (59.25) 11 (40.75) 0.64

Hemoglobin (g/dl)
Grade 1 and 2 56 30 (53.6) 26 (46.4)
Grade 3 31 13 (41.9) 18 (58.1)
Data not available 24 14 (58.33) 10 (41.66) 0.20

Transfusion of PRBC
Yes 36 16 (44.4) 20 (55.6)
No 75 41 (54.7) 34 (45.3) 0.21

Febrile neutropenia
Yes 16 7 (43.8) 9 (56.2)
No 95 50 (52.6) 45 (47.4) 0.35

Continuation phase (N=108)
6-Mercaptopurine end of treatment dose (mg/m2) 58.25 ±16 60.57 ±14.5 56.1 ±17.1 0.16
Methotrexate end of treatment dose (mg/m2) 33.28 ±9.6 35.47 ±9.4 31.26 ±9.5 0.027

The average absolute neutrophils count (cells/µl) value was taken at the nadir of the four consolidation cycles when available.
Hemoglobin (g/dl) average value was taken at the nadir of the four consolidation cycles when available.
Time to reach MTX level<0.1 µmol/l (h). Toxicities were graded using the National Cancer Institute Common Toxicity Criteria [12].
Statistically significant results are highlighted as bold characters.
ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; MTX, methotrexate; PRBC, packed red blood cells.
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Table 2 Frequencies of the genetic polymorphisms studied

Frequencies [N (%)]

Genes Polymorphisms Genotypes All (N=127) Low risk (N=59) High and intermediate risk (N=58) P-value

ABCB1/MDR1 rs1045642 CC 35 (27.6) 14 (23.7) 17 (29.3)
CT 56 (44.1) 27 (45.8) 27 (46.6)
TT 36 (28.3) 18 (30.5) 14 (24.1) 0.704

rs1128503 CC 40 (31.5) 16 (27.1) 22 (37.9)
CT 58 (45.7) 29 (49.2) 25 (43.1)
TT 29 (22.8) 14 (23.7) 11 (19.0) 0.460

ABCC2/MRP2 rs717620 GG 98 (77.2) 49 (83.1) 42 (72.4)
GA 26 (20.5) 10 (16.9) 13 (22.4)
AA 3 (2.4) 0 (0) 3 (5.2) 0.148

MTHFR rs1801133 CC 60 (47.2) 28 (47.5) 30 (51.7)
CT 51 (40.2) 23 (39.0) 22 (37.9)
TT 15 (11.8) 8 (13.6) 6 (10.3) 0.870

rs1801131 AA 59 (46.5) 24 (40.7) 28 (48.3)
AC 59 (46.5) 32 (54.2) 25 (43.1)
CC 8 (6.3) 3 (5.1) 5 (8.6) 0.455

SLCO1B1 rs4149056 TT 98 (77.2) 46 (78.0) 46 (79.3)
CT 22 (17.3) 8 (13.6) 12 (20.7)
CC 7 (5.5) 5 (8.5) 0 (0.0) 0.062

SLC19A1 rs1051266 GG 35 (27.6) 17 (28.8) 13 (22.4)
GA 59 (46.5) 26 (44.1) 29 (50.0)
AA 33 (26) 16 (27.1) 16 (27.6) 0.725

TPMT Haplotypea *1/*1 124 (97.6) 59 (100) 56 (96.6)
*1/*3A 3 (2.4) 0 (0) 2 (3.4) 0.244

TYMS/28-bp repeat rs34743033 2R2R 23 (18.1) 11 (19.6) 10 (18.5)
2R3R 56 (44.1) 26 (46.4) 24 (44.4)
3R3R 40 (31.5) 19 (33.9) 19 (35.2) 0.984

TYMS/6 bp rs34489327 II 34 (26.8) 16 (27.1) 13 (22.8)
ID 59 (46.5) 28 (47.5) 27 (47.4)
DD 33 (26.0) 15 (25.4) 17 (29.8) 0.836

Percentages may not add up to 100 because of few missing genotyping data.
aTPMT*2 (238G>C rs1800462), TPMT*3B (460G>A rs1800460), and TPMT*3C (719A>G rs1142345).

Table 3 Association between genetic polymorphisms and decrease in hemoglobin and need for PRBC transfusion during the
consolidation phase

Hemoglobin Transfusion of PRBC

Genes Polymorphisms Genotypes
Grade 3
[N (%)]

Grade 1 and 2
[N (%)] OR (95% CI) Yes [N (%)] No [N (%)] OR (95% CI)

ABCB1 rs1045642 CC 8 (25.8) 14 (25) 1.00 8 (22.2) 22 (29.3) 1.00
CT/TT 23 (74.2) 42 (75) 1.107 (0.406; 3.017) 28 (77.8) 53 (70.7) 1.526 (0.6.0; 3.842)

rs1128503 CC 10 (32.3) 18 (32.1) 1.00 11 (30.6) 26 (34.7) 1.00
CT/TT 21 (67.7) 38 (67.9) 1.084 (0.421; 2.794) 25 (69.4) 49 (65.3) 1.190 (0.507; 2.789)

ABCC2 rs717620 GG 24 (77.4) 45 (80.4) 1.00 28 (77.8) 59 (78.7) 1.00
GA/AA 7 (22.6) 11 (19.6) 1.146 (0.392; 3.352) 8 (22.2) 16 (21.3) 1.017 (0.390; 2.652)

MTHFR rs1801133 CC 10 (32.3) 33 (58.9) 1.00 19 (52.8) 35 (46.7) 1.00
CT/TT 21 (67.7) 23 (41.1) 3.057 (1.217; 7.680) 17 (47.2) 40 (53.3) 1.139 (0.649; 1.998)

rs1801131 AA 15 (48.4) 22 (39.3) 1.00 17 (47.2) 34 (45.3) 1.00
AC/CC 16 (51.6) 34 (60.7) 0.643 (0.267; 1.552) 19 (52.8) 41 (54.7) 1.014 (0.458; 2.245)

SLC19A1 rs4149056 GG 8 (25.8) 15 (26.8) 1.00 12 (33.3) 17 (22.7) 1.00
GA/AA 23 (74.2) 41 (73.2) 0.901 (0.339; 2.395) 24 (66.7) 58 (77.3) 0.617 (0.259; 1.467)

SLCO1B1 rs1051266 TT 26 (83.9) 49 (87.5) 1.00 29 (80.6) 59 (78.7) 1.00
TC/CC 5 (16.1) 7 (12.5) 1.075 (0.316; 3.654) 7 (19.4) 16 (21.3) 0.879 (0.327; 2.359)

TPMT Haplotypea *1/*1 30 (96.8) 56 (100) 1.00 35 (97.2) 74 (98.7) 1.00
*1/*3A 1 (3.2) 0 (0) NE 1 (2.8) 1 (1.3) 0.947 (0.081; 11.133)

TYMS/28-bp
repeat

rs34743033 2R2R 7 (22.6) 9 (18.4) 1.00 4 (11.4) 16 (23.2) 1.00

2R3R/3R3R 24 (77.4) 40 (81.6) 0.774 (0.254; 2.364) 31 (88.6) 53 (76.8) 2.372 (0.728; 7.724)
TYMS/6 bp rs34489327 II 8 (25.8) 12 (21.8) 1.00 7 (19.4) 21 (28.4) 1.00

ID/DD 23 (74.2) 43 (78.2) 0.625 (0.224; 1.744) 29 (80.6) 53 (71.6) 1.901 (0.732; 4.937)

Hemoglobin (g/dl) average value was taken at the nadir of the four consolidation cycles when available.
Statistically significant results are highlighted as bold characters.
CI, confidence interval; NE, not estimable; OR, odds ratio; PRBC, packed red blood cells.
aTPMT*2 (238G>C rs1800462), TPMT*3B (460G>A rs1800460), and TPMT*3C (719A>G rs1142345).
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positive correlation between AUC and time to reach an

MTX level below 0.1 µmol/l.

Discussion
This PGx study is the first to be carried out on a sample

of Lebanese ALL patients. Results showed that five

variants in four genes (MTHFR, ABCB1, ABCC2, and

TYMS) were associated with toxicity, but neither was

associated with MTX pharmacokinetic parameters.

The elimination of MTX is driven by a number of ABC

transporters and proton-coupled folate transporters.

Table 4 Association between genetic polymorphisms and decrease in absolute neutrophil count and occurrence of febrile neutropenia
during the consolidation phase

Absolute neutrophil count Febrile neutropenia

Genes Polymorphisms Genotypes
Grade 4
[N (%)]

Grades 1, 2, and 3
[N (%)] OR (95% CI) Yes [N (%)] No [N (%)] OR (95% CI)

ABCB1 rs1045642 CC 5 (12.2) 17 (39.5) 1.00 2 (12.5) 28 (29.5) 1.00
CT/TT 36 (87.8) 26 (60.5) 5.174 (1.674; 15.989) 14 (87.5) 67 (70.5) 3.051 (0.651; 14.3)

rs1128503 CC 8 (19.5) 20 (46.5) 1.00 2 (12.5) 35 (36.8) 1.00
CT/TT 33 (80.5) 23 (53.5) 3.364 (1.257; 9.004) 14 (87.5) 60 (63.2)# 4.073 (0.871; 19.040)

ABCC2 rs717620 GG 30 (73.2) 36 (83.7) 1.00 12 (75) 75 (78.9) 1.00
GA/AA 11 (26.8) 7 (16.3) 1.985 (0.671; 5.866) 4 (25) 20 (21.1) 1.212 (0.351; 4.179)

MTHFR rs1801133 CC 18 (43.9) 23 (53.5) 1.00 6 (37.5) 48 (50.5) 1.00
CT/TT 23 (56.1) 20 (46.5) 1.506 (0.362; 3.585) 10 (62.5) 47 (49.5) 1.639 (0.553; 4.863)

rs1801131 AA 19 (46.3) 18 (41.9) 1.00 9 (56.2) 42 (44.2) 1.00
AC/CC 22 (53.7) 25 (58.1) 0.723 (0.302; 1.729) 7 (43.8) 53 (55.8) 0.662 (0.227; 1.930)

SLC19A1 rs4149056 GG 14 (34.1) 9 (20.9) 1.00 6 (37.5) 23 (24.2) 1.00
GA/AA 27 (65.9) 34 (79.1) 0.462 (1.73; 1.235) 10 (62.5) 72 (75.8) 0.551 (0.181; 1.673)

SLCO1B1 rs1051266 TT 36 (87.8) 37 (86) 1.00 13 (81.2) 75 (78.9) 1.00
TC/CC 5 (12.2) 6 (14) 0.745 (0.212; 2.615) 3 (18.8) 20 (21.1) 0.854 (0.22; 3.87)

TPMT Haplotypea *1/*1 41 (100) 42 (97.7) 1.00 15 (93.8) 94 (98.9) 1.00
*1/*3A 0 (0) 1 (2.3) NE 1 (6.2) 1 (1.1) 2.937 (0.238; 36.319)

TYMS/28-bp
repeat

rs34743033 2R2R 10 (27) 5 (12.2) 1.00 4 (25) 16 (18.2) 1.00

2R3R/3R3R 27 (73) 36 (87.8) 0.360 (1.08; 1.204) 12 (75) 72 (81.8) 0.677 (0.194; 2.365)
TYMS/6 bp rs34489327 II 8 (19.5) 12 (28.6) 1.00 5 (31.2) 23 (24.5) 1.00

ID/DD 33 (80.5) 30 (71.4) 1.665 (0.594; 4.671) 11 (68.8) 71 (75.5) 0.815 (0.258; 2.570)

Average absolute neutrophils count (cells/µl) value was taken at the nadir of the four consolidation cycles when available.
Statistically significant results are highlighted as bold characters.
CI, confidence interval; NE, not estimable; OR, odds ratio.
aTPMT*2 (238G>C rs1800462), TPMT*3B (460G>A rs1800460), and TPMT*3C (719A>G rs1142345).
#P=0.046.

Table 5 Association between genetic polymorphisms and average MTX clearance and time to MTX level <0.1 µmol/l during the
consolidation phase

MTX clearance (l/h) Time to reach MTX level <0.1 µmol/l (h)

Genes Polymorphisms Genotypes Mean ±SD β (95% CI) Mean ±SD β (95% CI)

ABCB1 rs1045642 CC 22.73 ±18.69 1.00 66.6 ± 10 1.00
CT/TT 18.07 ±10.31 −5.316 (−16.008; 5.376) 65.4 ± 18 −1.123 (−4.533; 2.287)

rs1128503 CC 19.93 ±16.8 1.00 65.74 ± 9.4 1.00
CT/TT 18.81 ±10.25 −1.270 (−10.923; 8.382) 65.76 ± 8.16 0.162 (−3.104; 3.428)

ABCC2 rs717620 GG 18.48 ±10.59 1.00 64.64± 8.06 1.00
GA/AA 20.90 ±17.21 2.469 (−7.134; 12.072) 70±9.4 5.122 (1.412; 8.831)

MTHFR rs1801133 CC 18.34 ±8.81 1.00 65.67 ± 7.42 1.00
CT/TT 19.73 ±14.75 1.393 (−7.607; 10.393) 65.83 ± 9.72 −0.457 (−3.580; 2.665)

rs1801131 AA 19.37 ±15.22 1.00 66.46 ± 9.79 1.00
AC/CC 18.99 ±8.87 −0.374 (−9.201; 8.452) 65.18 ± 7.6 −0.165 (−3.321; 2.991)

SLC19A1 rs4149056 GG 19.05 ±17.72 1.00 67.4 ± 10.8 1.00
GA/AA 19.29 ±9.43 0.245 (−8.925; 9.416) 65.13 ± 7.6 −2.266 (−5.690; 1.158)

SLCO1B1 rs1051266 TT 19.24 ±13.17 1.00 65.54 ± 8.827 1.00
TC/CC 19 ±11.05 −0.236 (−12.154; 11.681) 66.55 ± 7.852 0.862 (−2.957; 4.681)

TPMT Haplotypea *1/*1 19.4 ±13.07 1.00 65.58 ± 8.5 1.00
*1/*3A 17 ±8.96 −2.461 (−18.715; 13.793) 74.38 ± 3.3 5.572 (−4.039; 15.183)

TYMS/28-bp repeat rs34743033 2R2R 19.66 ±4.15 1.00 66.61 ± 7.38 1.00
2R3R/3R3R 20.46 ±13.73 0.667 (−11.243; 12.576) 65.72 ± 9 −1.427 (−5.489; 2.636)

TYMS/6 bp rs34489327 II 18.96 ±9.37 1.00 67.4 ± 8.18 1.00
ID/DD 19.29 ±13.91 0.343 (−9.504; 10.190) 65.16 ± 8.7 −1.357 (−4.890; 2.177)

Statistically significant results are highlighted as bold characters.
CI, confidence interval; MTX, methotrexate.
aTPMT*2 (238G>C rs1800462), TPMT*3B (460G>A rs1800460), and TPMT*3C (719A>G rs1142345).
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Hepatic uptake of MTX involves SLC19A1 and

SLCO1B1 that are almost exclusively expressed on the

endothelial side of hepatocytes, whereas both hepatic

and renal efflux into the bile and urine, respectively, are

mainly driven by ABCB1 and ABCC2 [14]. Although we

genotyped for the proton-coupled folate transporters that

were previously shown to be linked to decreased MTX

clearance [8,15–17], no significant results were found

with either one. We also genotyped for the two most

commonly studied ABCB1 polymorphisms (rs1045642

and rs1128503) and the ABCC2 − 24C>T (rs717620), all

three of which are associated with decreased exporter

activity, and hence potentially leading to slower MTX

clearance and more toxicity [11,18–21]. We found a

strong and significant association between both ABCB1
variant allele carriers and neutropenia, as well as a sig-

nificantly longer time to reach an MTX level below 0.1,

and a lower MTX end dose during continuation phase

with ABCC2 variant allele carriers, hence the potential

role of genetic polymorphisms in ABC transporters as

biomarkers obtainable before therapy. The small sample

size as well as large interindividual and intraindividual

variability may be responsible for the nonsignificant

associations with MTX clearance. It is also important to

note that additional folate carriers may be involved. For

instance, MTX entry into the hepatocyte can be medi-

ated by SLCO1B3, and MTX can be excreted directly

into the kidney by SLC22A6 [14]. Finally, the estimated

MTX clearance of our cohort subset is slightly higher

than previously reported values that ranged between 7

and 15 l/h [22–24] and this could be, again, because of the

large variability that may have affected the performance

of the pharmacokinetic model. A limited sampling

population pharmacokinetic analysis may hence be

warranted [23,24]. Nevertheless, the fact that the MTX

AUC was correlated positively with time to reach an

MTX level below 0.1 µmol/l is reassuring.

MTX is a folate analogue that affects DNA synthesis by

inhibiting dihydrofolate reductase and hence preventing

the formation of tetrahydrofolate. Tetrahydrofolate is

ultimately involved in purines and pyrimidines synthesis

mediated by MTHFR and TYMS enzymes, respectively

[4,25]. Two common polymorphisms, rs1801133 and

rs1801131, which are associated with decreased MTHFR

enzyme activity, have been studied extensively in MTX-

based therapies, but with conflicting results [26–32]. In

this study, carriers of at least one variant allele ofMTHFR
rs1801133 showed significantly greater decrease in the

Hb values during the consolidation phase, suggesting

higher toxicity. As for TYMS, we have shown that

patients with three 28-bp tandem repeats (rs34743033)

required a significantly greater decrease in the MTX

dose during continuation therapy, suggesting higher

toxicity. This result is congruent with treatment failure

because of increased toxicity [33,34]. Interestingly, no

significant results were found with the TYMS/6-bp
(rs34489327) deletion polymorphism. This could be

because of the unexpectedly high MAF of this variant

that has been shown previously to be associated with a

protective effect [13,35].

Although many investigators have consistently shown

that patients with homozygous mutant TPMT poly-

morphisms should be monitored carefully to prevent

6MP treatment toxicity [36–38], in our study, none of the

patients were homozygous mutant, and although the

three patients with a heterozygous TPMT polymorphism

actually had significant toxicity necessitating dose

Table 6 Association between genetic polymorphisms and average 6MP and MTX end doses during the continuation phase

6MP end dose (mg/m2) MTX end dose (mg/m2)

Genes Polymorphisms Genotypes Mean ±SD β (95% CI) Mean ±SD β (95% CI)

ABCB1 rs1045642 CC 53.74 ±15.97 1.00 33.04 ±9.59 1.00
CT/TT 59.73 ±15.93 5.272 (−1.535; 12.079) 33.81 ±9.43 0.290 (−3.647; 4.228)

rs1128503 CC 55.16 ±15.2 1.00 32.97 ±9.16 1.00
CT/TT 59.44 ±16.3 3.004 (−3.697; 9.705) 33.88 ±9.6 0.508 (−3.338; 4.355)

ABCC2 rs717620 GG 59.44 ±16.2 1.00 35.06± 8.9 1.00
GA/AA 53.67 ±15.13 −5.200 (−12.483; 2.083) 28.70± 9.5 − 4.905 (− 9; − 0.809)

MTHFR rs1801133 CC 60.31 ±15.6 1.00 33.81 ±8.87 1.00
CT/TT 55.74 ±16.42 −3.868 (−10.099; 3.363) 33.38 ±10.1 −1.262 (−4.848; 2.325)

rs1801131 AA 59.18 ±18.63 1.00 32.78 ±10.84 1.00
AC/CC 57.25 ±13.78 −2.081 (−8.360; 4.198) 34.27 ±8.15 0.894 (−2.705; 4.493)

SLC19A1 rs4149056 GG 55.84 ±17.4 1.00 32.32 ±10.1 1.00
GA/AA 58.87 ±15.6 4.186 (−2.887; 11.258) 34.03 ±9.2 1.463 (−2.599; 5.526)

SLCO1B1 rs1051266 TT 57.5 ±15.22 1.00 33.42 ±9.4 1.00
TC/CC 60.43 ±19.22 2.618 (−4.886; 10.121) 34.29 ±9.78 0.939 (−3.359; 5.237)

TPMT Haplotypea *1/*1 58.20 ±16.16 1.00 33.64 ±9.48 1.00
*1/*3A 50 −16.380 (−39.120; 6.361) 30 8.574 (−4.454; 21.602)

TYMS/28-bp repeat rs34743033 2R2R 59.3 ±15.8 1.00 37.6 ± 8 1.00
2R3R/3R3R 58.01 ±16.39 3.309 (−7.582; 8.200) 32.34± 9.6 − 5.770 (− 10.138; − 1.403)

TYMS/6 bp rs34489327 II 60.33 ±13.6 1.00 36 ±10 1.00
ID/DD 57.53 ±16.9 −1.641 (−8.527; 5.246) 32.75 ±9.17 −3.487 (−7.388; 0.415)

Statistically significant results are highlighted as bold characters.
CI, confidence interval; 6MP, 6-mercaptopurine; MTX, methotrexate.
aTPMT*2 (238G>C rs1800462), TPMT*3B (460G>A rs1800460), and TPMT*3C (719A>G rs1142345).
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reduction of 6MP, the numbers were too small to reach

statistical significance. Other polymorphic alleles in the

TPMT gene and factors other than TPMT polymorphisms

such as in inosine triphosphate pyrophosphatase may also be

responsible for 6MP toxicity [39,40]. It is also likely that

polymorphisms relevant to MTX elimination and

mechanism of action explain the clinical picture as MTX

and 6MP are concomitantly prescribed during con-

solidation and continuation therapy. Moreover, these

polymorphisms may still play a role in 6MP-related

toxicity as studies have shown that MTX can increase

the bioavailability of 6MP through its inhibition of xan-

thine oxidase and an increase in the conversion of 6MP

into thioguanine [41]. This is what led us to study the

association between polymorphisms of candidate genes

that may influence MTX toxicity.

Despite the significant associations of MTHFR, ABCB1,
ABCC2, and TYMS genetic polymorphisms with toxicity

variables, the limitations of this study preclude its use in

dose modifications, but are sufficiently interesting to

warrant further study. One of the main limitations of our

study is the small sample size and the fact that, and

because of budget limitations, we used the candidate

gene approach. In addition, and because of the small

sample size, we could not combine genotypes in the

analysis. Finally, the retrospective nature of the study

limited the data collection, and we thus could not analyze

disease outcome and important potential toxicities such

as gastrointestinal intolerance and incidence of

infections.

Conclusion

Despite these limitations, this is the first study on the

PGx of ALL in a Lebanese sample of patients, and

probably the strongest and most unexpected findings are

the associations between the two alleles of ABCB1 and

neutropenia, and the allelic variant of MTHFR and ane-

mia, but with neither relating to MTX PK variables. It is

our impression that the clinical utility of MTX PGx

testing is still unclear as data are still controversial and not

consistent among different studies and populations.

Probably the most ideal scenario would be to conduct

large prospective trials and perform pre-emptive geno-

typing for ALL patients using large genotyping plat-

forms. This is currently being done by the SJCRH group

of investigators, who are using the drug metabolism and

transporters array, the results of which will hopefully

make personalized medicine in ALL a reality that is

beyond TPMT and 6MP [42].
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